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PREFACE 

The preface to Volume I of “Fish Physiology” noted that a six-volume 
treatise would attempt to review recent advances in selected areas of fish 
physiology, to relate these advances to the existing body of literature, and to 
delineate useful areas for future study. The hope expressed at that time was 
that the series would serve the biologists of the 1970s as its predecessor “The 
Physiology of Fishes” (M. E. Brown, editor) has served its readers through- 
out the 1960s. Our general objectives remain, but with Volumes VII (Loco- 
motion) and VIII (Bioenergetics and Growth) the emphasis has been some- 
what altered; these later volumes presented in-depth reviews and 
assessments of current research in selected areas of fish physiology4s- 
pecially areas where advances have been particularly rapid during the past 
decade. In keeping with this concept, we are pleased to add to the series 
Volumes IXA and IXB on fish reproduction. 

When Volume I11 was published in 1969, the physiology of fish re- 
production was reviewed in three chapters. The present treatment in two 
parts (A and B) attests to the rapid developments in this field. Moreover, 
Volume IX deals only with selected topics on reproductive physiology, es- 
pecially the endocrinology, behavior, environmental interactions, and fertil- 
ity-related topics. Several subjects included in Volume I11 are not reviewed 
in these volumes (viviparity, for example), whereas others that now merit 
consideration in separate chapters were not sufficiently developed to require 
any comment in Volume 111 (the hypothalamic hormones and hormone re- 
ceptors, for example). With the exception of Part A, Chapter 1, which is 
devoted to the Cyclostomes and Part A, Chapter 2, which is devoted to the 
Chondrichthyes, the books deal with the much more thoroughly studied 
teleost fishes. 

Volume IX reflects the practical importance of studies in fish reproduc- 
tive physiology. The control of fertility is now a subject of great economic 
importance in the manipulation of valuable fisheries resources. Many signifi- 
cant advances and future trends in the research on fertility of teleost fishes 
are evaluated in several chapters of Part B. 

xi 



X i i  PREFACE 

Finally, the editors are happy to express their appreciation to all those 
who devoted their time to this project; the authors are a11 active research 
scientists, and in most cases they had to find the many hours required for 
writing in an already full program. We are fortunate to have had the pleasant 
cooperation of the leaders in this rapidly changing area of fish physiology. 

W. S. HOAR 
D. J. RANDALL 
E. M .  DONALDSON 



CONTENTS OF OTHER VOLUMES 

Volume I 

The Body Compartments and the Distribution of Electrolytes 

The Kidney 

Salt Secretion 

The Effects of Salinity on the Eggs and Larvae of Teleosts 

Formation of Excretory Products 

Intermediary Metabolism in Fishes 

Nutrition, Digestion, and Energy Utilization 

AUTHOR INDEX-SYSTEMATIC INDEX-SUB j ~ c r  INDEX 

W .  N .  Holmes and Edward M .  Donaldson 

Clevefand P .  Hickmun, Jr., and Benjamin F .  Trump 

Frank P .  Conte 

F .  G .  T .  Holliday 

Roy P .  Forster and Leon Goldstein 

P .  W .  Hochachka 

Arthur M .  Phillips, Jr. 

Volume I1 

The Pituitary Gland: Anatomy and Histophysiology 
J .  N. Ball and Bridget I .  Baker 

The Neurohypophysis 
A. 211. Perks 

Prolactin ( Fish Prolactin or Paralactin ) and Growth Hormone 
3. N. Ball 

Thyroid Function and Its Control in Fishes 
Aubrey Gorbmun 

xiii 



XiV CONTENTS OF OTHER VOLUMES 

The Endocrine Pancreas 
August E p p k  

The Adrenocortical Steroids, Adrenocorticotropin and the 
Corpuscles of Stannius 

The Ultimobranchial Glands and Calcium Regulation 

Urophysis and Caudal Neurosecretory System 

AUTHOR INDEX-SYSTEMATIC INDEX-SUB JECT INDEX 

1. Chester Jones, D.  K .  0. Chan, 1. W. Henderson, and I. N .  Ball 

D. Harold Copp 

Howard A. Bern 

Volume I11 

Reproduction 
William S. Hoar 

Hormones and Reproductive Behavior in Fishes 
N. R. Liley 

Sex Differentiation 
Toki-o Yamamoto 

Development: Eggs and Larvae 
1. H .  S .  Bkxter 

Fish Cell and Tissue Culture 
Ken Wolf and M. C .  Quimby 

Chromatophores and Pigments 
Ryozo Fujii 

Bioluminescence 
J .  A. C. Nicol 

Poisons and Venoms 
Findluy E. Russell 

AUTHOR INDEX-SYSTEMATIC INDEX-SUB JECT I N D ~ X  

Volume IV 

Anatomy and Physiology of the Central Nervous System 
Jerald J .  Bernstein 



CONTENTS OF OTHER VOLUMES xv 

The Pineal Organ 
James Clarke Fenwick 

Autonomic Nervous Systems 
Graeme CampbeU 

The Circulatory System 
D. J .  Randall 

Acid-Base Balance 
C .  Albers 

Properties of Fish Hemoglobins 
Austen Riggs 

Gas Exchange in Fish 
D. J. Randall 

The Regulation of Breathing 
G. Shelton 

Air Breathing in Fishes 
KjeU Johansen 

The Swim Bladder as a Hydrostatic Organ 
Johan B. Steen 

Hydrostatic Pressure 
Malcolm S. Gordon 

Immunology of Fish 
John E. Cushing 

AUTHOR INDEX-SYSTEMATIC INDEX-SUB JECT INDEX 

Volume V 

Vision: Visual Pigments 

Vision: Electrophysiology of the Retina 

Vision: The Experimental Analysis of Visual Behavior 

F .  W. Munz 

T. Tomita 

David Ingk 

Chemorecep tion 
Toshiaki J. Hara 



XVi  CONTENTS OF OTHER VOLUMES 

Temperature Receptors 
R. W. Murray 

Sound Production and Detection 
William N. Tavolga 

0. Lowenstein 
The Labyrinth 

The LateraI Organ Mechanoreceptors 
Ake Flock 

The Mauthner Cell 
J. Diamond 

Electric Organs 
M .  V. L. Bennett 

Electroreception 
M .  V. L. Bennett 

AUTHOR INDEX-SYSTEMATIC INDEX-SUB j ~ c r  INDEX 

Volume VI 

The Effect of Environmental Factors on the Physiology of Fish 
F. E. J. Fry 

Biochemical Adaptation to the Environment 
P. W. Hochachka and G. N. Somero 

Freezing Resistance in Fishes 
Arthur L. DeVries 

Learning and Memory 
Henry Gleitman and Paul Rozin 

The Ethological Analysis of Fish Behavior 
Gerard P. Baerends 

Biological Rhythms 
Horst 0. Schwassmann 

Orientation and Fish Migration 
Arthur D. H a s h  

Special Techniques 
0.1. Randall and W. S .  Hoar 

AUTHOR INDEX-SYSTEMATIC INDEX-SUBJECT INDEX 



CONTENTS OF OTHER VOLUMES 

Volume M 

Form, Function, and Locomotory Habits in Fish 
C .  C .  Lindsey 

F .  W .  H .  Beamish 
Swimming Capacity 

Hydrodynamics: Nonscombroid Fish 

Locomotion by Scombrid Fishes: Hydromechanics, Morphology, and 
Behavior 

Paul W .  Webb 

John J .  Magnuson 

E .  Don Stevens and William H .  Neil1 
Body Temperature Relations of Tunas, Especially Skipjack 

Locomotor Muscle 
Quentin Bone 

David R .  Jones and David J .  Randall 

William R.  Driedzic and P .  W. Hochachka 

The Respiratory and Circulatory Systems during Exercise 

Metabolism in Fish during Exercise 

AUTHOR INDEX-SYSTEMATIC INDEX-SUBJECT INDEX 

xvii 

Volume VIII 

Nutrition 
C .  B .  Cowey a n d ] .  R .  Sargent 

Kim D.  Hyatt 

Richard E .  Peter 

Feeding Strategy 

The Brain and Feeding Behavior 

Digestion 
Ragnar Fiinge and David Grove 

Metabolism and Energy Conversion during Early Development 
Charles Terner 

Physiological Energetics 
J .  R .  Brett and T .  D.  D .  Groves 



xviii CONTENTS OF OTHER VOLUMES 

Cytogenetics 
J .  R .  Gold 

Population Genetics 

Hormonal Enhancement of Growth 

Fred W. Allendorfand Fred M .  Utter 

Edward M .  Donaldson, U2f H .  M .  Fagerlund, David A. Higgs, and 
1. R. McBride 

J. R.  Brett 

W. E .  Ricker 

Environmental Factors and Growth 

Growth Rates and Models 

AUTHOR INDEX-SYSTEMATIC INDEX-SUBJECT INDEX 

Volume IXB 

Hormones, Pheromones, and Reproductive Behavior in Fish 

Environmental Influences on Gonadal Activity in Fish 

Hormonal Control of Oocyte Final Maturation and Ovulation in Fishes 

Sex Control and Sex Reversal in Fish under Natural Conditions 

N .  R. Liley and N .  E .  Stacey 

T .  J. Lam 

Frederick W. Goetz 

S .  T .  H .  Chan and W. S .  B .  Yeung 

Hormonal Sex Control and Its Application to Fish Culture 
George A. Hunter and Edward M .  Donaldson 

Fish Gamete Preservation and Spermatozoan Physiology 
Joachim Stoss 

Induced Final Maturation, Ovulation, and Spermiation in Cultured Fish 
Edward M .  Donaldson and George A. Hunter 

Chromosome Set Manipulation and Sex Control in Fish 
Gary H .  Thorgaard 

AUTHOR INDEX-SYSTEMATIC INDEX-SUBJECT INDEX 



REPRODUCTION IN CYCLOSTOME FISHES AND 
ITS REGULATION 
AUBREY GORBMAN 
Department of Zoology 
University of Washington 
Seattle, Washington 

I. Introduction. . . . . . . . , , . . . . , , . . . . , . . . . . . . . , . . . . . . . . . . , . . . . . . . . . . . 
11. Reproductive Patterns in Lampreys. . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . 

111. Reproductive Patterns of the Myxinoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
IV. Sex Differentiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . 

A. Sex Differentiation in Lampreys.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
B. Sex Differentiation in Hagfish.. . , , . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

...................... 
A. Lampreys.. . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . 
B. Hagfishes . . . . . . . , . . . . . . . . . . . . . . . . . . .  * . . . . . . . . . . . . . .  * . . . .  

VI. Endocrine Functions of the Gonads., , , . . . . . , , . . . . . . . . . . . . . . . . . . . . . 
A. Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . 
B. Sex Hormone Production.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

VIII. Pituitary Gonadotropic Activity . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . 
A. Hypophysectomy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
B. Administration of Exogenous Pituitary Preparations . . . . . . . . . . . . . . 

IX. Regulation of Reproduction through the Brain. . . . . . . . . . . . . . . . . . . . . . . 
X. Generalizations, Projections, Speculations . . . . . . . . . . . . . . . . . . . . . . . . . . 

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

V. Gametogenesis. . . , . . . . . . . . . . , . . . . , . . . . 

VII. Biological Actions of Sex Hormones in Cyclostomes . . . . . . . . . . . . . . 

1 
2 
4 
6 
7 
7 
10 
10 
11 
13 
13 
14 
17 
19 
19 
21 
22 
23 
26 

I. INTRODUCTION 

Sexual reproduction is.at once the most conservative and yet the most 
adaptive of functions in the propagation and evolution of species. The 
cyclostomes illustrate this principle very well. Furthermore, knowledge of 
how cyclostomes regulate their reproduction offers a basis for understanding 
the evolution of vertebrate reproductive control mechanisms in general. 
However, it should be emphasized at the outset that between the two major 
cyclostome groups the differences in mechanisms regulating reproduction 
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2 AUBREY GORBMAN 

appear to be as great or greater than they are among the rest of the verte- 
brates as a whole. How much of this difference is primitive, and how much is 
specialized and adaptive remains to be clarified by further study. 

The basic differences in reproductive patterns between the two major 
agnathan groups, together with anatomical and paleontological evidence, 
indicate that the separation of the petromyzonids, or lampreys, and the 
myxinoids, or hagtishes, is a very ancient one. Although modem lampreys 
and hagfish are undoubtedly related groups, the fossil agnathan cephalaspid 
and heterostracan groups, their probable respective ancient ancestors, di- 
verged during the Pre-Cambrian period more than 600 million years ago 
(Jarvik, 1968). Hence, there has been as much time available for myxinoids 
and petromyzonids to evolve adaptive differences from each other as there 
has been for all of the other vertebrates to evolve into the myriads of modern 
species. 

II. REPRODUCTIVE PATTERNS IN LAMPREYS 

All lampreys inhabit fresh water for at least part of their life cycles. In 
contrast to the direct development of ha&sh, a lamprey develops into a 
blind microphagous larva (the ammocete), which spends a relatively pro- 
tected burrowing period of several years of slow growth, usually in small 
streams. At the end of the ammocete phase there is a metamorphosis which 
involves rapid, important, anatomic changes, especially in the head, that 
include development of eyes and mouth structures. At the time of meta- 
morphosis the two general types of lampreys become differentiated. In one 
type (the “nonparasitic” species), gonadal differentiation and metamorphosis 
occur together. Shortly after the end of the metamorphic period, spawning 
occurs and the lampreys die. In the “parasitic” lamprey species, meta- 
morphosis yields a sexually immature, eyed form, which migrates down- 
stream into larger bodies of water, generally marine. There its newly devel- 
oped oral sucker and oral disc of horny teeth enable it to attack large fish, 
adhering to them while it consumes blood and tissue from the victim. In this 
“macrophagous” period the parasitic hampreys grow rapidly, and, after a 
period of 1-2 years, they return to the freshwater streams into which they 
migrate upstream. Here they stop feeding and .complete gonadal matura- 
tion. After a nonfeeding interval of several months these animals spawn, 
usually during the early spring, and die (Larsen, 1980). 

It is clear from this summary of the life cycles of parasitic and nonparasi- 
tic lamprey species that the fundamental difference between these two 
groups is the time of maturation of reproductive tissues relative to matura- 
tion of somatic tissues. This phenomenon of temporal dissociation or 
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asynchronous development of the two types of tissue in different lamprey 
species is heterochrony. 

Heterochrony during lamprey development has been discussed elo- 
quently by Hardisty (1979). It is illuminating to consider heterochrony in the 
context of another feature characteristic of lampreys, the occurrence of 
paired species. It has been observed by Hubbs and Trautman (1937) and 
amplified by later researchers (Zanandrea, 1954; Hardisty and Potter, 1971; 
Potter, 1980) that for a number of individual parasitic species there may be 
one, or even several, nonparasitic isolated stream species which are closely 
allied by morphology and by general (nearby) geographic distribution. This, 
in turn, indicates that the nonparasitic stream lampreys have evolved in 
relatively restricted freshwater locales from the more freely ranging respec- 
tive parasitic ancestral species. 

Hardisty (1979), in comparing and contrasting paired lamprey species, 
emphasizes that the total life-span of the two is usually similar. If the non- 
parasitic species is derived from the parasitic, then they differ mostly in 
omission of the parasitic phase by stream lampreys. Therefore, Hardisty 
considers the gonadal maturation phenomenon as occurring “on schedule,” 
but larval life is prolonged in the nonparasitic species and substituted for the 
parasitic period (Fig. 1). The earlier gonadal maturation relative to the time 

Spawning 

M I  I 

Years I I1 111 IV v VI VII 

Lompetra pfaneri 
Spawning 

M I 
I I 

1 .  . 
I ! A R V A L  P H A S  

I 

Years I I1 111 IV v VI VII 

Lompet ra ffuviotilis 

Fig. 1. Diagrammatic summary, year by year, of the time spent as larval (ammocoetes) and 
metamorphosed adults and sexually mature adults during the life cycles of the paired species of 
lampreys hmpetra planed (nonparasitic) and hmpetru fluuiotilis (parasitic). M indicates the 
time of somatic metamorphosis. The period labeled “spawning is the time of completion of 
sexual maturation and gametogenesis. The unshaded areas are periods when the animals are not 
feeding. As Hardisty has emphasized, the total life-spans ofthe paired species are similar. In the 
freshwater (nonparasitic) species, L. planeri, the parasitic phase has been eliminated and the 
animal spends the equivalent time period as a larva by delaying metamorphosis until just before 
spawning. (From Hardisty, 1979.) 
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of metamorphosis in nonparasitic species may be regarded as a type of 
neoteny. The adaptive value of the prolongation of larval life by stream 
lampreys is a more certain survival in a more protected life with a depend- 
able, although limited, microphagous food supply. The penalty of this life is 
slower growth, metamorphosis at a much smaller body size and, therefore, 
with smaller and fewer eggs. 

The frequency of the paired species phenomen indicates a remarkable 
adaptive plasticity of lamprey species in general. Because in each instance in 
which a nonparasitic stream lamprey species has evolved, heterochronic 
dissociation of gonadal from somatic maturation has occurred, evolution of 
this feature appears to be a readily achieved phenomenon. Genetically, the 
paired parasitic and nonparasitic lamprey species are sufficiently similar so 
that viable hybrids can be produced experimentally between them (Hard- 
isty, 1979). 

III. REPRODUCTIVE PATTERNS OF THE 
MYXINOIDS 

The hagfishes are marine organisms, most of which inhabit deep water 
(50-800 or more m), where one may assume that annual cycles of tempera- 
ture do not occur. For such species from which appropriate collections have 
been made, there appears to be no seasonally defined reproductive cycle. 
That is, at any time of year both males and females in various stages of 
gametogenesis can be found. Exceptions to this generalization are two spe- 
cies of Eptatretus, E .  burgeri from Japanese waters and E .  cirrhatus from 
New Zealand, which, at least at certain times of the year, migrate into 
seawater 4-10 m deep. Eptutretus burgeri, in fact, regularly migrates into 
shallow water (about 10 m deep) in the colder months, and into colder water 
of 50 m depth, or more, during the warmer summer months (July-October). 
Accordingly, in E .  burgeri, the breeding cycle appears to be annual and 
seasonally synchronized, all animals trapped at one time being in the same 
stage of the reproductive ,cycle (Kobayashi et al., 1972). Therefore, we must 
recognize that among the hagfishes although the reproductive cycle may be 
divorced from seasonal environmental phenomena (light, temperature) in 
most species, in at least several species seasonally synchronized reproduc- 
tive cycles can occur. 

Although there is little information available concerning development in 
hagfishes, it appears clear that development is direct, i.e., not involving a 
larval form as in the lampreys (Price, 1896). 

Because of their inaccessability to observation at depths greater than 100 
m, reproductive patterns of myxinoids are practically unknown, and only 
inferred. Even in the relatively shallow species E .  burgeri, which can be 
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observed by divers at 10 m, breeding occurs during the period June to 
October while the animals migrate into deeper waters of more than 50 m. 
Although occasional photography is possible at these depths, extended study 
to reveal the precise time of spawning, and the deposition of eggs and their 
fertilization has not been practical. This is in spite of a long standing interest 
in these questions. An example of this interest is the prize, a gold medal, 
offered from 1864 until 1865 by the Danish Academy of Sciences for resolu- 
tion of several specific questions, posed at that time, concerning the life 
cycle, reproduction, and development of M yxine glutinosa (Anonymous, 
1862, 1863). Only one question, regarding whether there is a male in this 
species, has been resolved, but too late to claim the prize. Other questions 
remain. There are no external genitalia in myxinoids for transfer of sperm to 
the female. But it is clear that eggs must encounter a high concentration of 
sperm for successful fertilization to occur through a single very narrow canal, 
the micropyle, which is at one point only twice the diameter of a sper- 
matozoan, penetrating the shell at the animal pole end of the large yolky 
egg. How the hagfish can create such a high concentration of sperm in the 
proximity of the micropyle is unknown and remains a subject of speculation. 

Fertile eggs containing developing embryos have been only rarely en- 
countered for any species of hagfish. Three developing embryos of M. glu- 
tinosu have been described (Fernholm, 1969); all were advanced embryos. 
These were recovered from trawls by fishermen. Descriptions of early devel- 
opment of the hagfish are all based on the approximately 150 Eptutretus 
stouti embryos collected in 1896 by Professor Bashford Dean at Monterey, 
California (Dean et aE., 1897). These were used in early research by Dean 
himself (1899), as well as by von Kupffer (1900) and later by Conel (1931) 
who studied hagfish brain development. Earlier, G. C. Price (1896) obtained 
three advanced E .  stouti embryos in the same area for some cursory studies, 
which were only briefly described. Despite continuing interest in hagfish 
development, efforts to obtain additional embryos have yielded nothing, and 
Dean’s success in obtaining such a large a number of embryos has never 
been repeated. 

Another puzzling question about hagfish reproduction derives from the 
apparently limited supplies of spermatozoa available. The male gonad is a 
small structure in the posterior extremity of the body cavity. It is composed 
of follicles that are filled with cells in various stages of spermatogenesis, and 
few follicles contain ripe spermatozoa (Jespersen, 1975; Hardisty, 1979). 
Furthermore, because there are no ducts in which spermatozoa can be 
stored and led to the cloacal aperture, we may presume that as spermatozoa1 
follicles ripen they break open and release spermatozoa into the coelomic 
space. From here they must be drained toward the exterior through an 
opening in the cloacal wall. Therefore, it appears that there is no anatomical 
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basis for sudden release of large amounts of spermatozoa at a given time, 
e.g., the moment of spawning. Fertilization through a small micropyle in a 
shelled egg requires a high concentration of sperm, and it is unclear how this 
can be achieved by hagfish. Jespersen (1975) comments further: “The egg 
number is very small and the production of sperm is apparently moderate, 
considering in addition the morphology of the spermatozoa, these facts may 
indicate some specializations in spawning behaviour. ” Because hagfish have 
no copulatory structures, and fertilization must be external, it is difficult to 
imagine how behavioral specialization can overcome this seemingly difficult 
problem. In keeping with Jespersen’s suggestion, that the answer to these 
questions is in behavioral modification, we should be aware that the only 
available methods for capture of hagfish depend on their response to feeding 
baits. If fully breeding male hagfish are not susceptible to capture because 
they are nonfeeders, then some of the puzzles concerning hagfish reproduc- 
tion are explicable, including the frequently high female-to-male sex ratios 
that have been reported (Walvig, 1963). Reduced or arrested feeding by 
breeding males would protect the newly laid eggs from cannibalism. It is 
worth noting that in spawning lampreys (see Fig. I), neither males or 
females are feeding. Jespersen (1975) reports that of 1000 specimens of 
Myxine glutinosa collected at several different times of the year in the Oslof- 
jord in Norway in 1971, only 200 were adult males. Of these 200 males only 
one contained motile sperm. It is clear that the hagfish has solved these 
problems somehow, even if the reproductive biologist remains mystified. 

IV. SEX DIFFERENTIATION 

The model embryonic vertebrate gonad is bilateral and bipotential. 
Primitive sex cells migrate into it, generally from an endodermal or yolk sac 
source. If they remain lodged in the cortex of the gonad, female differentia- 
tion follows; if they penetrate the medulla of the gonad, carried there by the 
sex cords, male differentiation results. In sex reversal of the gonad, following 
experimental manipulation (e.g., after sex steroid hormone treatment of 
teleost embryos), primitive sex cells are caused to associate with the gonadal 
cortex or medulla regardless of their sex genotype. Genetically male primi- 
tive sex cells, if they remain in the cortex, become oocytes. If genetically 
female sex cells are carried into the medulla by the primary sex cords, they 
differentiate as spermatozoa. 

Neither lampreys nor hagfish conform with this model, and furthermore, 
each has its own distinct pattern of sex differentiation. In both hagfishes and 
lampreys the gonads are single (on one side of the dorsal mensentery) and 
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elongated structures. In neither group is corticomedullary regionalization of 
male and female potentialities seen. 

A. Sex Differentiation in Lampreys 

Lampreys have received more study in this respect than hagfish and 
display what may be called a progynous pattern of sex differentiation. Ac- 
cording to Hardisty (1979), in younger ammocoetes of Lampetra planeri, 
there is a proliferation of germ cells followed by growth to primary oocyte 
status in all animals. They are recognized as oocytes by Hardisty because of 
their form and nuclear meiotoic changes. At this stage, it is difficult or 
impossible to recognize any differentiation of sex. In midammocoete stages, 
the numbers of oocytes are reduced by atresia, but this atresia is almost 
complete in presumptive testes. In the oldest, premetamorphic L. p2aneri 
ammocoetes, gonads are completely differentiated. Immature ovaries con- 
tain only oocytes, and in testes all oocytes have disappeared and only a few 
nests of presumptive spermatogenic cells remain. The spermatogenic ele- 
ments in the premetamorphic testis are believed to have arisen from a few 
persisting stem cells, not by conversion of the oocytes (Hardisty, 1979). 

This interpretation of observable events in sex differentiation in L. 
planed is not universally accepted. Busson-Mabillot (1965, 1967a, b) has 
studied the same phenomenon in L. planed, as well as in Petromyzon mad- 
nus, and has considered the larval oocytes of Hardisty to be “oviform” cells. 
In the absence of further information, this difference of opinion as to 
whether both male and female gonads in ammocoetes pass through a transi- 
tory female state is largely interpretive. In an attempt to experimentally 
influence sex differentiation in lampreys, Hardisty and Taylor (1965) exposed 
young ammocoetes to sex steroids prior to gonad differentiation. No influ- 
ence was found. Although this experiment suggests that sex steroids may not 
have a role in gonadal differentiation in lampreys, it leaves completely open 
the question of what does regulate this phenomenon. It should be noted that 
although sex steroids will reverse sex in a number of teleostean species, they 
have little or no influence on the differentiating gonad in many higher verte- 
brate embryos. 

B. Sex Differentiation in Hagfish 

With respect to the general model of vertebrate gonadal organization and 
differentiation, the hagfishes present an immediate important difference. 
Instead of a corticomedullary localization of potentially male and female 
structures there is an anteroposterior axis. Ovarian structure is found in the 
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length of the gonad, from the heart region to a level approximately 15 
somites anterior to the cloaca, at the posterior end of the coelomic cavity. 
The relatively short posterior section of the gonad is always testicular. There 
is no report in the literature of mixture of male and female germinal struc- 
tures at a single level. When hermaphroditic gonads are found, functional 
male and female elements coexist, in series, in the same gonad with a 
reasonably sharp transition from ovary to testis in Eptutretus stouti, at the 
normal anteroposterior level where testis should normally begin (Fig. 2A, B). 

Fig. 2. Gonads of Eptatretus stouti, showing the intestine above in each case, with the 
mesentery of the gonad joined to the dorsal mesentery of the intestine. (A and B ) A her- 
maphrodite, 54 cm long, two magnifications. In each figure the white scale bar at the lower right 
is equivalent to 5 mm actual size. (C ) Adult female (58 cm long) with almost mature eggs, 22-24 
mm in length. (D ) Small female (43 cm long) apparently forming a first clutch of eggs, the 
largest egg 9 mm in length. A, atretic follicle; int, intestine; M, mesovarium; 0, vitellogenic 
egg; T, testis. (A, B ) In this hermaphrodite the testis, T,occupies a normal posterior position 
and ovary forms the remainder of the gonad. At higher magnification the sperm follicles are 
visible in the testis. Between testis and ovary there is a clear interruption of germinal elements 
although the gonadal mesentery, M, connects the two. The number of large maturing eggs 
(14-18 mm in length) is unusually small, only nine, divided into two groups. The number of 
atretic egg follicles is unusually high. (C ) In this mature female there are 20 vitellogenic eggs 
completing their development. Each large egg hangs by a tubular outpocketing of the meso- 
varium, attached at the more dorsal point from which the egg first developed. There are many 
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In Myxine, a fairly high incidence of gonadal bisexuaIity or hermaphroditism 
or sterility (13% of 4000 specimens) was reported by Schreiner (1955; see 
also Walvig, 1963). In Eptutretus incidence of such abnormalities is certainly 
below 1% (Walvig, 1963). 

The frequent observation of high ratios of female-to-male adult hagfish 
has prompted various interpretations over the years, but few facts support 
explanatory speculations. An early interpretation was that hagfish (in partic- 
ular Myrine) are protandrous hermaphrodites (Nansen, 1888). Later reex- 

small eggs developing at the free ventral edge of the mesovarium, none more than about 4 mm 
in length. There are no intermediate-sized eggs between 4 mm and the large maturing eggs. In 
the mesovarium more dorsal than the immature eggs are shadowy atretic follicular structures. 
(D ) In this younger female the largest eggs are 9 mm long. One is shown at the right, marked 
0. The smallest oocytes are at the free ventral edge of the membranous ovary and larger ones 
progress dorsally. A, an atretic egg follicle about 4 mm long already shows the outpocketing of 
mesovarium, as do also several slightly smaller eggs to the left. Between these and the 9-mm 
eggs, there are no intermediate-sized eggs. 
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amination of this problem denies this possibility (Schreiner, 1955; Gorbman 
and Dickhoff, 1978), because males are generally as large as females, and 
sometimes almost as numerous. Another more likely explanation is that 
males, especially when sexually ripe, experience behavioral changes, which 
include cessation of feeding. As mentioned earlier, capture of hagfish almost 
always depends on the use of baited hooks or traps. However, it should be 
noted that Gorbman and Dickhoff (1978) have found a high female-to-male 
ratio even among sexually immature Eptatretus stouti in a particular popula- 
tion in Barkley Sound, Vancouver Island, Canada. If nonfeeding is indeed a 
characteristic of sexually ripe male hagfish it is of interest to know whether 
this behavioor is under endocrine, possibly androgenic steroid, control. 

V. GAMETOGENESIS 

A. Lampreys 

As in the Pacific salmonid species, which breed once and die, gameto- 
genesis in lampreys is a single event. This being the case, all sex cells mature 
simultaneously and synchronously. There is a complete commitment of the 
entire complement of gametogenic cells, no stem ovogonial or sper- 
matogonial cells being withheld for another cycle. Therefore, the process of 
gametogenesis follows directly the processes of gonadal differentiation de- 
scribed previously. 

In nonparasitic brook lampreys, proliferation of gametogenic cells follows 
shortly after metamorphosis. During this time, as during metamorphosis, 
feeding behavior is suppressed. In parasitic species gonads remain infantile 
during the 1-2 year macrophagous period in the sea. In these, too, a non- 
feeding period follows return to fresh water and completion of gonadal 
growth and gametogenesis (Fig. 1). In both stream lampreys and in the 
anadromous parasitic species, final gonadal growth is rapid and extensive 
enough to fill the entire abdominal cavity. The ovary experiences maximal 
vitellogenesis. In Petromyzon marinus, for example, the fully developed 
ovary comprises as much as 20-25% of the total body weight (York and 
McMillan, 1980). Spawning involves complex behavioral features preceded 
by building of “nests,” shallow depressions created by active removal of 
stones and some loose gravel. These processes have been amply summarized 
by Hardisty (1971; see also Lanzing, 1959). 

Fecundity, expressed in terms of total number of eggs produced per 
female lamprey tends to vary with body size (Hardisty, 1971). The largest 
anadromous species release about 170,000 eggs (Petromyzon marinus); 
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smaller anadromous freshwater species release from 15,000 to 100,000. The 
landlocked species of P. murinus, which matures at a smaller body mass than 
the anadromous form yields about 60,000 eggs per female. Nonparasitic 
brook lampreys, which have the smallest relative body mass, produce on the 
average only from 500 to 2500 eggs. Hardisty (1979) equates the adaptive 
advantage of the macrophagous parasitic life style with rapid growth, greater 
body mass, and greater fecundity. The adaptive advantage of permanent 
stream residence and a protected life in a mud burrow is the elimination of 
the hazards of catadromous and anadromous migrations and exposure to 
additional predators. 

B. Hagfishes 

Although considerable information now has been gathered concerning 
gametogenesis in the hagfishes, some important questions remain. For ex- 
ample, it is commonly assumed that hagfishes are repetitively cyclic 
breeders without seasonal limits to their cycles because their normal deep 
sea habitat excludes seasonal clues. One species, Eptutretus burgeri, has 
been established definitely as a seasonal breeder because it enters shallow 
waters (10 m) during the colder months but returns to deep water (50 m), 
presumably to breed in the summer (Kobayashi et ul., 1972; Fernholm, 
1974; Patzner, 1974, 1978). However, in no myxinoid species, even in E. 
burgeri, has it been proven unequivocally that there is more than one cycle 
per lifetime. Probably the best evidence of repetitiveness of gametogenic 
cycles is that, unlike the lampreys, the hafishes do not commit all stem cells 
to gametogenesis at one time. In the ovary (Fig. 2C,D) and testis a variety of 
stages of gamete formation may be found simultaneously, in both the non- 
seasonally breeding species and as in E. burgeri. 

Ovogenesis in adult hagfish has been thoroughly described (Schreiner, 
1955; Walvig, 1963; Gorbman and Dickhoff, 1978; Patzner, 1978) and is 
discussed here only to introduce the later section of this chapter in which 
regulation of the morphogenic phenomena is discussed. The ovary is basical- 
ly a thin membranous structure attached for most of its length to one side of 
the dorsal mensentery of the gut. Its free ventral end contains the germinal 
area from which the supply of primary oocytes continues to proliferate. As 
oocytes continue to form they appear to move dorsally (Fig. 2). However, no 
mechanism by means of which such movement could be realized ever has 
been proposed, and it is just as rational to believe that the ovarian germinal 
free edge is moving ventrad by continued growth. There is no question but 
that the ovary becomes deeper dorsoventrally as female hagfish grow in 
length, therefore, the latter interpretation has merit. 
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As oocytes grow to a length of 2-3 mm, they are rounded and sur- 
rounded by a thin follicle. At 3 mm they begin to grow ovoid, and by 4-5 
mm they have the long oval shape that is more or less characteristic of the 
fully grown eggs. Because growth within the thin confines of the mem- 
branous ovary is not possible, the section of the organ containing the grow- 
ing follicle begins to form a lateral saclike outpocketing from the mem- 
branous ovary (Fig. 2). Eventually, as the follicle grows, this sac deepens and 
elongates to form a tubular stalk which hangs ventrally from its point of 
attachment to the ovary. This stalk carries blood vessels to the egg at its 
ventral extremity. i 

It is significant that atresia is an important feature among ovarian phe- 
nomena in adult hagfish. It is clear even from a superficial study of Fig. 2 
that there are fewer and fewer representatives of each progressive stage of 
ovarian follicular growth. This can be explained by either of two alternatives: 
(1) atresia occurs at all stages of oocyte growth, or (2) there is “selection” of 
increasingly fewer follicles for further growth as a cycle continues, the rest 
remaining static and accumulating. This point has not been settled by any of 
the studies of myxinoid ovaries so far. On the one hand, careful examination 
of histological sections has shown that atresia is at least in part responsible for 
the inverse relationship between small (less than 5 mm) follicular size and 
number. On the other hand, Patzner (1978) favors the interpretation that 
Myxine oocytes stop growing and accumulate at a size of about 2 mm, and he 
has named these “ova expectantes.” In the study of E. stouti ovaries Gorb- 
man and Dickhoff (1978) found no evidence of accumulation of oocytes at the 
1-2 mm stage. However, they found evenly graded continuity of developing 
oocytes up to a length of about 4.5 mm. There were no oocytes between 4.5 
mm size and ovulation size. Therefore, it may be concluded that at 4.5 mm a 
selection of about 20-30 follicles occurs forming a “clutch.” The ovarian 
membrane of animals with the largest eggs contains a large number of yel- 
lowish or brownish atretic structures. Therefore, it was concluded by Gorb- 
man and Dickhoff (1978) that during growth of the larger selected follicles, 
others continue to reach the 4.5 mm threshold length, but these become 
atretic. It should be noted that the mass of eggs less than 4.5 mm is relatively 
small. However, beyond this point the metabolic demand for vitellogenesis 
and for deposition in eggs apparently becomes great enough to require 
considerable acceleration of the process of vitelloprotein synthesis. This is 
discussed further in Section VI. 

A function performed by the myxinoid ovarian follicle that appears to be 
unique is secretion of a shell after vitellogenic growth has ceased. The shell 
is not simply a uniform protective covering over the egg, but must also be 
molded complexly in a morphologic sense. It must be formed with a pore, 
the micropyle, for sperm entry, and at either end of the egg the shell bears 
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an array of hooks. In order to secrete the hooks, complex formations of the 
follicle wall at the poles of the egg are required, but have not yet been well 
described (see Lyngnes, 1936). 

It should be noted that the small number of large yolky eggs of hagfish 
represent a completely different reproductive strategy from the com- 
paratively enormous number of small eggs produced by lampreys. 

The basic structural organization of the testes of hagfish resembles that of 
lampreys. That is, it is composed of follicles or cysts of developing sper- 
matozoa. The cytology of hagfish spermatogenesis has been adequately de- 
scribed (Schreiner and Schreiner, 1905; Schreiner, 1955; Walvig, 1963; 
Jespersen, 1975; Alvestad-Graebner and Adam, 1977). Of significance to this 
discussion is the fact that at any one time spermatocysts in various stages of 
spermatogenesis can be contemporary, even in the seasonal species. E. 
burgeri (Patzner, 1974). The rarity of finding sexually ripe male Myxine and 
Eptatretus with fully developed spermatozoa in the testes, has been men- 
tioned earlier in this chapter. 

VI. ENDOCRINE FUNCTIONS OF THE GONADS 

Although biological actions for the sex (gonadal) steroids have been found 
in both lampreys and hagfish (see further discussion), it is remarkable that 
the demonstrable levels of these steroids in blood plasma, as well as in 
gonadal tissues, are very low in cyclostomes compared to other vertebrates. 
Accordingly, efforts to demonstrate that the gonads are indeed capable of 
producing sex steroids have been conducted along a variety of lines: macro- 
and micromorphology, identification of steroidogenic enzymes, biochemical 
analysis of metabolites of sex hormone precursors, and use of sensitive quan- 
titative techniques such as radioimmunoassay and double-isotope derivative 
assay (DIDA). 

A. Morphology 

Macroscopically, maturing lamprey gonads provide the clearest evidence 
of rapid activity because, in both parasitic and nonparasitic forms, there is an 
intense growth period with a few weeks just prior to spawning (Lanzing, 
1959; Larsen, 1974). At this time there is correlated vitellogenesis and ap- 
pearance of secondary sexual characters (modified anal fin in the female and 
urogenital papilla and modification of the dorsal fin in males). Before ap- 
pearance of these external sex hormone-dependent features it is impossible 
to visually distinguish the sexes. 

In hagfish, among which sex is never distinguishable by means of exter- 
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nal features, the only grossly useful indicator of sexual state is the outline of 
large ovarian eggs, which cause the abdominal wall to appear characteris- 
tically “lumpy. ” 

Because breeding male hagfish have rarely or never been seen, there is 
little to say concerning macroscopic changes in the testis associated with 
sexual activity. In females growth of large yolky eggs provides ample evi- 
dence of vitellogenesis, which is estrogen activated. 

In a histological study, Larsen (1973) observed the appearance of 
“Leydig cells” in the testes of Lampetrafluviatilis in January and February, 
shortly before secondary sex structures developed. Busson-Mabillot 
(1967a, b) has noted by electron microscopy the appearance of cells in ovarian 
follicles with the organellar structure of steroid hormone secretion: well 
developed smooth endoplasmic reticulum (ER) and mitochondria with tubu- 
lar cristae. 

The testis of hagfish (E. stouti) contains no apparently steroidogenic cells 
until a length of about 40 cm is attained. At that time cells with the ultra- 
structural features of Leydig cells (e.g., smooth ER, tubular cristae) appear 
among the spermatogenic follicles (Tsuneki and Gorbman, 1977a). In a study 
of adult ovaries of E .  stouti, Tsuneki and Gorbman (1977b) found no cells 
with the ultrastructure usually considered characteristic of steroid hormone 
secretion. They examined eggs of all sizes along with their follicular struc- 
tures, atretic follicles of different age, newly ovulated follicles, and “intersti- 
tial’’ tissue. 

B. Sex Hormone Production 

As long ago as 1963, by extraction techniques that cannot be considered 
as definitive as more current methods, Botticelli et al. reported the presence 
of estradiol and progesterone in Petromyzon ovaries. Hardisty (1971) cites 
Symonds (1968) as having extracted L. fluuiatilis ovaries at intervals through 
the reproductive cycle. He found “oestrogen” only in March, shortly before 
spawning. Since then, Weisbart and Youson (1977) did not find any labeled 
testosterone in the blood of Petromyzon injected with radiolabeled pro- 
gesterone followed by chromatography and recrystallization to isopolarity. 
However, in the same species, using DIDA, Weisbart et al. (1980) found low 
concentrations, 0.1-0.4 pg/dl of testosterone in pooled blood. Given the 
technological difficulties, it is not clear whether these differences in mea- 
surement relate to technique, differences in state of maturation or to the use 
of larger pooled blood samples. It is apparent that a careful study of plasma 
levels of sex steroids of individual lampreys in different phases of the re- 
productive cycle is needed. Furthermore, better identification of the tissue 
source of sex steroids is also required. 
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Callard et al. (1980) in a recent study, incubated in vitro homogenates of 
various tissues (e.g., ovary, testis, kidney, liver, muscle, or brain) of sexually 
ripe P .  marinus with radiolabeled [3H]androstenedione. Labeled estrone 
was found formed by ovary, testis and kidney but not by liver, muscle, or 
brain. Testis also yielded estradiol. All tissues but muscle of those tested had 
Sa-reductase activity. Gonadal tissue and kidney, but not brain, had aro- 
matase activity (i. e., produced estrogens). 

In hagfish the available information is more voluminous but indicative of 
sex steroid production levels as low as those in Petromyzon. Matty et al. 
(1976), using radioimmunoassay (RIA) of blood sera of a series of individual E. 
stouti, found estradiol, testosterone, and progesterone measurable near the 
lower limits of sensitivity of the technique, picograms per milliliter. In a 
considerable part of the population studied, estradiol and testosterone, in 
both sexes, were not measurable at all and progesterone was the most 
abundant steroid. An interesting inverse relationship was found by Matty et 
al. between body mass of female hagfkh and plasma testosterone concentra- 
tion. That is, as females matured sexually, they produced progressively less 
testosterone. In an attempt to determine if the gonad itself is capable of 
producing measurable quantities of sex steroids, Gorbman and Dickhoff 
(1978) extracted E. stouti ovarian follicles containing eggs of various sizes 
(previtellogenic, early vitellogenic, almost completely mature) and measured 
their content of dihydrotestosterone, testosterone, and progesterone 
(Table I). 

In absolute terms these values are very low. Although they show a 
gradual increase in the total amount of each steroid per egg, the concentra- 
tions actually decreased, perhaps because of the fact that most of the mass of 
the follicle is yolk. Reduction in progesterone and testosterone concentra- 
tions could reflect estrogen synthesis from these precursors, but unfortu- 
nately, estrogens were not measured in this study. 

In another type of study of steroidogenesis and steroid metabolism in 

Table 10 

Testosterone, Dihydrotestosterone, and Progesterone in Eggs of Hagfish 

~~~ ~ ~ 

2-3 6 1 f 4.0 245 * 50 2 -t 0.3 420 f 70 9 -t 2 1920 2 365 
9-10 4 5 f 2.0 130 f 48 3 2 2.0 70 ? 60 80 f 22 2000 t 550 

24-26 4 16 f 4.0 12 t 3 14 t 5.0 10 * 3 111 f 25 80 2 18 

aFrom Gorbman and Dickhoff (1978). 
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hagfish, gonadal or other tissues were incubated in vitro with radioactive 
presursors to determine, from the radioactive products obtained, which 
enzymes are present. In this way Hirose et al. (1975) incubated homoge- 
nized mature ovary of E .  burgeri with [14C]pregnenolone. Among the la- 
beled products were progesterone, 17a-hydroxyprogesterone, androstene- 
dione, and some other 5a-reduced products. Labeled androstenedione was a 
product of both labeled-progesterone and labeled-testosterone incubation. 
Therefore, among other enzymes, Hirose et al. found evidence of 3P-hy- 
droxysteroid dehydrogenase (3P-HSD), an enzyme that Fernholm (1974) 
could not demonstrate in Myxine ovary by cytochemical methods. In a simi- 
lar experiment in which precursor [3H]androstenedione was incubated with 
Myxine ovary, Lance and Callard (1978) found labeled estradiol and estrone 
among the radioactive products, but yields were very low. However, Callard 
et al. (1978), in a single experiment, found ovary incubated with labeled 
androstenedione incapable of producing detectable labeled estrone or es- 
tradiol. Kime and Hews (1980) incubated Myxine ovarian tissue with 3H- 
labeled progesterone or testosterone. The only labeled product from pro- 
gesterone was 5a-pregnanedione unlike Hirose’s results in E. burgeri. Tes- 
tosterone was converted (32%) to dihydrotestosterone and other related 
products, indicating the presence of 5a-reductase. Incubation of Myxine 
testis with 3H-labeled progesterone yielded a small proportion of labeled 
testosterone (Kime et al . ,  1980), and other substances which appear to rep- 
resent further metabolism of this hormone. These authors suggest that the 
reason Weisbart and Youson (1977) were unable to find testosterone in the 
adult lamprey testis is that it may be converted to ‘‘unusual hydroxylated 
derivatives.” This suggestion is supported by their discovery of such metabo- 
lites in Myxine testis preparations after incubation with labeled testosterone. 
However, among labeled derivatives of testosterone were also androstene- 
dione (23%), 6P-hydroxytestosterone and some 5a-reduced substances. 

Liver preparations of hagfish also have been examined for their ability to 
metabolize steroids in vitro. Inano et al. (1976) found 5a-reductase activity 
in E. burgeri liver (combined microsome and cytosol fractions), labeled 
testosterone being converted to dihydrotestosterone, and a variety of other 
products. Hansson et al. (1979) incubated labeled androstenedione with 
Myxine liver microsomes and found labeled testosterone, in addition to 
other reduced steroids. 

In sum, it appears that the gonads of both lampreys and hagfish have 3p- 
HSD enzymatic activity and that ovaries and testes both may produce sur- 
prisingly low concentrations of sex steroids (although there is some doubt 
whether hagfish ovaries are capable of aromatization and production of es- 
trogen). Plasma concentrations of androgen and estrogen, where demonstra- 
ble, are low. In part, some of the inconsistencies in results may be attributa- 
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ble to the fact that age and sexual condition often were not assessed, al- 
though they might have an extremely important bearing on interpretation of 
measurements. Studies of metabolism of steroids by nongonadal tissues are 
still too few to permit generalizations. However, it is of interest that hagfish 
liver has been found in metabolic tracer studies to produce testosterone from 
androstenedione (Hansson et al.,  1979) and to reduce testosterone to di- 
hydrotestosterone (Inano et al., 1976; Callard et al., 1980). At least a partial 
explanation of the low plasma levels of sex steroid in cyclostomes may be 
based on the fact that in these animals there is little or no demonstrable sex 
steroid-binding protein (Wingfleld, 1980). 

W. BIOLOGICAL ACTIONS OF SEX HORMONES 
IN CYCLOSTOMES 

Actions of the sex steroids have been studied in cyclostomes principally 
by use of two classical procedures: gonadectomy and hormone administra- 
tion. Neither the lampreys nor hagfishes have sex ducts to lead gametes from 
the gonads to the cloaca, therefore these, and their associated glandular 
structures are not available to assess sex hormone action. In fact, in hag- 
fishes, aside from the gonads themselves, there appears to be little or no 
known sexual dimorphism. In lampreys there are several so-called “second- 
ary sexual characters,” which are the modified anal fin and cloacal swelling of 
females, and the urogenital papilla and modified dorsal fin structures of 
males. These appear only at the time of maximal development of the gonads. 
In addition, there are several other phenomena, common to both sexes, that 
are coincident with the prespawning and spawning period, and therefore 
suspected of being targets of sex hormone action. These latter include atro- 
phy of the gut, a related phenomenon, “green liver,” attributable to bile 
stasis consequent to atrophy of bile ducts and gall bladder, hepatic vitel- 
logenesis and loss of ability for osmoregulation in sea water. Hepatic 
vitellogenesis has been shown to be a sex steroid (estrogenic) hormone- 
responsive phenomenon in hagtish of both sexes (Yu et al., 1981). 

In earlier experiments, Hardisty and Taylor (1965) found that immersion 
of sexually undifferentiated ammocoete larvae for 6 months in estradiol or 
testosterone solutions had minimal action on gonad differentiation. There- 
fore, sex steroids apparently have no important role in this phenomenon. 
Evennett and Dodd (1963) established that gonadectomy (or hypophysec- 
tomy) of Lampetra jluviatilis before secondary sex features appeared pre- 
vented their development. Intraperitoneal insertion of a 25-mg pellet of 
testosterone into hypophysectomized males in October permitted develop- 
ment of secondary sexual characters in the following May. Hypophysec- 
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tomized females so treated developed male sex secondaries (urogenital pa- 
pilla). These experiments not only demonstrated the sex steroid dependence 
of the lamprey secondary sex structures, but demonstrated also that they are 
sex hormone spec&. That is, the hormonal receptors in the respective 
secondary sex organs probably recognize only the appropriate sex hormone. 
It is interesting that the female type of sexually differentiated anal fin was 
found by Larsen (1974) to be responsive to estrogens in both males and 
females. 

Of the nonsexual changes at the time of prespawning sexual ripening, 
atrophy of the gut has attracted the most investigative attention. The fact 
that gonadectomy (ovary or testis) prevents the normal involution of the 
intestine in anadromous prespawning age adult L. fluviatilis, or that it may 
even favor rehypertrophy after partial atrophy, has been confirmed by a 
number of authors (Larsen, 1969, 1972, 1973, 1974; Dockray and Pickering, 
1972; Pickering, 1976a,b). However, there has been some apparent dis- 
agreement as to whether implants of 25-mg pellets of sex steroid will them- 
selves induce intestinal atrophy in normal or castrate lampreys. Larsen 
(1972, 1974), for example, found that testosterone pellets will not prevent 
the postcastrational hypertrophy of the gut. However, Pickering (1976a,b), 
found that 25-mg pellets of estradiol or testosterone given early enough 
(August-October) have such action, but not if they are administered later 
(January). Pickering concludes that these apparently conflicting results are 
reconcilable if one postulates a loss of target cell receptors for sex steroids 
after January, making these cells unresponsive to the steroids after that time. 

Larsen (1969) has reported that gonadectomy of returned anadromous L. 
fluviatilis in January increased survival time and either slowed intestinal 
atrophy or caused hypertrophy. However, it is interesting that “green liver” 
caused by biliary degeneration proceeded in these experiments as in intact 
control lampreys. The morphological changes involved in atrophy of bile 
ducts and gall bladder have been described by Youson and Sidon (1978) in 
Petromyzon murinus. 

Less well studied has been the loss of ability to osmoregulate in seawater 
after L. fluviatilis have returned to fresh water. Pickering and Dockray 
(1972) found that gonadectomy prolonged the ability to osmoregulate in 50% 
sea water, and the presence of the maturing gonad is in some way influential 
in these changes in ion regulation. However, the mechanisms involved re- 
main to be hrther characterized. 

As mentioned previously, efforts to describe the biological actions of sex 
steroids in hagfish have been limited because the only experimentally estab- 
lished action is that of estrogens on hepatic vitellogenesis (Yu et al., 1980, 
1981). Pickering (1976a) has shown in the lamprey, L. fluviatilis, that es- 
trogens have the same hepatic action. A shared property between myxinoids 
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and petromyzonids like this appears to show that estrogenic control over 
vitelloprotein synthesis in the liver is a phylogenetically ancient function in 
vertebrates, because divergence of the two groups is itself ancient. Turner et 
al. (1982) found a single class of high-affinity nuclear receptor for estrogens 
in liver cells (Eptatretus stouti) taken from adult females with large eggs. 
Livers from females with small previtellogenic eggs had only about 20% of 
the specific estrogen binding sites as did vitellogenic females. Sexually im- 
mature hagfish livers had no detectable specific estrogen binding ability. 
Estrone, estriol, and diethyl stilbestrol bound to the receptor as well as 
estradiol; progesterone and testosterone bound poorly. The affinity of the 
hepatic receptor for estrone correlates with the finding by Yu et al. (1981) 
that estrone stimulates vitellogenesis in E .  stouti as well as estradiol. It is 
worth noting that the high affinity of liver receptors would make it possible 
for estrogen to exert its effect on vitellogenesis in hagfish despite the ex- 
tremely low plasma levels of estradiol (Matty et al., 1976). 

VIII. PITUITARY GONADOTROPIC ACTMTY 

Experimental efforts to demonstrate that the pituitary gland is involved 
in reproductive function generally depend on hypophysectomy andlor ad- 
ministration of pituitary hormones. For hagfish the only extensive study of 
this type is that of Matty et al. (1976) who hypophysectomized about 150 
adult hagfish. They found no evidence that hypophysectomy discernably 
dects  gonadal function in either male or female E .  stouti. In fact, after as 
long 8 months after complete pituitary removal, some females were still 
laying eggs. Therefore, completion of vitellogenesis, ovulation and laying of 
apparently normal eggs is not dependent on a hypophysial gonadotropin in 
these hagfish. 

More extensive research along these lines has been done with lampreys, 
largely by Dodd (1972) and his co-workers (Dodd et al., 1960) and by L. 0. 
Larsen. 

A. Hypophysectomy 

Evennett and Dodd (1963) hypophysectomized 80 lampreys (L. fluui- 
at&) of both sexes between October (shortly after their re-entry into fresh 
water and before initiation of gametogenic meiosis) and March (shortly be- 
fore normal spawning). No hypophysectomized animals developed steroid 
hormone-dependent secondary sex features, showing that removal of a pre- 
sumed gonadotropin inhibited sex steroid synthesis. In the morphological 
sense, Larsen and Rothwell (1972) note that hypophysectomy does not ap- 
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preciably alter the appearance of testicular interstitial cells, or suppress the 
histochemical 3P-HSD reaction of these cells. 

In the testis of lampreys hypophysectomized in October, spermato- 
genesis proceeded through spermiogenesis, although at a slightly decele- 
rated pace. However, histological study of spermatozoa “suggested that they 
were incompletely developed.” Larsen (1973) made essentially similar ob- 
servations of spermatogenesis in hypophysectomized L. jluoiatilis and 
stated, in addition, that there was no release of spermatozoa from the testis. 
Therefore, it would appear that the relationship between spermatogenesis 
and the pars distalis of the hypophysis of lampreys is different from that of all 
other vertebrates. In other vertebrates hypophysectomy almost completely 
arrests spermatogenesis. In Evennett and Dodds later hypophysectomies 
Uanuary and February, when testicular germ cells are in later prophase), 
there was little, if any, effect on spermatogenesis; therefore, these authors 
concluded “that spermatogenesis and spermiogenesis in lampreys, unlike 
other vertrebrates, are autonomous processes. . . .” 

According to Evennett and Dodd (1963), the ovaries of hypophysec- 
tomized L. jluoiatilis responded in a more complex manner. Oocytes devel- 
oped in a normal manner until January, but, at the stage in which maximal 
preovulatory growth should occur, presumably by yolk deposition, there was 
no further growth in hypophysectomized L. fluoiatilis. However, although 
egg growth plateaued, there was no ovarian atresia as occurs in ovaries of 
other hypophysectomized vertebrates. In a similar experiment Larsen (1973) 
hypophysectomized 17 female L. fluoiatilis in November. Some were com- 
pletely adenohypophysectomized; in some only the rostral pars distalis was 
removed, while in others only the proximal pars distalis was taken. In- 
terpretation of this experiment is made complex not only by the protocol, 
but also by the variability of results. In general, removal of the proximal pars 
distalis had a greater inhibitory effect on ovarian growth than removal of the 
rostral pars distalis. However, because there were exceptions, it could not 
be concluded that “gonadotropic activity” is limited to the proximal zone. 
Undoubtedly, the precision of selectively removing one lobe of the pars 
distalis alone cannot be absolute. Nevertheless, it was concluded by Larsen 
(1973) that even in those instances in which there was complete removal of 
the pars distalis, growth of the ovary continued, although at a slower pace, 
unlike the results of Evennett and Dodd (1963). Ovulation failed to occur in 
Larsen’s L. jluuiatilis hypophysectomized in November. 

Despite the slight differences between the reported data of Evennett and 
Dodd (1963) and Larsen (1973), one can conclude that much of the process of 
ovogenesis, as well as spermatogenesis, is independent of a presumptive 
pituitary gonadotropin. Sex hormone synthesis, on the other hand, responds 
much more consistently to hypophysectomy, to judge by the failure of sec- 
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ondary sex structures to develop. However, Larsen’s experiments produced 
some exceptions in which secondary sex structures differentiated at least 
partially in hypophysectomized animals. It must be emphasized that no 
actual measurements of plasma levels of sex steroids have been made in 
hypophysectomized lampreys. This information is needed for better in- 
terpretation of existing data in this field. For example, if it is true that 
vitellogenesis is arrested or inhibited by hypophysectomy of L. fluviatilis 
females, this could be a consequence of low plasma estrogen values. 

B. Administration of Exogenous Pituitary Preparations 

In an early experiment involving injection of hypophysial, or other 
gonadotropic preparations, Evennett and Dodd (1963) gave the following to 
hypophysectomized or intact L. fluuiatilis, once every 2 weeks for more than 
3 months between December and March: three whole lamprey pituitaries in 
saline solution, 200 IU of pregnant mare’s serum gonadotropin (PMSG), 
and/or 300 IU of human chorionic gonadotropin (HCG). Apparently, all the 
preparations had gonadotropic activity; however, lamprey pituitary, in the 
dose given, was not as active as PMSG or HCG. The hypophysectomized 
animals developed secondary sex characters, fully differentiated sper- 
matozoa, and the females ovulated (presumably this was determined by 
stripping or direct inspection after decapitation). Thus, these preparations 
corrected the several defects in reproductive development caused by hypo- 
physectomy. In the intact lampreys, there was gonadal stimulation, and 
secondary sexual features developed in February, ahead of the normal 
schedule. Evennett and Dodd, noting that secondary sex structure ap- 
pearance (indicative of stimulation of sex steroid secretion) did not occur 
until February, although gonadotropic hormone had been given since 
November, commented: “This suggests that the tissues concerned are insen- 
sitive to hormonal stimulation until shortly before the time at which the 
secondary sexual characters normally develop. ” Sensitivity to hormones, in 
the current context, is equated with possession of receptors for a given 
hormone. Therefore, Evennett and Dodd, suggest that receptors develop on 
some type of normal developmental seasonal schedule and that either 
gonadotropic receptors or sex steroid receptors appear relatively late in 
development. It should be noted that for the intestine, an organ that degen- 
erates as development proceeds, Pickering (1976a, b) has speculated that an 
opposite developmental program exists. That is, sex steroid receptor may be 
available early, but it decreases or is lost at later times. Here, again, it is 
clear that measurements of plasma levels of sex steroids correlated (or not) 
with the various observed phenomena would greatly aid in interpretation of 
the mechanisms regulating these phenomena. 
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IX. REGULATION OF REPRODUCTION 
THROUGH THE BRAIN 

In the higher vertebrates the regulation of pituitary gonadotropic func- 
tion through centers in the hypothalamus is clearly a function with high 
adaptive value in the temporal as well as evolutionary sense. The hypothala- 
mic centers receive innervation relaying virtually any kind of sensory infor- 
mation to them. By this means, the brain becomes the transducer for relat- 
ing sensory-detected environmental changes with subsequent endocrine 
phenomena. Of special interest here is that sensory signals from olfactory, 
optic, auditory, tactile, taste, temperature, and even other sensory modes 
can, and do, influence reproduction in many particular species. To what 
extent is such central nervous system-mediated control exerted on the pitui- 
tary and gonads in cyclostomes? Answers to this question can be inferred, at 
least, from a variety of data: (1) correlations between season or particular 
environmental changes and reproductive changes; (2) demonstration of ana- 
tomical links (nervous, vascular) between brain and pituitary (ade- 
nohypophysis) by means of which an influence from the brain can reach the 
pituitary; (3) demonstration of the presence or absence of gonadotropin- 
releasing peptides in the brain; (4) demonstration of responsiveness of 
cyclostome pituitary gonadotropic secretion to gonadotropin-releasing pep- 
tides or hormones; (5) a variety of other experimental approaches such as 
brain lesioning, stereotoxically localized electrical stimulation or recording 
that have not yet been applied in studies of cyclostomes. 

Because no gonadotropic function can be detected in hagfish, as dis- 
cussed previously, there can hardly be any useful study of its control. Nev- 
ertheless, it is clear from histological studies and from studies of the vascular 
supply of hagfish pituitaries, that no nervous connection or portal blood 
vessel supply exists in Eptatretus or Petromyzon whereby control can be 
exerted by the brain over the adenohypophysis as it is in higher vertebrates 
(Gorbman, 1965; Crim et aZ., 1978). Furthermore, Crim et al. (1979a) have 
shown that there is no immunocytochemical evidence for the presence of 
gonadotropin releasing hormone (LHRH) in the brain of Eptatretus stouti. 
Nozaki and Kobayashi (1979) have shown that there is the same lack of 
immunoreactive LHRH in the brain in Eptatretus burgeri. The case of E .  
burgeri is puzzling because it has been found to be a seasonal breeder with 
an apparent annual migration between deeper and shallower waters. Unless 
this migration and annual breeding cycle are direct responses to tempera- 
ture or photoperiod, without intervention of pituitary gonadotropic function, 
there is at present no way to explain the breeding cyclicity in E. burgeri. 

In the lampreys, it is clear that migrations, gonadal maturation, gamete 
release, and spawning occur in season, at particular phases of a life cycle. 
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Thus, there is reason to believe that seasonal environmental physical cues 
may be linked to endocrine-mediated reproductive function by appropriate 
sensory-evoked pathways in the brain. Furthermore, unlike the hagfishes, 
some evidence for a gonadotropic fimction in the lamprey adenohypophysis 
exists, although its role appears to be a more modest one than in higher 
vertebrates. Beyond this, Crim et al. (1979a,b) has shown in two lamprey 
species (L. tridentata, L. richardsoni) that there is immunoreactive LHRH 
in the hypothalamus (largely, the preoptic nuclear area), and that there is 
more of it in sexually mature animals contrasted with immature ones. There- 
fore, the case may be made that a primitive type of hypothalamic-hypo- 
physial-gonad axis exists in the lampreys. In opposition to this is the fact that 
neither nervous nor vascular structures can be found connecting the brain to 
the pars distalis of lampreys (Gorbman, 1965; Tsuneki and Gorbman, 
1975a,b). Accordingly, if LHRH moves from the brain to the pars distalis, it 
would have to do this by diffusion across the thin connective tissue barrier 
between them. 

Larsen (1974) has found that there is no “feedback’ between the gonadal 
hormones and the presumed hypothalamic-hypophysial axis. That is, large 
doses of estradiol or testosterone do not have an apparent inhibitory action 
on the pituitary or gonad as they do in higher vertebrates where negative 
feedback is part of the interlocking mechanism. Tsuneki (1976) found the 
same to be true in hagfish ( E .  burgeri). This still does not invalidate the 
hypothesis that there is control of gonadotropin secretion by the brain, but a 
more serious negative point stems from experiments by Larsen (1973; cited 
in Larsen, 1969, 1978) in which lamprey (L. Juviatilis) recently returned to 
fresh water, continued normal sexual development although they had been 
kept for “many months” in darkness at constant temperature. She concluded 
from this that “external clues, as increase in temperature and increase in day 
length, seem of little importance.” If these two basic and common physical 
environmental clues can be ignored by the seasonally limited reproductive 
process of the lamprey, it may be difficult to identify the ones that do tie 
them to season. 

X. GENERALIZATIONS, PROJECTIONS, 
SPECULATIONS 

As summarized here, there are some key differences between reproduc- 
tion in cyclostomes, and its regulation, from other vertebrate groups. First, 
as regards gonadal differentiation, neither hagfish nor lampreys follow the 
general vertebrate pattern of corticomedullary organization and interaction 
in the primitive developing gonad. Furthermore, the myxinoid and pe- 
tromyzonid patterns bear little resemblance to each other. In developing 
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lamprey, if one accepts Hardisty’s interpretation of morphological events, 
both sexes go through a proterogynous phase of ovogonial and oocyte multi- 
plication, followed by partial involution in the female and complete ovocyte 
suppression in the male. The processes of ovogenesis and spermatogenesis 
themselves appear to be quite orthodox in both cyclostome groups, with the 
difference between the two being complete commitment to a single cycle in 
lampreys in contrast to apparently repeated cycles in hagfishes. The single 
cycle of lampreys, followed by death, is tied to season, although in most 
hagfishes it is not. 

Knowledge about the endocrine management of the reproductive pro- 
cesses in cyclostomes at present raises as many questions as it has answered. 
For example, in both groups, plasma levels of sex steroids are remarkably 
low, differing by two or three orders of magnitude from most other verte- 
brates. Yet, in both groups, sex hormone-dependent phenomena that are 
integral in the reproductive process have been identified. The low plasma 
levels of sex steroids are partially explained by the absence of specific high- 
affinity sex steroid-binding proteins in blood. In the few measurements that 
have been made of gonadal sex steroid production, this too seems to be 
extremely slight or slow. Whether or not there are surges or cycles of sex 
hormone production in individual cyclostomes that may be correlated with 
specific phases of reproduction is not known because appropriate measure- 
ments have not been taken. 

Control over gametogenesis in both lampreys and hagfishes by the pitui- 
tary gland (pars distalis) in the light of present information appears limited or 
doubtful. In any case, it is certainly different from the close involvement of 
pituitary gonadotropins with gametogenesis in all other vertebrates. Better 
information exists in lampreys that ties functipn of pars distalis to sex steroid 
synthesis, presumably by the gonad. The failures of later stages of gamete 
formation (i. e., spermiation in males, completion of vitellogenesis and ovula- 
tion in females) in hypophysectomized lampreys might be actually caused by 
a lack of sex steroids or other steroids rather than by absence of a 
gonadotropin. A relationship of the pars distalis of hagfish to any phase of 
gonadal activity is not even suggested by any currently available 
information. 

How the lampreys relate their reproductive functions to season remains a 
mystery. No obvious anatomical means exists for tying afferent sensory infor- 
mation concerning external conditions to endocrine and reproductive 
events. Furthermore, some experiments by Larsen (1973) indicate that sexu- 
al ripening of lampreys can occur at constant low temperature in constant 
darkness. She also has shown that the pituitary of sexually ripening lampreys 
hnctions in the gonadotropic sense even when transplanted to a site (phar- 
yngial muscles) far from the brain and the possible diffusion of factors from 
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the brain (Larsen, 1969, 1973). Thus, the manner of recognition of season by 
lampreys is inexplicable at present. Furthermore, if the pars distalis can 
secrete gonadotropins at an anatomical locus that is completely isolated from 
central nervous system integrators of sensory information, then how is en- 
vironmental seasonal change communicated to it, or to the gonad? 

One possibility is that gonadotropin-releasing hormone, which is known 
to occur in the lamprey hypothalamus, reaches the pituitary via the general 
circulation rather than via diffusion from the neighboring neurohypophysis 
of lampreys. If this is so, it is pertinent to ask in this representative of the 
most primitive offshoot line of vertebrates: why has the pars distalis evolved 
at all in the juxtaneural locus it occupies in lampreys? 

Obviously, the unanswered questions are numerous and basic for the 
understanding of the evolution of the hypothalamic-hypophysial-gonadal 
axis. More research will supply the means for better limiting or defining 
some of these fascinating questions. One large uncertainly is in deciding 
whether the anatomical and functional properties of the hypothalamopitui- 
tary system seen in lampreys and hagfish are truly primitive or whether they 
represent degeneration from a previously more highly evolved state. There 
is little factual basis for a direct rational decision between these alternatives, 
but a possibility has been suggested recently (Gorbman, 1980). The cyclo- 
stome pituitary gland differs anatomically from that of all other vertebrates in 
lacking completely the portal blood vessels that carry the hypothalamic re- 
leasing hormones from the brain to the pars distalis. There are three groups 
of fishes, the holocephalians, the elasmobranchs, and the coelacanths, which 
evolved from the vertebrate line shortly after the divergence of the 
cyclostomes, that have a pars distalis that is partly supplied with such .a 
portal blood circulation. If this partial portal vascularization is taken as an 
intermediate phase in evolution of the complete hypophysial portal system, 
then the cyclostome pattern can be taken as primitive. In this concept, the 
original evolutionary adaptive value of bringing the epithelial pituitary into 
contact with the nervous pituitary and brain was to serve the functions of the 
pars intermedia in skin pigmentary changes in concert with environmental 
background light changes. In such a scheme, the involvement of the “stalk,” 
which carried in the pars intermedia and which eventually became the 
source of gonadotropins and other hormones of the pars distalis, was a later 
development. 
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I. INTRODUCTION 

Contemporary cartilaginous fishes (Chondrichthyes) are assigned to two 
subclasses of very unequal size: Elasrnobranchii, with 128 genera and about 
600 species, and Holocephali with 6 genera and about 28 species (Nelson, 
1976). The former comprise two orders, Squaliformes (sharks and dogfishes) 
with 16 families and Raiiformes (skates and rays) with 12 families (Breder and 
Rosen, 1966). The affinities and phylogeny of the two subclasses are subjects 
of contention (Dodd and Dodd, 1984), although the view of Zangerl and 
Case (1973) that they are sister groups sharing a common ancestor is now 
widely accepted (C. Patterson, personal communication). 

The reproductive biology of both groups is of exceptional interest be- 
cause of their long phylogenetic history (at least 350,000,000 years), their 
long separation from each other, and the diverse range of reprodiictive 
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specializations that they have adopted. Unfortunately, partly because car- 
tilaginous fishes are of less economic importance than teleosts and partly 
because they are often difficult to obtain and demanding as experimental 
animals, rather little is known about them; this is especially true of the 
Holocephali. Of the 600 available elasmobranch species, virtually nothing is 
known of two-thirds, and most of the information available on the rest is 
selective, descriptive, and fragmentary. This applies particularly to phys- 
iological aspects of chondrichth yan reproduction, experimental investigation 
being virtually restricted to a single species, Scyliorhinus caniculu, the 
lesser spotted dogfish. The generalizations made in this chapter are vulnera- 
ble and must be assessed in the light of this reservation. 

Many aspects of reproduction in elasmobranchs, including gonado- 
genesis, sex determination, origin of the reproductive ducts, and low ovarian 
fecundity, are more similar to amphibians and amniotes than to the teleosts. 
Further, their approach to viviparity, in which, unlike the situation in tele- 
osts, gestation takes place in a modified region of the oviduct, rather than in 
the ovary, is closely related to that of amphibians and amniotes. 

It is widely accepted that viviparity has evolved independently many 
times in vertebrates, and it is the commonest mode of reproduction in 
elasmobranchs. It may or may not be placental, but it is usually associated 
with cyclical breeding. In consequence, many of the cartilaginous fishes 
have sophisticated life cycles and these are often associated with a migration. 
A good deal is known about cyclicity in littoral species though it is not always 
realized that these too migrate and populations are never static. This and 
other factors discussed in following pages have caused some confusion in the 
delineation of reproductive cycles, especially in species in which the egg- 
laying period is lengthy. 

Extant cartilaginous fishes are often said to be primitive, and some of 
their morphological characters may well have retained a primitive condition 
[witness the recent, albeit tentative, identification of two species of Scyli- 
orhinus, from the Cretaceous, that lived approximately 100,000,000 years 
ago (Cappetta, 1980)], but the physiology of contemporary species is often 
highly sophisticated. Unfortunately, little is known of reproductive physiol- 
ogy in elasmobranchs and nothing in holocephalans. The little that is known 
concerning pituitary-gonad relationships suggests that any differences be- 
tween these fish and so-called “higher” vertebrates may be superficial, al- 
though there may well be surprises from further research. 

Reviews on various aspects of chondrichthyan reproduction include the 
following: Dean (1906), Ranzi (1932, 1934), Needham (1942), Budker (1958), 
Amoroso (1960), Chieffi (1967), Hoar (1969), Dodd (1960a, 1972, 1975), 
Dodd and Sumpter (1982), and the comprehensive recent review of Wourms 
(1977) on wide ranging aspects of chondrichthyan reproductive biology. 
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II. STRUCTURES AND FUNCTIONS 
ASSOCIATED WITH REPRODUCTION 

A. Differentiation of the Gonads and Sex 
Determination 

As in amphibia and amniotes, but unlike teleosts, the gonads of elas- 
mobranchs develop by the migration of primordial germ cells from extra- 
embryonic endoderm into paired genital ridges consisting of two distinct 
regions, cortex and medulla, which originate from peritoneal epithelium and 
interrenal anlage, respectively (see Chieffi, 1967, for a review). In genetic 
males, the primordial gonia come to rest and develop in the medulla, but in 
females they develop in the cortex (Chieffi, 1949, Torpedo ocellata; Chieffi, 
1950, Scyliorhinus canicula; Picon, 1962, Leptocharias smithii). According 
to Beard (1900, 1902, Pristiurus sp., Raia batis) and Woods (1902, Squalus 
acanthias) the numbers of primordial germ cells are unusually high; esti- 
mates have vaned between 127 and 327, whereas in teleosts they appear to 
vary between 30 and 70 (Hardisty, 1978). The onset of meiosis is believed to 
be precocious. The entire crop of germ cells enters the first meiotic prophase 
and the germ cells become primary oocytes before sexual maturation (Fran- 
chi et al., 1962). 

Sex determination seems to be more stable in elasmobranchs than in 
many other vertebrates (Dodd, 1960b); nothing is known of it in Holo- 
cephali. Experiments by Thiebold (1964), in which developing gonads, prior 
to sexual differentiation, were transplanted and attached to epithelium of the 
extra-embryonic coelom, have shown that sex is determined early because 
the gonads develop according to their genetic sex regardless of the sex of the 
host. Furthermore, there is no antagonism between a testis and an ovary 
developing side by side. Chieffi (1967) has summarized his earlier work in 
which the effects of a range of steroids, injected into the yolk sac of S. 
canicula eggs, well before the stage of sexual digerentiation, were investigat- 
ed. Testosterone propionate, 17P-estradio1, progesterone, and deoxycor- 
ticosterone acetate were injected separately and all, at the doses used, had a 
feminizing influence on sexual differentiation. This is characteristic of spe- 
cies in which the female is the heterogametic sex. 

B. The Ovary and Oogenesis 

The developing ovary in elasmobranchs is paired and symmetrical, but in 
the majority of the few genera that have been examined [Scyliorhinus, Pris- 
tiophorus, Carcharhinus, Galeus, Mustelus, Sphyrna (Daniel, 1928); 
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Cetorhinus (Matthews, 1950)], only the right ovary becomes functional. In 
some cases, the left ovary is the only one to develop [Urolophus, Dasyatis 
(Babel, 1967)], and in yet others both ovaries function [oviparous skates 
(Wourms, 1977), Squalus acanthias (Hisaw and Albert, 1947), S. breuirostris 
(Kudo, 1956); Scoliodon sorrakowah, S .  palasorra (Mahadevan, 1940)l. 
Whether or not these examples are representative of the extant genera is 
impossible to say, but it is clear that the left, or the right, or both ovaries 
may develop and Thi6bold (1964) has shown that if the left gonad of female 
embryos of S. canicula is transplanted into the extra-embryonic coelom 
before sexual differentiation it does not atrophy. There is similar‘ variability 
in the development of the oviducts although usually both are present and 
functional. 

The morphology of the mature ovary is extremely variable, but the dif- 
ferences are superficial and attributable largely to the numbers and sizes of 
the yolky eggs it contains. This in turn is largely a function of the stage of the 
reproductive cycle at which the ovary is examined, although it is also closely 
correlated with the mode of reproduction of the species (i.e., whether it is 
oviparous or viviparous) and the degree to which the developing young are 
dependent on the female for nutrients. 

The ovary is suspended from the dorsal body wall by a broad mesovarium 
which carries blood vessels and nerves. It consists of stroma, previtellogenic 
oocytes, and a variable number of yolky oocytes of various sizes. Sometimes 
the latter, even when ready for ovulation, are small (1.0 mm in Scoliodon 
sorrakowah; Ranzi, 1934), but in Chlamydoselachus and Ginglymostoma 
they may reach 100 mm or more (Gudger, 1940). At certain times in the 
reproductive cycle, “corpora lutea” and corpora atretica also are present in 
the mature ovary. All of these elements are embedded in a lymphomyeloid 
hemopoetic organ called the epigonal organ (Matthews, 1950; Fange and 
Mattisson, 1981). The ovary, which is gymnovarian (Hoar, 1969), is not 
continuous with the oviducts. The oocytes are ovulated into the peritoneal 
cavity and carried to the oviducts by cilia. The number of primed pre- 
vitellogenic oocytes from which eggs will develop varies with the season and 
with the species. Hisaw and Albert (1947) state that in S .  acanthias approx- 
imately 50 eggs develop and they are white in color, pea-sized, and weigh 
less than 1 g; at this stage there are no yolky eggs. Several, possibly all 50, 
follicles begin to undergo vitellogenesis but only two or three in each ovary 
persist; the rest are completely removed by atresia before the chosen 
oocytes, which reach a weight of about 50 g, are ovulated. Thus at the time of 
ovulation, S. acanthias ovaries do not contain corpora atretica, an unusual 
situation. In Mustelus canis, 12-24 eggs reach ovulable size (Te Winkel, 
1950), but in Carcharhinus dussumieri only a few grow, of which only two 
are ovulated (Teshima and Mizue, 1972). 
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1. OVARY OF THE DOGFISH,SCYLIORHINUS CANlCULA 

The ovary of S. canicuh (Fig. 1A-D), which has been described by 
Metten (1939), Dodd (1977), and Dodd and Sumpter (1982), is probably 
typical of oviparous and many viviparous species. During the active egg- 
laying season (winter and spring) it contains a hierarchy of paired yolky 
follicles varying in weight from about 3.0 g through smaller yolky follicles to 
small translucent yolk-free oocytes of a few milligrams (Fig. 1B). Corpora 
atretica (Fig. 1C) are also usually present, especially in late summer; they 
probably represent yolky oocytes which for some reason have failed to be 
ovulated. Postovulatory follicles or “corpora lutea” (Fig. 1A) are also found in 
egg-laying fish. The vitellogenic follicles have outer walls consisting of per- 
itoneal epithelium, underlain by theca externa, theca interna, basement 
membrane, granulosa, and a zona radiata which abuts on the vitelline mem- 
brane of the oocyte and consists of interlocking villi from oocyte and gran- 
ulosa. The granulosa in large ,yolky follicles of S. caniculu is single layered 
(Fig. 2A), as in most squaliform species (Wallace, 1904; Samuel, 1943; 
Chiefi and Botte, 1961), whereas in raiiformes it is said to consist of large 
yolk-secreting cells and smaller columnar cells (Samuel, 1943; Chief& 1961; 
Botte, 1963). 

The only ultrastructural investigation of ovarian follicular structure in an 
elasmobranch is that of Dodd and Dodd (1980) in S. canicula (Fig. 2C). In 
mature and maturing follicles the theca externa consists of a single layer of 
apparently active cuboidal or flattened cells which have a good deal of 
smooth endoplasmic reticulum, often arranged in whorls associated with a 
lipid droplet. Vesicles and many mitochondria with tubular cristae are also 
present. The theca interna lies immediately below the externa and consists 
of 4-6 rows of flattened elongated cells, the walls of which are extended 
outward into processes. The cells are separated from each other by an in- 
terlocking meshwork of collagen fibers and collagenocytes which constitute 
the main supporting structure of large oocytes. Theca interna cells show 
signs of secretory activity; they contain parallel arrays of rough endoplasmic 
reticulum, sometimes with distended cisternae and abundant mitochondria. 
Intracellular microfibrils, which may be contractile and associated with 
ovulation, are also visible. The theca interna is separated from the granulosa 
by a thick granular basement membrane. In all vitellogenic follicles there is 
an extensive system of blood vessels between theca interna and basement 
membrane; the vessels have fine fenestrations. Striations are sometimes 
visible in the basement membrane, and it is presumed that they represent 
channels through which plasma proteins (vitellogenins) pass to become elec- 
tron-dense accumulations in the intercellular channels between contiguous 
granulosa cells. These channels form an extensive series of spaces between 



Fig. 1. The ovary of S. caniculn. (a) Surface view of partly dissected ovary. (h) Vitellogenic 
oocytes removed and placed peripherally to demonstrate paired size hierarchy. ( c j  Ovary after 
thyroidectomy in May. Note that all large follicles are atretic and none of the smaller follicles is 
undergoing vitellogenesis. ( d )  Ovary in late atresia, 11 months after removal ofVL (CA, corpus 
atreticum; CL, corpus luteum; E, epigonal organ; 0, large vitellogenic oocyte, ovulatable size; 
P, previtellogenic follicle). (From Dodd, 1972.) 
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the basement membrane and the zona radiata. The putative vitellogenin lies 
between the villi of the zona radiata and is incorporated into the oocyte by 
pinocytosis. The granulosa in immature follicles is multilayered, but in ma- 
ture and maturing follicles it consists of a single layer of columnar cells which 
appear very active and have many electron-dense inclusions, especially in 
their apical regions, and abundant rough endoplasmic reticulum associated 
with mitochondria. The cells are probably involved in a wide range of secre- 
tory activities. 

2. OVARY OF THE BASKING SHARK, CETORHZNUS 
MAXZMUS 

The ovary of the basking shark has been described in considerable detail 
by Matthews (1950), and it is a remarkable structure more similar, as Mat- 
thews points out, to that of an oviparous teleost then to any known elas- 
mobranch. It is single, developing from the right gonadal primordium and 
about 50 cm long. A tough fibrous outer coat encloses the sparse and loose 
stromal tissue in which are embedded several million small oocytes. A large 
aperture in the fibrous coat leads into a so-called pocket. This in turn opens 
into a complicated system of branching ciliated tubes which ramify through- 
out the stroma. The oocytes lie within the walls of these tubes. Matthews has 
calculated that the ovary contains at least 6 million ova of 0.5-5.0 mm 
diameter; these already contain yolk. He believes that the largest eggs in the 
Cetorhinus ovary do not attain a diameter greater than 5.0 mm because 
anything larger would be unable to negotiate the finer branches of the 
stromal canals into which they pass at ovulation. 

In addition to the oocytes there are large numbers of corpora lutea which 
are lenticular in form, opaque, and lighter colored than the ova. They are of 
two sizes, the largest being about 4.0 mm in diameter and less numerous 
than the smaller ones. Matthews (1950) believes that the large bodies are 
postovulatory corpora lutea; the smaller ones are produced by atresia of 
follicles of about 1.0 mm (corpora atretica), and Matthews describes their 
quite different structures. 

As in all elasmobranchs examined, although not in holocephalans, the 
gonad is associated with a haemopoietic epigonal organ, which in Cetorhinus 
is paired, the one on the right side lying posterior and slightly dorsal to the 
ovary and suspended by a posterior extension of the mesovarium. It mea- 
sures about 60 cm in length and has a diameter of 20 cm. The anterior region 
is intimately fused with the posterior one-third of the ovary. The left epigo- 
nal organ is similar in size and shape although not associated with a gonad. 

Stanley (1963) has described both the developing and the mature ovaries 
in H. coUiei and Vu Tan Tue (1972) has discussed the structure of the ovaries 
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Fig. 2. Follicular structure in S . canicula. (,a4 Transverse section of portion of the wall of a 
vitellogenic follicle. (b) Transverse section of an early corpus atreticum (B, blood vessel; G, 
granulosa; 0, oocyte with yolk platelets; TE, theca externa; TI, theca interna). (From Dodd, 
1977.) ( c )  Electron micrograph of a transverse section of a portion of the wall of a vitellogenic 
follicle (BM, basement membrane; BV, blood vessel; C, collagen fibers; G, granulosa; IS, 

of Chimaera monstrosa and described cyclical changes in them. In H. colZiei 
the largest ova are about 20 mm in diameter and there are occasional large 
corpora atretica (Hisaw and Hisaw, 1959). The follicle wall has not been 
described in detail and there have been no ultrastructural studies. Both 
ovaries are functional and they may differ markedly in weight although this 
does not appear to represent a fundamental asymmetry such as that which is 
found in many elasmobranchs. 

3. CORPORA ATRETICA AND CORPORA LUTEA 

In common with all other vertebrates the elasmobranch ovary may con- 
tain a number of structures, often bright yellow in color, in various stages of 
development or degeneration (Saidapur, 1978). The latter are follicles in 
which the enclosed oocyte has lost its integrity for some reason and is being 
removed by invading granulosa cells supported by ingrowths from the theca 
(Figs. 1C and 2B). Such structures, which are sometimes called preovulatory 
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intercellular space; TE, theca externa; TI, theca interna; YP, yolk platelet ( from Dodd and 
Dodd, 1979). 

corpora lutea, are here referred to as corpora atretica. The postovulatory 
follicles are more variable both in degree of development and in structure. 
They arise from what remains of the follicle after ovulation and are here 
called corpora lutea because of their analogy with these structures in mam- 
mals. Admittedly, it is difficult to defend the use of this term because noth- 
ing is known of their functions, and in some cases (Squalus acanthias; S .  
canicula) the follicular remnants appear to be removed, presumably by pha- 
gocytic action, with the minimum of postovulatory development. 

Atresia has been described in a number of elasmobranchs, some ovi- 
parous and some viviparous, both aplacental and placental: Cetorhinus m x -  
imus (Matthews, 1950); Raia binoculuta, R .  erinacea, Squalus acanthias, S . 
suckleyi, Mustelus canis (Hisaw & Hisaw, 1959); S . canicula, S ,  stellaris, 
Torpedo murmorata, T .  ocellata (Chieffi, 1962); S . acanthias (Lance & Call- 
ard, 1969); Scoliodon sorrakowah (Guraya, 1972); Mustelus canis (Te 
Winkel, 1972). Lance and Callard (1969) have described four stages in the 
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formation of the atretic follicles as follows: (1) In stage 1, the granulosa is 
highly folded and invaginated, the villuslike processes being supported by a 
scaffolding of thecal cells; phagocytosis of yolk is under way. (2) In stage 2, 
yolk phagocytosis is complete; hypertrophied granulosa cells fill the struc- 
ture. (3) In stage 3, yolk granules are no longer present; the follicle is thin 
walled and solid, and involution has begun. (4) In stage 4, involution is well 
advanced; the granulosa has degenerated and is infiltrated by connective 
tissue. Lance and Callard have also described four stages in the formation of 
the corpus luteum in S . acanthias. Stages 1 and 2 result from the collapse of 
the follicle wall after ovulation, resulting in an apparent thickening of theca 
and granulosa, the latter filling the cavity. Stages 3 and 4 are similar to the 
corresponding stages of atresia. Putative steroidogenesis in both types of 
structure is discussed further on. 

Copora lutea and corpora atretica in the holocephalan ovary have been 
described by Hisaw and Hisaw (1959). They are similar to those found in 
elasmobranchs, but their function is unknown. 

Therefore, the situation regarding the relative development of corpora 
lutea and corpora atretica varies with the species and their function remains 
obscure. Hisaw and Hisaw (1959) have concluded that the elimination of yolk 
from atretic follicles and of debris from ruptured follicles is a primitive 
function of the granulosa in both corpora atretica and corpora lutea. Lu- 
teinisation of the granulosa by the pituitary and secretion of progesterone are 
later developments. Certainly, it has never been demonstrated that the 
formation of corpora lutea in elasmobranchs is in any way stimulated by the 
pituitary, and, as Dodd (1972) has emphasized, the best way to produce 
corpora atretica experimentally is to remove the gonadotropic region of the 
pituitary. 

However, Chieffi (1962) believes that “true corpora lutea” (i.e., in the 
mammalian functional sense) are found in both oviparous and viviparous 
elasmobranchs. In the former ( S .  stella&) they are believed to develop from 
ovulated follicles (“corpora lutea”) and in the latter (T. mrmorata) by fol- 
licular atresia (corpora atretica). However, Lance and Callard (1969) in the 
viviparous aplacental S .  acanthias identified 3P-hydroxysteroid dehydrog- 
enase (3P-HSD) only in the corpora lutea and this decreased in intensity as 
gestation progressed. Chieffi (1961) found that corpora atretica increase in 
number at the start of gestation in T. mrmorata. This correlates well with 
the lengthening of the uterine folds as gestation proceeds and from this 
Chieffi suggests that the atretic follicles in this species are the source of 
steroids involved in the maintenance of gestation. However, it may be noted 
that all yolky eggs not ovulated with the ones that led to the pregnancy 
would be expected as in other vertebrates, to be removed from the ovary by 
atresia prior to the development of the next clutch. Mellinger (1974), unlike 
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Chieffi (1961), believes that this is the explanation of choice to account for 
the appearance of corpora atretica after ovulation in T .  murmoruta . 

The problem of assigning a function to corpora atretica and corpora lutea 
is exacerbated by the fact that all the evidence is indirect and based on either 
putative correlations between changes in their secretory activity (also mea- 
sured indirectly) and changes in the reproductive system during gestation, 
or by the presence in them of 3P-HSD. Lance and Callard (1969) have 
concluded that the admittedly sparse evidence available does not support 
the idea that either corpora atretica or corpora lutea play a role in the 
maintenance of pregnancy in the aplacental S. ucunthius. There is a need for 
more research on possible ovarian and pituitary involvement in gestation in 
placental species. 

4. VITELLOCENESIS 

In oviparous and ovoviviparous vertebrates it has long been known that 
the blood plasma of mature females contains a calcium-binding lipophos- 
phoprotein, vitellogenin, which is synthesized in the liver under the stim- 
ulation of female sex steroids. It passes from the plasma into the oocytes in 
which it gives rise to the yolk proteins lipovitellin and phosvitin (Wallace, 
1978). Until recently, it was not clear whether the elasmobranchs conformed 
with this general situation. Urist and Schjeide (1961) were unable to induce 
vitellogenin synthesis by injection of estrone in two sharks Triakis semi- 
fasciutus and Heterodontus fruncisci. However, Woodhead (1969) demon- 
strated that estradiol treatment raises plasma calcium in S.  canicuZu, and 
concluded from this indirect evidence that in this respect, vitellogenesis in 
the dogfish is similar to that found in other vertebrates. Furthermore, Fujii 
(1960) obtained a lipovitellinlike protein from the eggs of S. stelluris. The 
situation has been largely resolved by recent comprehensive studies by 
Craik (1978a-d) on S. cuniculu. Craik demonstrated that in this species at any 
rate, vitellogenesis does not differ fundamentally from the process in other 
vertebrates that produce yolky eggs. 

Craik (1978a), using a radioimmunoassay based on an antiserum raised in 
rabbits against a 5% solution of yolk granules, and an isotopic technique for 
measuring plasma phosphoprotein, has shown that a yolk granulelike phos- 
phoprotein occurs in the plasma of mature female S .  cuniculu, although it 
has not as yet been isolated and characterized. A mean plasma level of 0.4 
mgiml was recorded with little seasonal change other than a brief decline in 
October. This level is between one and two orders of magnitude lower than 
that found in most other vertebrates that produce yolky eggs. Further, it 
may reflect the unusually extended egg-laying period of the dogfish in which 
two eggs mature and are ovulated at intervals of unknown length (estimated 
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to be between 10 days and 3 weeks) over a number of months. This may well 
account for the low levels of vitellogenin encountered in S. c~niculu, al- 
though the situation might well be different in a species with a more concen- 
trated pattern of vitellogenesis. 

In a study of the kinetics of vitellogenin metabolism, Craik (197813) mea- 
sured the rates at which vitellogenin is synthesized and converted into yolk 
granules. The rate of synthesis varies widely in individual fish, as does the 
half-life of the protein in the plasma, which ranges between 132 and 303 hr 
(mean 216 hr) at 7 & 2°C. Both males and females synthesize phosphopro- 
tein, but the low level in males is believed to represent a zero level of 
vitellogenin synthesis. A point of considerable interest, i n  view of the fact 
that egg laying in dogfish is most active in winter, is the finding that low 
temperatures, but not winter photoperiods, stimulate vitellogenin synthesis 
in midsummer. Craik concludes from this that temperature is the proximate 
factor controlling ovarian activity. Craik (1978~) has also identified an annual 
cycle of vitellogenin production, but mature females appear to synthesize 
measurable quantities throughout the year. Comparison of measurements 
taken between March and August with those taken between Septembet and 
February shows that the latter are significantly higher. As a result of these 
investigations, Craik (1978~) summarized the times at which the various 
factors associated with vitellogenesis start to recover from their minima: 
plasma estradiol levels, July; hepatosomatic index, July; rate of vitellogenin 
synthesis, August; gonosomatic index, September; oviposition, October- 
November. 

The stimulatory effect of estrogens on vitellogenesis in vertebrates is well 
documented for only a few species. The steroids act on the liver to increase 
its production of vitellogenin. Concomitant rises are observed in phos- 
phoprotein, calcium, total lipid, and total protein (see Craik, 1978d, for a 
review). Craik (1978d) demonstrated, by treating S. cuniculu with estrogens, 
that the responses are similar to those observed in other vertebrates. Intra- 
muscular injection of 17@-estradio1(3 mg/kg) increases plasma phosphopro- 
tein levels by 9.5 mg protein phosphorus per 100 ml, after 25 days. This 
represents a 17-fold increase above that found at the time of capture. Cir- 
culating levels of phospholipid, total lipid, calcium and protein also were 
significantly elevated. Plasma levels of estrogen in the injected fish after 14 
days were 103 2 8 ng/ml, i.e., between two and three times higher than fish 
in the sea, and this must be taken into account when evaluating the results, 
but there seems no reason to doubt that the stimulation of vitellogenesis was 
both significant and physiological. In line with work on other vertebrates, 
males treated in the same way had measurable vitellogenin in their plasma. 
The role of the pituitary in vitellogenesis is considered further on. 
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Although holocephalan eggs are heavily yolked, nothing is known of 
vitellogenesis in these fish. 

5. STEROIDOGENESIS 

Information regarding the endocrine functions of the elpmobranch ovary 
is available from three main sources: first, from the identification of steroids 
in ovarian extracts; second, from in vitro studies on steroidogenesis, and 
third, from the histochemical demonstration of steroidogenic enzymes in 
ovarian tissue. Appreciable quantities (120 pg/kg) of 17P-estradiol and traces 
of progesterone and estrone were identified in the ovaries of Squalus 
suckleyi by Wotiz et al. (1958, 1960). Chief3 and Lupo di Prisco (1963) found 
progesterone, estriol, and 17P-estradiol in Torpedo murmorata, and Simp- 
son et al. (1963) and Gottfried (1964) identified 17P-estradiol and estrone in 
Scyliorhinus caniculu and Squalus acanthias respectively. Using an in vitro 
approach Callard and Leathem (1965) demonstrated that ovarian fragments 
of Raia erinacea and Squalus acanthias can synthesize progesterone from 
[Wlpregnenolone and Lupo di Prisco et al. (1966) obtained similar results 
with the ovaries of Scyliorhinus stellaris and Torpedo murmorata. The de- 
tailed studies of Lance and Callard (1969, 1978a) on the occurrence of en- 
zymes implicated in steroidogenesis in the ovary of s. acanthias established 
not only the presence of an extensive range of dehydrogenases including 
glucose-6-phosphate dehydrogenase (G-6-PDH), 3P-hydroxysteroid de- 
hydrogenase (3P-HSD), 3a-hydroxysteroid dehydrogenase (3a-HSD) 17P- 
hydroxysteroid dehydrogenase (17P-HSD), and 20P-hydroxysteroid de- 
hydrogenase (20P-HSD), but also their distribution within the ovary. In 
most of the successful reactions nicotinamide dehydrogenase (NAD) was 
used as a cofactor. Positive reactions for 3P-HSD were obtained in the 
granulosa and occasionally in the theca externa of developing follicles of all 
sizes, although reactions were weak and variable in follicles less than 20 mm 
in diameter. The enzyme was never found in the theca interna. None of the 
ovarian tissues tested gave positive reactions for either 17P-HSD or 20P- 
HSD, but G-6-PDH was universally distributed. Lance and Callard sug- 
gested that the intense G-6-PDH activity in the granulosa of developing 
follicles, together with the presence of lipid and 3P-HSD activity that in- 
creases with follicular size, may indicate that this follicular layer is a site of 
steroid production. Simpson et al. (1963) demonstrated that mature follicles 
of S .  acanthius on a weight basis contain more 17P-estradiol than immature 
ones. Lance and Callard (1969) suggest that these data, together with their 
own, support the view that ovarian steroid production increases prior to 
ovulation and may prepare the oviducts for their role in gestation. 
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Further, 3P-HSD was found in corpora lutea but not in corpora atretica, 
and 3a-HSD was weakly present in the granulosa of late corpora atretica. 
Chieffi and co-workers have concentrated largely on steroidogenesis in cor- 
pora atretica and corpora lutea. In Torpedo murmorata and T.  ocellata (vivi- 
parous-aplacental; Chieffi, 1961), the corpora lutea are said to show no signs 
of secretory activity although the granulosa of the atretic follicles becomes 
strongly sudanophilic and cholesterol positive. However, the converse is 
true in Scyliorhinus stellaris and several species of Raia which are oviparous. 
Furthermore, histochemical and biochemical studies have shown that the 
corpora lutea of S. stellaris, although not those of T .  marmorata, are capable 
of converting pregnenolone and dehydroepiandrosterone into progesterone 
and androstenedione respectively. Only the atretic follicles in Torpedo pro- 
duce the 3P-HSD necessary for these conversions (Lupo di Prisco et al., 
1965). Chieffi (1967), although recognizing that more species must be stud- 
ied, believes that the functions of the two structures.may be related more to 
the reproductive mode than to the taxonomic affinities and that oviparous 
species have evolved enzymically active postovulatory follicles but that 
ovoviviparous species possess corpora atretica that are secretory. 

6. FECUNDITY 

Estimates of fecundity are based on the rate of egg production in 
oviparous species and the number of embryos in the uteri of viviparous 
species. In the latter, comparisons have sometimes been made between 
ovarian fecundify and uterine fecundity. Estimates for oviparous species 
based on data obtained from the occurrence of eggs in dead fish after trawl- 
ing have recently been disputed by Dodd and Duggan (1982), who have 
identified what they believe to be induced ovulation, attributable to trawling 
stress, on the basis of the following results. A total of 472 mature ovulating 
fish ( S .  canicuh) were trawled on four successive trips. On one occasion all 
the fish were autopsied immediately (group 1); fish from the other three trips 
were allowed to survive for 20 h before autopsy (groups 2, 3, and 4). Of 
group 1, 5.5% fish contained fully formed purses and 13.8% had purses in 
various stages of formation which were believed to be products of trawling 
stress. In the three groups examined 20 h after trawling the percentages of 
purses at all stages of formation, including fully formed purses, were 47.3, 
33.6, and 38.5, respectively. If it may be assumed that 5.5% of all fish were 
gravid pretrawl, then 41.8, 28.1 and 33.0% of the 20-h fish were stress 
ovulated. If all the published records of fecundity in S. canicula were ob- 
tained from fish examined several hours after trawling, as maybe likely, it is 
clear that the estimates are too high. Furthermore, our own research has 
demonstrated that S .  canicula populations are far from constant in composi- 
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tion. It may be that the few fish found to have eggs in their oviducts during 
the summer months have migrated inshore from deeper colder water. Harris 
(1952), on the basis of a number of unverified assumptions, believed that 
mature females of S .  canicula must lay at least 10 eggs per month, and, if as 
he suggests, the spawning season lasts from November until at least July, 
this indicates an annual production of 90 eggs, or 120 if it is accepted that 
eggs are laid throughout the year. However, these estimates must be in- 
terpreted in the light of the aforementioned reservations; they are almost 
certainly too high. 

A number of observations have been reported regarding the rate of egg 
laying in raiiform elasmobranchs kept in captivity, usually for restricted 
periods, so that total fecundity can only be estimated. Clark (1922) observed 
that a specimen of Raiu brachyura kept in an aquarium for 41 days laid an 
average of 0.61 eggdday. Libby (1959) reported a rate of 2 eggs during 4 
days. Richards et al. (1963) recorded a rate of 0.42 eggs/female/day in R.  
eglanteria and R .  erinacea, respectively. Holden et al. (1971) observed R. 
brachyura (77 days), R.  clauata (43 days), and R. montagui (20 days) under 
aquarium conditions and recorded rates of 0.42, 0.74, and 2.0 eggdday, 
respectively. These data cannot be translated into estimates of fecundity 
without further information. However, Holden et al. 1971) believe that 
when these data are combined with the data of Clark (1922), they indicate 
that the approximate upper limit of egg production in the three species is 90, 
150, and 60 eggdyear, respectively, 

Information on fecundity in viviparous species is both more plentiful and 
more reliable. Fecundity appears in most cases to be low. Capape (1974) has 
reported on fecundity in 16 aplacental squaliform species from Tunisian 
waters. He has found that fecundity varies between 1 and 40 embryoslyear. 
Eight of the species have a maximum of 10 embryodyear and five have a 
maximum of 20 embryoslyear. Numerous studies of fecundity in S. acan- 
thias have been completed. Ketchen (1972) tabulated fecundity of fish from 
various sea areas as follows: North Pacific of British Columbia, 2-17, average 
6-7 embryodyear; Sea of Japan, 3-25, average 12 embryodyear; Northwest 
Atlantic, 1-9, average 4 embryos/year; Northeast Atlantic, 1-10, average 
3-5 embryodyear. Templeman (1944) demonstrated that among S .  
acanthias, fecundity increases with the size of the fish; this is no doubt 
generally true. S . acanthius of 74-79 cm in length carry an average of 3.24 
embryos, but fish of length 94-99 cm carry 5.34 embryos. Another aplacen- 
tal species in which fecundity varies with size is the Japanese dogfish Mus- 
telus munazo . The adults range from 60 to 90 cm in length, and the number 
of embryos varies from 2 to 8 (Teshima et al., 1971). However, in the 
placental sumitsuki shark Carcharhinus dussumieri, only 2 embryos are 
found regardless of size of the mother (Teshima and Mizue, 1972). In Mus- 



46 J. M. DODD 

telus mediterraneus, which is also a placental species, ovarian fecundity is 
appreciably higher at 31.3 embryos, and uterine fecundity is 16.8 embryos 
(Capape and Quignard, 1977). The highest level of fecundity recorded in an 
aplacental squaliform is for Hexanchus in which Breder and Rosen (1966) 
report 108 embryos per brood. 

In viviparous rays, information is available on fecundity for several spe- 
cies. Torpedo marmorata from Italian waters had 5-36 embryos according to 
size (Lo Bianco, 1909); Ranzi (1932) reported only 3 embryos. In a French 
Atlantic location, Mellinger (1971) found fecundity in the same species rang- 
ing from 4 to 18 embryos with an average of 8 embryos. Capape (1979) found 
2-13 fetuses in T. murmorata from Tunisian waters. 

The eggs of Holocephali are laid in pairs, but nothing is known with 
certainty of the reproductive cycle or fecundity. 

C. The Testis and Spermatogenesis 

The testes of elasmobranchs are paired and suspended from the dorsal 
body wall by mesorchia. They are usually large; at certain times of the year 
they may account for about 4% of the total body weight. In S. canicula the 
testes are elongated, subcylindrical, and extend throughout almost the full 
length of the body cavity. 

Testis morphology differs from that of most other vertebrates in that the 
unit of structure is the spheroidal ampulla (or follicle) rather than the tubule. 
It is also unusual in the zonate arrangement of the ampullae (Figs. 3 and 4). 
Each concentric zone consists of ampullae at the same stage of spermato- 
genesis, and divisions of the germ cells are roughly synchronous within each 
ampulla. The latter are initially closed, but later acquire ducts which open 
into the efferent duct system. The testes, like the ovaries, in the few elas- 
mobranchs so far examined, although not in holocephalans, are usually close- 
ly associated with large lymphom yeloid epigonal organs, which produce 
granulocytes and lymphocytes (Fange and Mattisson, 1981). Testis structure 
has been described in some detail for the following elasmobranchs: Ceto- 
rhinus maximus (Matthews, 1950, who has also reviewed the earlier litera- 
ture), Scyliorhinus canicula (Fratini, 1953; Dodd et al., 1960; Collenot and 
Ozon, 1964; Mellinger, 1965; Stanley, 1966, 1971a,b; Dodd, 1972; Dobson 
and Dodd, 1977b), Squalus acanthias (Simpson and Wardle, 1967), and 
Torpedo marrnorata (Stanley, 1966). 

1. TESTIS OF S .  CANICULA 

Ampullae originate in the ampullogenic zone (Figs. 311 and 4A,B,C,D), 
which occupies a ventrolateral site, and extends the full length of the testis. 
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Fig. 3. Diagrammatic representation of zonate testis and spermatogenesis in S. canicula 
(transverse section): (I) aggregation of gonia and Sertoli cells; (11) ampullogenic zone; (111) 
sperrnatogonia; (IV) primary and secondary spermatocytes, (V) spermatids and spermiogenesis; 
(VI) spermatozoa; (VII) release of spermatozoa; (VIII) ampullae containing only Sertoli cells. 
(From Dobson, 1974.) 

Cells of two main types are identifiable in the zone: large spherical, primary 
spermatogonia 18 pm in diameter, and smaller, fusiform, epithelial cells. 
The latter are considered by Stanley (1966) to be the homologues of mam- 
malian Sertoli cells, Stanley’s discussion is of particular importance inter 
aha, because it reviews the previous literature and exposes a major error 
committed by many of the earlier workers including Matthews (1950), who 
mistakenly identified the lumenar Sertoli cells as spermatogonia and be- 
lieved that Steroli cells were derived from these during their migration to 
the periphery of the ampulla. Ampullogenesis begins when one or two gonia 
become associated with a number of Sertoli cells to form small spherical 
units (Fig. 4B,C,D). Both types of cell then undergo several mitotic divi- 
sions until there are approximately 500 of each in two concentric layers; the 
Sertoli cells surround a central lumen, and the spermatogonia lie pe- 
ripherally. Phase-contrast microscopy has shown that at this stage each Ser- 
toli cell engulfs a single spermatogonium to form a unit which Stanley 
termed a spermatocyst. All subsequent divisions, both mitotic and meiotic 
occur within the spermatocyst. Each primary spermatogonium undergoes 
four mitoses to give rise to 16 secondary spermatogonia. By this point the 
Sertoli cell nuclei have migrated from a central position in the ampullae to a 
peripheral one (Fig. 4G). The secondary spermatogonia then enter the pro- 
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Fig. 4. The testis of S .  canicula and stages in spermatogenesis. (a) Transverse section of 
testis. Note ampullar structure and zonation (from Dodd, 1960a). (b) Ampullogenic zone. hrote 
aggregation of gonia and Sertoli cells, vascular sinus, and early ampullae. (c). (d) Ampullogenic 
zone. Note stages in the aggregation of gonia and Sertoli cells. (e) and (f) Spermatogonial 
ampullae. Note mitotic divisions in discrete spermatocysts (from Dobson and Dodd, 1977a). (9) 
Spermatogonial ampullae to the left, primary spermatocytal ampullae to the right showing first 
meiotic metaphases. (h) Spermatozoal ampullae. Note peripheral Sertoli cell nuclei, sperm 
heads embedded in Sertoli cell cytoplasm, and sperm tails projecting into the lumen of the 
ampulla. 
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phase of the first meiotic division, becoming primary spermatocytes (Fig. 
4G), and during this phase the ampullae increase in diameter (in S . canicuh, 
from about 125 pm to 225 pm). The secondary spermatocyte phase, which is 
of short duration, is follwed by the spermatid stage, and then by sper- 
miogenesis (Fig. 4H) which has been described in detail for SquaZus suckleyi 
by Stanley (1971a,b). 

The mature testis is zonate. The zones radiate from the ampullogenic 
region and contain, respectively, primary and secondary spermatogonia, 
primary spermatocytes, secondary spermatocytes, spermatids, and sper- 
matozoa, the latter zone being the widest. Stanley (1966) has estimated that 
each ampulla in this zone in S .  canicula contains 32,000 sperms. The pe- 
ripheral region of the spermatozoa1 zone usually consists largely of ampullae 
which are empty, except for Sertoli cell remnants, and which are embedded 
in the epigonal organ. 

The gametogenic ampullae are closed until the end of spermatid devel- 
opment. However, from an early stage, each ampulla is associated with a 
solid cord of cells which forms part of an incipient duct system that ramifies 
through the testes and ultimately becomes patent and makes contact with 
the vasa efferentia. 

Dobson (1974) has shown that there is a pronounced.cyclicity in testis 
weight, expressed as a percentage of body weight in the oviparous S .  can- 
icula. It varies from a low value in January (2.4%) to a peak in August 
(3.83%). Analysis of changes in ampullar constitution of the testis demon- 
strated that between April and August there is a significant increase in the 
abundance of ampullae which contain spermatocytes, spermatids, and im- 
mature spermatozoa. Between August and October testis weight decreases 
and the number of ampullae which contain spermatocytes and spermatids 
also decreases. From October to April there is a significant decline in the 
numbers of ampullae containing immature and mature sperm, respectively, 
and an increase in the number of empty ampullae. Mitotic division of sper- 
matogonia occurs mainly between November and March. 

2. TESTIS OF SQUALUS ACANTHIAS 

Simpson and Wardle (1967) described the histology of the Squalus 
acanthius testis throughout a complete annual cycle and noted that it is very 
similar to that of S. canicula. In S .  acanthias cyclicity is strict. This permit- 
ted Simpson and Wardle to demonstrate that all primary spermatocytes are 
transformed into spermatozoa within a 12-month period and that maximum 
sperm accumulation coincides with the annual mating congregation (i.e., 
November-January in the population they studied). A band of degenerating 
spermatogonia, identical to that found after removal of the ventral pituitary 



50 J. M. DODD 

lobe in S. caniculu, appears each May. This lies between the spermatogonial 
ampullae and the ampullae which contain primary spermatocytes. Reinitia- 
tion of ampullogenesis, after a resting period, causes the zone to undergo an 
apparent movement through the testis until it reaches the epigonal region 
where it is resorbed. 

Teshima (1981) has described a similar annual cycle of spermatogenesis 
in the seasonally breeding Japanese smooth dogfish Mustelus griseus and M .  
munazo (Fig. 5), which are viviparous aplacental species in which ovulation 
and copulation occur between June and August. Spermatogonial ampullae 
are most plentiful in July when sperm are virtually absent from the testes. 
Spermiogenesis starts in October. By May, the testis consists mainly of 
spermatozoa1 ampullae from which the mature sperm migrate into the male 
ducts and seminal vesicles prior to copulation. 

3. TESTIS OF HOLOCEPHALI 

Stanley (1963) and Vu Tan Tue (1972) reported detailed studies of testis 
structure in Hydrolagus colliei and spermatogenesis in Chimaera monstrosa. 
Further, they noted that testis structure and spermatogenesis in these spe- 
cies resemble those seen in elasmobranchs. There is an ampullogenic zone 
followed by concentric zones of ampullae containing spermatogonia, primary 
spermatocytes, secondary spermatocytes, spermatids, spermatozoa, and 
empty ampullae. The relationship between Sertoli cells and gonia is the 
same as in elasmobranchs, and germ cell divisions are largely synchronous. 
The main difference is the complete absence of the hematopoietic epigonal 
organ. 

4. STEROIDOGENESIS 

Whether or not Leydig cells (interstitial cells) are present in the elas- 
mobranch testis has been the subject of much discussion. Most researchers 
(Stephan, 1902; Kolmer and Scheminzky, 1922; Battaglia, 1925; Matthews, 
1950) found few, or no, Leydig cells, but ChieE et al. (1961) identified such 
cells in four squaliform and three raiiform species of elasmobranchs. Consid- 
erable quantitative variations between species and between individuals of 
the same species were noted, but no seasonal changes were discovered. 
Chieffi et al. (1961) and Della Corte et al. (1961) have identified typical 
interstitial cells in Torpedo marmorata and S. stellaris lying in nests be- 
tween neighboring ampullae and being particularly plentiful in the sper- 
matozoal zone. The cells were sudanophilic and Schultz-positive and gave a 
positive histochemical reaction for 3P-HSD. That steroidogenic tissue is 
present in the elasmobranch testis, receives support from steroid analysis of 
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Fig. 5. Monthly changes in germ cell constitution in the testes of the cyclically breeding 
smooth dogfishes Mustelus m n a m  (viviparous, aplacental) and M .  griseus (viviparous, placen- 
tal). (From Teshima, 1981.) 

testis extracts (Chieffi and Lupo di Prisco, 1961; S . cuniculu) in which testos- 
terone, androstenedione, progesterone, and estradiol were identified. Fur- 
ther support comes from the demonstration by Simpson et ul. (1964) that the 
testis of S . acanthius can synthesise testosterone from [14C]progesterone and 
studies by Kime (1978) who showed that incubation of testicular tissue of S . 
cuniculu with radioactive progesterone or pregnenolone yields androstene- 
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dione and testosterone. Furthermore, Darrow and Fletcher (1972) have 
identified and quantified testosterone and its glucuronide in testicular and 
peripheral plasma of the skate, Raja radiata. However, these studies give no 
clue as to the identity of the steroid-secreting cells in the testis. Therefore, 
the possibility that the Sertoli cells are responsible cannot be ruled out. 
Dodd (1972) has suggested that these cells may have a role in the endocrine 
control of spermatogenesis in view of their special relationship with the 
dividing germ cells. This view gains some support from the work of Collenot 
and Ozon (1964) who demonstrated that the Sertoli cells of S .  canicula yield 
a positive 3P-HSD reaction. Collenot and Ozon (1964) and Simpson and 
Wardle (1967) obtained a similar result using S .  acanthias. 

D. Secondary Sexual Characters and Behavior 

In elasmobranchs, as in other vertebrates, secondary sexual characters 
may be classified as morphological, physiological, and behavioral. Mor- 
phological sex structures develop both internally and externally, the former 
being mainly the ducts that carry the gametes to the exterior. As in amphibi- 
ans and amniotes, these orginate as urinary ducts; however, there is no 
evidence that in elasmobranchs they ever function in this capacity. 

1. THE FEMALE 

Oviducts differentiate from the embryonic pronephric (Miillerian) ducts 
and during development undergo regional specialization, the nature of 
which varies with species and mode of reproduction. In the majority of 
elasmobranchs and all holocephalans, two oviducts develop and are func- 
tional, but, according to Ranzi (1934), in Centrophorus squamosus only that 
of the right side is functional and in Dasyatis and Myliobatis only the left one 
develops. Metten (1939) has described the oviducts of the oviparous S.  
canicula (Fig. 6A,B). They are divided into a slender upper segment, which 
leads from the peritoneal cavity, by an osteum in the falciform ligament. The 
upper oviduct is narrow and short and it leads immediately into the highly 
differentiated oviducal or nidamentary gland, a structure which has three 
distinct zones, an anterior albumen secreting zone followed by a narrow 
mucus-secreting zone, and a much larger shell-secreting zone (Fig. 7C). The 
names are descriptive of the functions of the various regions. The shell- 
secreting zone acts also as a receptaculum seminis. Internal fertilization is 
universal in elasmobranchs. It appears that sperm from a single insemination 
is stored in a shell gland and is available for successive fertilizations; Metten 
(1939) and Richards et al. (1963) have reviewed earlier evidence on sperm 
survival. Clark (1922) reported that a female Raia brachyura kept in isolation 



2. REPRODUCTION IN CARTILAGI NOU s FISH E s ( c H ON DRICHTHY E s) 53 

Fig. 6. (a) Ovary, epigonal organ, and oviducts of an immature female of S . canicula. (b) The 
gravid oviducts of a mature female of S . canicula (gut, liver, and ovary removed). (C, cloaca; E, 
epigonal organ; G, gut; L, liver; M, muscular region of oviduct; N, nidamentary gland of 
immature oviduct; Ni, nidamentary gland of mature oviduct; 0, immature oviduct; Oe, 
oesophagus; Ov, ovary; P, mermaids purse in oviduct). 

for 5-6 weeks laid 30 eggs, all of which developed. Clark also mentioned 
similar findings in two other species of ray. In studies by Dodd and co- 
workers of S .  canicula, sperm were found to possess striking longevity: 
several females isolated from contact with males laid fertile eggs up to 15 
months after capture, and one specimen, caught on April 5, 1979, laid a pair 
of fertile eggs on April 23, 1981, that is, more than 2 years after separation 
from males. 

The portion of the oviduct posterior to the oviducal gland is differenti- 
ated into a long thin-walled region and a shorter thicker more muscular 
segment which opens into the cloaca. In immature females each oviduct is 
closed by a hymen. 

In viviparous species the oviducts are modified for gestation (Budker, 
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1958). The oviducal glands are reduced in size, but even in such species the 
shell-secreting zone develops ,. and the eggs are usually enclosed in a mem- 
brane which in some species takes part in placenta formation. 

Oviducal modifications to accommodate gestation have been described in 
a number of species: Carcharhinus falc$ormis and Sphyrna tiburo (Gilbert 
and Schlernitzauer, 1966); C .  dussumieri (Teshima and Mizue, 1972); Mus- 
telus munazo (Teshima et al., 1971) Gymnura altauela (Capape et al., 1979), 
and in the putatively viviparous C .  maximus (Matthews, 1950) (Fig. 7). In all 
of these species the oviducal regions can be recognized but the most devel- 

Fig. 7. Female reproductive organs and ducts. (a), (b). Cetorhinus maximus. General view 
of the female reproductive tract, (a) from the ventral surface, the oviduct on the right of the 
figure opened longitudinally; (b) lateral view from the right side. (AP, abdominal pores; C1, 
cloaca; DG, digitiform gland; E, epigonal organ; HY, hymen; IN, unpaired oviduct; IS, isthmus; 
K, kidney; MM, mesometrium; 0, ovary; OA, ostiurn abdominale; OD, paired oviduct; OE, 
oesophagus; P, pad in lateral wall of common vagina; PO, pocket in right side of ovary; R, 
rectum, SG, nidamentary gland; ST, septum transverum; U, uterus; UP, urinary papilla; UR, 
uterus lined with folds; UT, uterus lined with trophonemata; VC, common vagina; VP, paired 
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oped of them is the lower oviduct which forms a “uterus” variously modified 
to support gestation. In C .  dussurnieri the oviducal gland is small, heart 
shaped, and produces a shell homologue termed an “embryonic membrane” 
(Figs. 8 and 9). The uterus is unique in being divided, by a perforated 
partition, into two parts, one of which is designated the embryonic mem- 
brane store chamber (Fig. 8). The fertilized egg is enclosed in a membrane 
in the oviducal gland. It then passes through the store chamber and enters 
the uterus. Membrane, continuous with that surrounding the embryo, con- 
tinues to be secreted by the gland, and the newly formed material is depos- 

vagina of the left side.) (From Matthews, 1950.) (c) Diagrammatic stereoscopic longitudinal 
section through one-half of an oviducal gland of ScyZiiorhinus canicula. (From Metten, 1939.) 
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Oviduct 

Nidamental gland 

(b) 
Nldamrntal gland 

Embryonic membrane- 
store chamber 

Fig. 8. Carcharhinus dussumied, (viviparous, placental species) diagrams of gravid uteri. 
(a) Gravid uterus with embryonic membrane store chamber; placenta not yet established. (b) 
Gravid uterus; placenta established; embryo surrounded by membrane. (From Teshima and 
Mime,  1972.) 

ited in the store chamber in folds. This transparent brownish membrane 
extends to about 40 mm in length. During gestation, the membrane is 
gradually released, through a small hole in the uterine partition, to accomo- 
date the growing embryo. The membrane remains intact until parturition, 
completely surrounding the embryo and is involved in placenta formation, as 
in M canis (Te Winkel, 1963). The uterine wall is folded and the process of 
folding accelerates especially in the ventral region just prior to the formation 
of the placenta. Later in gestation the nonplacental region of the uterus 
becomes expanded and thin walled and the folds disappear (Teshima and 
Mime, 1972). 

Matthews (1950) has provided a detailed description of the oviducts of C. 
maximus in nonpregnant specimens. The oviducal gland is relatively small, 
although not necessarily functionless, and is not divided into regions. Mat- 
thews (1950) has reviewed the literature on the modifications that are found 
in the uterine wall to subserve pregnancy and noted that they vary from 
rounded lobes on longitudinal folds in the uterine mucosa (S . acanthias) to 
long, histologically complex, strap-shaped growths, usually called tropho- 
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nemata, in some of the Raiiformes. These structures in Cetorhinus are inter- 
mediate in form; they lie in rows and their free ends are branched. Each 
consists of a connective tissue core, which carries the blood supply, and a 
covering of secretory epithelium. These epithelial cells become distended 
with secretion and slough off forming the so-called embryotroph; the epi- 
thelium between the bases of the trophonemata also hypertrophies and 
decomposes. In Cetorhinus the lower ends of the oviducts join to form a 
common vagina whose lateral walls bear thick fibrous pads believed to be 
important in providing an anchor for the clasper spine copulation. 

The only fine-structural study on changes in the uterine mucosa during 
pregnancy is that of Jollie and Jollie (1967) who compared nonpregnant, 

Fig. 9. Carcharhinus dussurnieri. Dissected uterus showing maternal portion of placenta (P) 
(N, nidarnentary gland; 0, upper oviduct; Ut, uterus). (From Teshima and Mime, 1972.) 



58 J. M. DODD 

pregnant, and postpartum uteri of S .  acanthias. The main changes during 
pregnancy were a striking increase in surface area by folding and the devel- 
opment of an extensive ramifying system of blood capillaries, accompanied 
by a reduction in the tissues lying between the blood vessels and the lumen. 
Other observed differences were believed to be related to water and elec- 
trolyte transport. 

The oviducts in holocephalans are derived, as in elasmobranchs, from the 
pronephric (Mullerian) ducts of the embryo, and they are, at maturity, 
structurally similar to the oviducts of oviparous elasmobranchs (Dean, 1906; 
Stanley, 1963). The osteum opens into the slender anterior oviduct. This in 
turn communicates with the shell gland which Stanley (1963) believes is 
similar to that of elasmobranchs with an anterior albumen and mucus-secret- 
ing region and middle and posterior shell-secreting regions. The shell gland 
varies greatly in size with the state of maturity of the animal and its transition 
with the lower oviduct is abrupt. This uterine region of the oviduct is some- 
what more differentiated than in elasmobranchs. A deep middorsal groove 
assists in molding the egg case. The last 45 mm of the oviduct is highly 
muscular and is not ciliated. A small accessory genital gland is present in 
both sexes. In adult females the gland opens separately to the exterior 
between anus and vagina and produces a white semisolid secretion of un- 
known function. Unlike the elasmobranchs there is no cloaca; the oviducts 
open separately to the exterior. 

External secondary sexual characters in female elasmobranchs are less 
striking than those in males. The mature female is larger than the mature 
male. The female body wall musculature is more flaccid. The female cloaca is 
larger and more distensible; and the female cloaca1 lining is thicker and more 
richly supplied with mucous- and sensory-cells. Plasma in the female con- 
tains vitellogenin, and the hepatosomatic and thyrosomatic indices vary 
markedly throughout the year, but in the male they show much smaller 
changes (Lewis and Dodd, 1974). Finally the peritoneal epithelium and 
several of the viscera show extensive areas of ciliation in the female (Metten, 
1939). 

2. THE MALE 

In male elasmobranchs the mesonephric (Woltfian) ducts and a group of 
mesonephric tubules connect with the testes to form vas deferens and vasa 
efferentia (epididymis), respectively. The former usually become differenti- 
ated into one or more specialized regions; the latter consist of a number of 
coiled tubes (Fig. 10). The number of vasa efferentia in Squaliformes varies 
from two to six; in Raiiform species there is only one (Daniel, 1928; Babel, 
1967). In C . muximus, the vas deferens takes the form of a large ampulla with 
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a highly complex internal structure in which the sperms are packaged into 
spermatophores. Each spermatophore is 2.0-3.0 cm in diameter and con- 
sists of a solid opaque core of spermatozoa surrounded by a translucent 
cortex. These float in a fluid believed to be secreted in part by Leydig’s 
gland, a structure derived partly from the nonurinary portion of the meso- 
nephros and partly from the epithelium of the upper vas deferens. The 
capacity of the ampulla is estimated by Matthews to be “several gallons” 
(1950). Matthews also observed a newly inseminated female, in which the 
vagina and uterus were reported to contain “several gallons” of seminal 
fluid. A small diverticulum arises from the posterior end of the ampulla. This 
appears to be the homologue of the seminal vesicle, a structure found in a 
number of other elasmobranchs as a functional differentiation leading off the 
posterior region of the vas deferens and used for storing sperm. The ampulla 
and the production of spermatophores are believed by Matthews to be 
unique to the basking shark although this is far from certain. However, the 
male ducts in this species illustrate all the basic regions found in other 
elasmobranchs although the degree to which each is developed shows con- 
siderable variation (Fig. 10). 

Stanley (1963) described in detail the male reproductive duct system of 
H .  colliei. Apart from a highly complex ampulla ductus deferentis of three 
distinct secretory regions, it is similar to that of elasmobranchs. 

The only striking external secondary sexual characters of the male are the 
so-called claspers (Fig. 11A, B), structures associated with the intromission of 
sperm (Leigh-Sharpe, 1920,1921,1922; Matthews, 1950; Gilbert and Heath, 
1972; Dodd and Sumpter, 1982). However, Mellinger (1966) lists a number 
of other characters which show sexual dimorphism in at least some male 
elasmobranchs including smaller size at maturity, earlier onset of sexual 
maturity, shorter life-span, modified teeth, stronger jaws, placoid spines on 
the wings of some skates which are clawlike and retractile, greater activity, 
and increased aggressiveness. The claspers represent modified margins of 
the pelvic fins and consist of a pair of scroll-like appendages which border 
the cloaca and which have an intricate jointed cartilaginous skeleton. In S . 
canicula and most other Squaliformes the claspers are rodlike and relatively 
short, but in batoids they are large bloated pendulous structures often heav- 
ily armed with spines (Fig. 11). In the former they open proximally into a 
specialized muscular sac, the siphon, and distally into the surrounding 
water. The siphon is lined by a secretory epithelium which in Squalus 
acanthias (Mann and Prosser, 1963) produces large quantities of 5-hy- 
droxytryptamine. Whether, as has been suggested, this is introduced into 
the oviduct during copulation and induces contractions which facilitate 
sperm transfer is not known. 

In H .  colliei and Chimaera monstrosa, in addition to the prepelvic tenta- 
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Fig. 10. Cetorhinus marimus. General view of the internal reproductive organs in the male. 
Most of the ampulla on the right side of the diagram has been removed to expose the kidney (A, 
ampulla ductus deferentis; AC, cut end of ampulla; C1, cut wall of cloaca; E, epigonal organ; Ep, 
epididymis; EpC, cut end of epididymis; K, kidney; L, Leydigs gland; T, testis and epigonal 
organ; Te, position of testis tissue defined by dotted line; UP, urinogenital papilla; US, uri- 
nogenital sinus). (From Matthews, 1950.) 

cula and the claspers, there is also a median erectile cephalic clasper which 
lies in a groove when at rest and ends in a spherical knob armed with large 
recurved teeth (Dean, 1906; Leigh-Sharpe, 1922; Raikow and Swierczewski, 
1975). 

3. COPULATORY BEHAVIOR 

Matthews (1950) has discussed clasper-siphon interrelations in C. max- 
imus. Gilbert and Heath (1972) have investigated them in Squalus and Mus- 
telus and have found that during copulation sperm passes from the urino- 
genital papilla into the clasper tubes. The sperm is then flushed into the 
oviduct by seawater ejected from the siphon. In batoids the siphon is re- 
placed by a clasper gland which also is muscular and secretory, producing a 
viscous fluid believed to facilitate sperm transfer during copulation (La Mar- 



2. NPRODUCTION IN CARTILAGINOUS FISHES (CHONDRICHTHYES) 61 

ca, 1964; Babel, 1967, in Urdophus spp.). Wourms (1977) has reviewed the 
mechanics of copulation in the few species of elasmobranchs that have been 
observed (presumably in captivity). Dodd and Sumpter (1982) have recently 
recorded, as follows, detailed observations by A. C. Brooks of S. canicula 
copulating in the sea: 

the female lay straight and rigid but slightly tilted to the right. The male was coiled 
tightly around her pelvic region with his right flank in contact with the female's body 
and his ventral surface facing backwards. The left clasper lay across the right one, was 
curved through 90" and inserted into the female's cloaca. The right clasper was straight 
and occupied its normal position. The process is obviously protracted and the mating 
pair appeared oblivious to what was happening in their immediate vicinity. They were 
being harried by a group of about eight males which were swimming in tight circles 
around the copulating pair. One of these was seen to tug violently at the female's tail. It 
then moved round to face the female's head and carried out a similar assault whilst 
gripping her snout in its jaws. The female's only reaction was to close its eyes mo- 
mentarily. After 20 minutes the pair were still motionless but had turned round, or 
been turned round, through 180". One of the supernumerary males was lying on the 
bottom in contact with the female's head. Whilst still under observation, the copulat- 
ing male, which had its eyes closed throughout the mating procedure, opened them 
and twitched its body slightly and several seconds later the female shot out of the loop 
formed by his body and swam off at high speed leaving the male writhing around, 
upside down, on the sea bed. The male was found to have the left clasper still bent and 
considerably frayed. These events took place in daylight at a depth of 50 feet in May. 

Fig. 11. Claspers of Raia claoata. (A) Sexually immature male; disk width 32 cm. (B) 
Sexually mature male; diskwidth 57 cm (C, clasper; PF, pelvic fin). (Photograph by courtesy of 
Dr. D. B. Carlisle, reprinted from Dodd, 1960a.) 
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Copulation in rays appears also to be a protracted process and associated 
with precopulatory biting behavior. Smaller species are reported to copulate 
with their ventral surfaces apposed; others rest on their ventral surfaces 
(Wourms, 1977). 

Copulation in holocephalans has never been observed, but Dean (1906) 
has suggested that the cephalic clasper grasps the female in the region of the 
dorsal fin and that the erectile prepelvic claspers also are used for attach- 
ment during insemination. 

4. EGG-LAYING BEHAVIOR 

Dodd and co-workers have on several occasions witnessed egg-laying 
behavior in S .  canicula in captivity. It is a highly motivated operation associ- 
ated with active swimming. The fish selects the object to which the egg is to 
be attached (e.g., airstone, water inlet, or outlet pipes) at a time when the 
posterior tendrils of the egg case have just begun to protrude from the 
cloaca. The fish then swims rapidly-around the chosen object in a tight circle, 
propelled only by the tail. Eventually, the tendrils become attached and 
further swimming assists in pulling the egg out of the oviduct. The anterior 
tendrils of the first egg of the pair become entwined in the posterior tendrils 
of the second. The process continues until both eggs are laid and firmly 
anchored to the substrate by the tendrils. The eggs are soft on first emer- 
gence, but in contact with the seawater they contract and harden. 

Egg-laying behavior in captive H .  colliei has been described by Sat- 
hyanesan (1966). 

E. Endocrine Control of Reproduction 

1. THE PITUITARY COMPLEX IN ELASMOBRANCHS 

The elasmobranch pituitary gland is unique because of the extent of its 
subdivision into largely separate lobes. This offers possibilities for partial 
hypophysectomy and the detailed investigation of the functions of the sepa- 
rate regions (Dodd et al., 1960). Terminology of the lobes is confused and 
confusing; here they are referred to as rostral (RL), median (ML), ventral 
(VL), and neurointermediate lobes (NIL) (Fig. 12A). All, except the neural 
moiety of the NIL, are derived from Rathke’s pouch and are homologous 
with pars distalis and pars tuberalis of the tetrapod pituitary and with the 
rostral and proximal pars distalis and pars intermedia of the teleost pituitary. 
All regions have been reported to be associated with reproduction, but there 
is now general agreement that the VL is the most important lobe in control- 
ling reproductive processes (Dodd et al., 1960; Mellinger, 1963; Mellinger, 
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Fig. 12. Pituitary gland of S .  canicula. (a) Parasagittal section of entire gland (FC, floor of 
cranium; NIL, neurointermediate lobe; RL, rostra1 lobe; ML, median lobe; VL, ventral lobe; 
111, third ventricle). (From Dodd, 1972.) (b) Parasagittal section through ventral lobe showing 
secretory epithelium and colloid. All the apparently closed follicles open into the central cavity. 
(From Dodd, 1972.) (c) Part of secretory epithelium of VL after treatment with fluorescein- 
labeled antibody to quail luteinizing hormone viewed in ultraviolet light. Note fluorescent 
gonadotrops. 
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1966; Holmes and Ball, 1974). Compared with the teleost pituitary, the 
complex in elasmobranchs has received rather little attention after its first 
description by Collins in 1685 (see Perks, 1959, for a detailed early history). 
Miiller (1871, quoted by Perks, 1959), who studied the gland in Raia 
clauata, Scymmus lichia, and Acanthias uulgaris (= Squalus acanthias), was 
the first to name the separate lobes and to recognize the VL, which he 
termed the “inferior sac.” Several more recent researchers of the pituitary of 
selachoid elasmobranchs have missed the VL because of its fossorial location. 
Baumgartner (1915) described the gland in Squalus acanthias and conducted 
the first detailed investigation of its embryology. He demonstrated that it 
originates from two lateral outgrowths of Rathke’s pouch which grow down- 
ward and fuse beneath the main part of the pituitary. This indicates that the 
gland’s homology, sensu stricto, is with the pars tuberalis of tetrapods 
(Wingstrand, 1966; Meurling, 19671, a point of special significance in view of 
the reproductive functions of both the VL and the pars tuberalis. More 
recent contributions to elasmobranch pituitary structure and function may 
be found in Holmes and Ball (1974), Knowles et al .  (1975), and Dodd et al .  
(1982). In what follows, most attention is directed to the VL. The other lobes 
are briefly mentioned in the context of their putative roles in reproduction. 

a .  The Ventral Lobe and Its Blood Supply .  In squaliform elasmo- 
branchs, the VL is surrounded by a tough connective tissue capsule and lies 
embedded in the cartilage of the base of the skull (Fig. 12A,B). In contrast, 
the VL of Raiiformes has no capsule; the straplike lobe lies in a shallow 
transverse depression in the basal cartilage. In both groups, the lobe retains 
a connection with the ML via the interhypophysial stalk. In S . canicula, the 
stalk is a thin strand of tissue, 10-20 pm in diameter, which may be hollow 
or solid, or both in the same structure. The position of the VL, relative to the 
rest of the pituitary, varies but is typically posteroventral to the NIL. The 
morphology of the VL, and its relationship to the other lobes and to the 
internal carotid arteries, in 54 plagiostome (elasmobranch) genera, have 
been exhaustively treated in a monograph by Norris (1941). However, as 
Dodd et al. (1982) have noted, it is likely that much of his research material 
was sexually immature, and the small size of the lobe led him to the er- 
roneous conclusion that it was functionless. However, in eight of the genera 
examined by Norris, the lobe was large, glandular, well vascularized, and 
had the structure of a functioning endocrine organ. Subsequent research, 
although restricted to two or three species, supports this opinion. 

Unlike the RL, ML, and the pars distalis of all other vertebrates, the 
tinctorial reactions of the VL are disappointing; most of the cells are chro- 
mophobic (Dodd and Hendry, quoted by Dodd et al . ,  1960; Knowles et al.,  
1975). However, Te Winkel (1969) demonstrated that, in mature specimens 
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of both sexes of the viviparous dogfish Mustelus canis, the large central 
cavity in the VL and the saclike evaginations which surround it contain a 
granular colloid which is periodic acid-Schiff positive and aldehyde fuchsin 
positive. The granular colloid vanes in amount and appearance. The signifi- 
cance of the colloid, a striking feature of VL histology, is unknown. The cells 
surrounding the colloid-filled cavities are mainly chromophobic, but there 
are scattered giant basophilic cells which show cycles of activity that may be 
related to reproduction; these are the putative gonadotrops. Knowles et al. 
(1975), in a fine-structural study of the pituitary of S.  canicula, have identi- 
fied cells in the M L  and VL which contain granules (peak sizes 365 nm and 
100-700 nm respectively), and they suggest that these are gonadotrops. It is 
difficult to evaluate this conclusion because granule size is now recognized as 
an unsatisfactory basis for the identification of cell function. A more accept- 
able basis for the identification of gonadotrops in the VL is the data of 
Mellinger and Dubois (1973) who demonstrated that certain cells in the VL 
of Torpedo marmorata react with a fluorescein-labeled antibody to ovine 
luteinizing hormone. This is further confirmed by unpublished studies of 
Dodd and co-workers in which specific cells in the VL of S .  canicula were 
shown to react with a fluorescent antibody raised against avian (quail) lu- 
teinizing hormone (Fig. 1%). But, these were both heterologous antibodies 
and this raises problems of interpretation. However, the evidence from 
histology, histochemistry, and imrnunohistochemistry gives support, if 
qualified, to the presence in the VL of cells usually accepted as gonadotrops 
(or thyrotrops, see further discussion). 

In most vertebrates, the activities of the pars distalis are under hypothal- 
amic control, mediated via a portal blood supply, the hypothalamic portal 
system, that connects the two at the level of the median eminence. In 
elasmobranchs the situation is somewhat different. Although there is a well 
developed median eminence (Knowles et al., 1975) (the anterior portion of 
which supplies RL and ML while the posterior region connects with the 
NIL), there is no direct vascular connection between the hypothalamus and 
the VL; the latter receives its supply from the internal carotid arteries 
(Mellinger, 1961, 1964; Meurling, 1960, 1967). This gives rise to a situation 
that is unique among the vertebrates, and raises the important, although 
unresolved, question as to how the reproductive functions of the VL are 
mediated. The same question arises also in the Holocephali. 

b. Hormones ofthe Pituitary. The chemistry and biological activities of 
the reproductive hormones of elasmobranchs have been investigated in only 
one species, the dogfish, S. canicula. Partial purification of glycoprotein 
extracts of the various lobes, followed by bioassay, has indicated that all the 
lobes contain some gonadotropic activity (Sumpter et al.,  1978a,b,c). How- 
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ever, it must be noted that gonadotropin was measured by heterologous 
bioassay which can be misleading (Dodd and Sumpter, 1982). With this 
reservation, the amount present in the VL (98.8% of the total) is much 
greater than in either RL + ML (0.3%) or NIL (0.9%) (Sumpter et al., 
1978~). The functional significance of the small amounts of gonadotropin 
present in lobes other than the VL cannot yet be assessed. Purification and 
partial characterization indicate that only one gonadotropin was purified, but 
this does not mean that only one is present (Dodd and Sumpter, 1982). 
Antibodies have been raised to this gonadotropin which, when injected into 
dogfish, produce a significant decline in circulating steroids (Sumpter et al., 
1978d). 

2. THE PITUITARY COMPLEX IN HOLOCEPHALANS 

The pituitary complex of the Holocephali has attracted a good deal of 
attention, inter aha, because, as in elasmobranchs, there is a lobe that like 
the VL is highly segregated from the rest of the pituitary. Indeed, in adult 
holocephalans it is completely isolated in a ventral-facing fossa in the roof of 
the pharynx. The lobe is termed the Rachendachhypophyse or buccal lobe 
(BL). Dodd et al. (1982) have reviewed the literature and provided a detailed 
description of the BL and shown that its blood supply like that of the VL is 
from the carotid artery. These close similarities between the two lobes have 
raised the question of whether the BL is the gonadotropic lobe of the holo- 
cephalan pituitary. Investigation of the BL of H .  colliei in the context of 
gonadotropic properties by Dodd et al. (1982) has demonstrated that, in fact, 
extracts of buccal lobe of H .  colliei, like those of the VL of S. canicula are 
highly steroidogenic in the quail bioassay. On the basis of the evidence, 
Dodd and co-workers have suggested that the BL of H .  coZliei may be the 
main source of gonadotropin in this fish also. However, it should be noted 
that a heterologous bioassay was used and until the effects of BL removal and 
replacement have been investigated the question must remain unresolved. 

3. PITUITARY-GONAD INTERRELATIONS 

In all vertebrates, except cyclostomes, removal of the pituitary gland has 
a profound effect on gametogenesis and steroidogenesis in both sexes. The 
question of pituitary involvement in elasmobranch reproduction has been 
investigated by both total and partial hypophysectomy. Early research, in- 
volving total hypophysectomy, was reviewed by Dodd et al. (1960) who 
found results difficult to evaluate. Vivien (1941) found that pituitary removal, 
in S. canicula, blocked sexual development in young dogfish and caused 
slow involution of the gonads in mature fish. Implantation of pituitary glands 
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and injection of extracts restored gonadal activity. In the only other pub- 
lished study of the effects of hypophysectomy (still the only research of its 
type on a viviparous elasmobranch), Hisaw and Abramowitz (1938, 1939; 
quoted by Dodd, 1955) found: (1) that ovulation in Mustelus canis is sup- 
pressed by hypophysectomy, (2) that the corpora lutea of this species are not 
pituitary dependent, and (3) that the first 3 months of gestation are indepen- 
dent of the pituitary. However, it should be noted that there is no placenta 
up to this point. 

Dodd et al. (1960) were the first to show that reproductive structures and 
processes are strikingly affected after removal of the VL, but not after re- 
moval of any of the other regions. In the male a precise “zone of breakdown” 
occurs in the testis which is already well developed 3 weeks after the opera- 
tion provided the temperature is higher than ca. 13°C (Fig. 13A,B,C). Dob- 
son and Dodd (1977a,b) have reported in detail the histological, ultrastruc- 
tural, gravimetric, hormonal, and biochemical effects of ventral lobectomy 
(VLX) on testis function. They have found that the most sensitive stage is the 
ultimate mitotic division of the spermatogonia. In the absence of the ventral 
lobe, gonia about to enter this division lose their integrity, and are removed 
by the associated sertoli cells (Fig. 13C, D). Earlier spermatogonial divisions 
appear to be blocked, but the gonia do not break down. Cells that have 
become primary spermatocytes are apparently unaffected and can complete 
meiosis; this is followed by spermateliosis and spermiation. Therefore, sev- 
eral months after ventral lobectomy, the testis contains only early sper- 
matogonial ampullae, the zone of breakdown, and a reduced zone of sper- 
matozoal ampullae (Fig. 13A). These changes are reflected in a greatly 
reduced gonosomatic index (GSI). Mellinger (1963, 1965) also found that a 
zone of breakdown follows VLX, but he believed that the stage affected was 
earlier than that identified by Dodd et al.  (1960). However, Dobson and 
Dodd (1977a) have argued that the difference between them was apparent 
rather than real and was attributable to difficulties in the precise identifica- 
tion of spermatogonial stages which have been largely resolved by the work 
of Stanley (1966). Simpson and Wardle (1967), as previously mentioned, 
have described a naturally occurring zone of breakdown in the testis of the 
seasonal breeder S . acanthias, This appears each May and aEects precisely 
the same ampullar zone as that affected in S .  caniculu after VLX. By way of 
explanation, they have suggested that the degenerate zone is attributable to 
a resting phase in the production of a specific pituitary gonadotropin over a 
period of about 4 months, i.e., between approximately January and May. 

Dobson and Dodd (197713) also found that VLX reduces the uptake of 
[3H]thymidine by the testis in winter but not in summer, and that total 
hypophysectomy, but not removal of individual pituitary lobes, produces a 



Fig. 13. S. canicula. (a) Transverse section (TS) of testis 22 months after removal of VLof the 
pituitary. Note zone of degeneration and absence of spermatocytes and spermatids. All large 
ampullae contain only spermatozoa (E, epigonal organ; Sp, spermatogonid ampullae; Z, zone of 
degeneration; Sz, spermatozoa1 ampullae). (From Dodd, 1960a.) (b) TS testis in the region of 
the zone of degeneration (Sp, spermatogonial ampullae; Z, degenerate ampullae; Spc, ampulla 
with primary spermatocytes undergoing meiosis; SpcS, part of an ampulla containing secondary 
spermatocytes). (From Dobson and Dodd, 1977a.) (c) Electron micrograph of a portion of a 
spermatogonial ampulla showing early degeneration of germ cells. (d) Electron micrograph of a 
portion of a spermatogonial ampulla showing final stages of degeneration (S, persistent Sertoli 
cytoplasm; N, Sertoli cell nucleus; G, remains of germ cell; L, lipid droplet). (From Dobson and 
Dodd, 1977a.) 
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small but significant effect on plasma testosterone levels (see also Sumpter et 
al., 1978a). Therefore, ventral lobe removal affects gametogenesis in the 
testis of S .  canicula. The role of the pituitary regions in controlling steroido- 
genesis is less well established, but Sumpter et al. (1978a) have shown that 
injection of an extract of ventral lobes into hypophysectomised male dogfish 
produces a rapid and highly significant rise in androgen levels. 

In the female also, the VL appears to be the main source of gonadotropin 
and removal of the VL has a profound effect on the ovary, the speed of onset 
of effect being greater at higher temperatures. Ovulation ceases and all eggs 
which have begun vitellogenesis at the time of the operation become atretic. 
The large follicles become hyperaemic and flaccid (corpora atretica); they 
then become yellow in color and gradually shrink in size (Dodd, 1972, and 
Fig. 1D). 

Additional evidence that the VL is a source of gonadotropin in elas- 
mobranchs comes from the studies of Lance and Callard (1978b) who have 
shown that extracts of the VL of preovulatory S .  acanthias can stimulate 
steroidogenesis in enzyme-dispersed cells of the turtle testis. 

The roles of the other pituitary lobes in reproduction, if any, are as yet 
unresolved; their removal has not been shown to affect gonad function in any 
discernible fashion (Dodd et al., 1960; Mellinger, 1963). However, in view 
of the occurrence of marked seasonal cycles in some elasmobranchs, there 
would appear to be a need for some type of central nervous control, such as 
might be mediated by hypothalamic control of the intracranial pituitary 
lobes. It has also been noted that possible effects of RL and ML on, for 
example, secondary sexual characters including sex behavior, have not as yet 
been investigated (Dodd, 1975). ChieE (1967) has reviewed histological data 
on pituitary changes in relation to reproductive events in both oviparous and 
viviparous species, including the appearance of giant cells in the NIL of T .  
murmorata during pregestation suggesting that other pituitary lobes may be 
implicated in reproduction, but the evidence is difficult to evaluate. Clearly 
there is a need for more study in this important area of research. 

4. HYPOTHALAMUS AND MEDIAN EMINENCE 

The morphology and histology of the chondrichthyan hypothalamus and 
median eminence have been described by Mellinger (1964), .Meurling 
(1967), and by Munro and Dodd (1983) who have also reviewed earlier work. 
The hypothalamus is the region of the brain surrounding the lateral recesses 
of the third ventricle. It consists of dorsal and ventral regions and large lobi 
inferiores. Several nuclei of neurosecretory neurons have been identified, 
including large paired preoptic nuclei (PON) the axons from which are al- 
dehyde fuchsin positive (peptidergic) and converge to form a tract which 



70 J .  M .  DODD 

ends mainly in the NIL. Further, three other nuclei have been identified in 
the hypothalamus of S .  canicula by Mellinger (1964) and in several other 
elasmobranch species by Meurling (1967). These are the median anterior 
nucleus (nucleus medius hypothalamicus), the median posterior nucleus (nu- 
cleus tuberis), and a pair of nuclei in the lateral walls of the third ventricle 
(nuclei lobi inferiores). The destinations of the axonal pathways from nuclei 
other than the PON are largely unknown. None terminates in the VL, but 
Knowles et af. (1975) have suggested that aminergic fibers of unknown origin 
enter the ML and innervate the putative gonadotrops. Similarly, some pep- 
tidergic neurons from the PON terminate in the posterior median eminence; 
these may control the activities of the ML and, therefore, may have a func- 
tion in reproduction. The meager evidence in favor of such a role is reviewed 
in further discussion. 

In S .  canicula, the median hypothalamic floor, between the lobi in- 
feriores, is modified to form a median eminence which is structurally differ- 
entiated into anterior and posterior regions. The RL and ML are firmly 
attached to its ventral surface, and in it lie capillaries of the primary plexus. 
These unite to form the portal vessels which supply the NIL and which to a 
lesser extent flow ventralward to supply RL and ML (Mellinger, 1960, 1961; 
Meurling, 1960, 1967). Therefore a vascular route exists for the transport to 
RL and ML of hypothalamic releaser hormones. However, it is well estab- 
lished that the lobe mainly associated with reproduction, the VL, has no 
such supply, and that if it is in fact, under hypothalamic control then the 
releasers must reach it via a systemic route (see further discussion). 

5. HYPOTHALAMIC-HYPOPHYSIAL INTERRELATIONS 

As noted, there are no direct vascular connections between the hypo- 
thalamus and VL in S. canicula and nerves between the two are also absent 
(Mellinger, 1963; FollBnius, 1965; Meurling, 1967). However, in skates and 
rays, the entire pituitary is intracranial. The interhypophysial stalk is short- 
er, thicker and hollow. It may provide a direct route by which hypothalamic 
secretions could reach the VL, but this is not confirmed. However, it has 
been noted that in S .  canicula, when the interhypophysial stalk is trans- 
ected, or even when it is removed surgically together with ML and RL, the 
gonad appears to be unaffected; ovulation continues and there is no zone of 
breakdown in the testis. It appears that, in the dogfish, there is no direct 
functional intercommunication between hypothalamus and VL. 

Although, as noted, several nuclei of neurosecretory neurones have been 
described in the dogfish hypothalamus, it is not known which, if any, secrete 
releasing hormones. The evidence that gonadotropin releasing hormone 
(GnRH) is present in the dogfish hypothalamus is equivocal although pre- 
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dominantly favorable. Deery (1974) tested acid extracts of dogfish hypoth- 
alami using a radioimmunoassay technique and an antibody to synthetic 
mammalian GnRH and found no immunoreactivity. By contrast, King and 
Millar (1979, 1980), using a similar technique obtained a positive reaction 
from hypothalamic extracts of the elasmobranch P o r o d e m  africanum 
which belongs to the same family as S. canicula. Deery and Jones (1974) 
found that neutralized acid extracts of dogfish median eminence produced a 
dose-related activation of adenylyl cyclase in all lobes of the dogfish pituitary 
in uitro. They also tested synthetic GnRH and found that it activated the VL 
enzyme, but had no effect on the other three lobes. On the basis of this 
indirect, and not wholly satisfactory, evidence they suggested that all four 
lobes of the dogfish pituitary are under hypothalamic control. More re- 
cently, Jenkins and Dodd (1980) have shown that intravenous injection of 
synthetic mammalian GnRH into dogfish (5 pg/fish) causes a significant rise 
in testosterone in the plasma within 4 h. Similarly treated females (10 
kg/fish) had significantly increased levels of 17P-estradiol90 min after injec- 
tion, and there was an effect on oviposition rate in November. In February, 
twice the dose was ineffective. Similar results were obtained in both sexes 
when acid extracts of dogfish hypothalamus were injected, and the latency 
was similar. It was concluded that the dogfish hypothalamus contains a factor 
which stimulates steroid secretion and is similar in its action to mammalian 
GnRH. In view of the suggestion that if, in fact, GnRH is functional on the 
VL it must reach the lobe via a systemic route, the recent tentative report of 
King and Millar (1980) that immunoreactive GnRH is present at a high 
concentration (0.6 ng/ml) in the plasma of the dogfish Porodermu africanum 
is of particular significance. However, as King and Millar state, the authen- 
ticity of the discovery awaits investigation. To summarize, although the 
evidence is somewhat meager and restricted to two species, it supports the 
suggestion that a substance like GnRH related to, though perhaps distinct 
from, mammalian Gn-RH, is produced by the elasmobranch hypothalamus 
and reaches the VL via a systemic route, although it may reach the RL and 
ML through the hypophysial portal system. Only selective lesioning in the 
hypothalamus will show whether the putative GnRH is implicated in the 
control of reproduction. 

Other recent studies suggesting that the dogfish hypothalamus may play 
a role in reproduction have been reported by Jenkins et al. (1980). Using the 
techniques of autoradiography and radioreceptor assay of cytosol, Jenkins 
and co-workers have demonstrated that the cytosol of the dogfish hypo- 
thalamus contains a high concentration of estradiol-specific receptors. The 
main areas implicated were shown, by autoradiography, to be the preoptic, 
habenular, and tuberal nuclei and the ependyma of the third ventricle. 
These findings suggest that the estrogen receptors may be the site of es- 



72 J ,  M. DODD 

trogen feedback and that they may have a role in the control of gonadotropin 
secretion, but there is no direct evidence that this is so. 

6. ROLE OF THE THYROID GLAND IN REPRODUCTION 

The elasmobranch thyroid gland is single and as in all other vertebrates it 
consists of colloid-filled follicles. Unlike the gland in most teleosts, it is 
discrete and encapsulated, and it can be surgically removed. In S. canicula, 
the only species in which surgical removal has been conducted, the thyroid 
gland is pear shaped. The posterior broader region lies at the level of the 
anterior afferent branchial arteries. Anteriorly, the gland becomes a thread- 
like structure, one or two follicles wide, which terminates at the posterior 
margin of the lower jaw. As in all other vertebrates, the thyroid gland 
synthesizes the hormones thyroxine (T4) and triiodothyronine (T3) and their 
precursors mono- and di-iodotyrosine. The hormones have been charac- 
terised and measured in peripheral plasma (Gorbman, 1969; Lewis, 1975; 
Lewis and Dodd, 1974). 

The identification of a functional role for thyroid hormones in poikilo- 
therms has been difficult, with the striking exception of amphibian meta- 
morphosis, and in elasmobranchs the evidence that the thyroid is implicated 
in reproduction is mainly, although not entirely, circumstantial. The evi- 
dence is (1) from demonstrations that there are changes in thyroid activity 
(albeit based on histological criteria which are difficult to evaluate) which 
appear to be related to sexual cycles, (2) from differences in gland size in the 
two sexes, (3) from the effects of thyroidectomy on the ovary and ovulation, 
and (4) from signs of strikingly high activity in the female at the onset of 
“puberty. ” 

There is general agreement that histological studies indicate a low level 
of thyroid activity in immature specimens of both sexes and Leloup (1949, 
1951) showed that l3II is fixed less actively in young females than in mature 
and maturing specimens. Olivereau (194913) found that in S. canicula (Medi- 
terranean population) the thyroid, by histological criteria, is less active in 
males than in females, and that the thyroid reaches its peak when the testes 
first mature and their vascularity increases. In females, activity increases 
when oocytes of 1-5 mm begin to grow at the onset of sexual maturity. Later 
in the growth cycle, thyroid activity decreases, but there are smaller peaks of 
activity reported when the eggs are in the nidamentary gland. Sage and 
Jackson (1973) found that in juveniles of the ray, Dasyatis sabina, the activity 
of the thyroid is constant and low. Sage (1973) reports “we have recently 
shown that in Dasyatis sabina the cyclic activity in the thyroid is clearly 
related to reproductive development and to the reproductive cycle and not 
to seasonal environmental changes.” However, Mellinger (1966), in a de- 
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tailed biometrical and histophysiological study of the interrelations between 
gonads, liver, and thyroid in S . canicula, concluded that the highly variable 
features of the thyroid did not show any relation to either a cycle or to 
reproductive activity. However, this assessment is attributable mainly to a 
failure to recognize that the large thyroids found in females approaching first 
maturity are exceptional and must be considered as a special case and not 
lumped with those from small immature, and large mature, fish. The indi- 
viduals that gave rise to the confusion are clearly shown in Figure 7 of 
Mellinger’s (1966) report; indeed, this figure provides powerful, if circum- 
stantial, evidence that the thyroid in S.  canicu2a is firmly implicated in 
reproduction. There is no recent report of thyroid physiology in viviparous 
elasmobranchs, but earlier researchers agree that gestation is accompanied, 
at least at certain times, by increased activity of the thyroid (Ranzi, 1936; 
Zezza, 1937; Olivereau, 1949a; Leloup, 1949). In Torpedo ocellata, which 
has a gestation period from May to September, Zezza (1937) found histologi- 
cal signs of high activity during the entire period. However, Woodhead 
(1966), studying S . acanthias which has a 22-month gestation period, found a 
cycle of activity associated with the seasons (including more or less complete 
breakdown in winter) rather than with gestation. Woodhead related the 
cycle to migration rather than to reproduction. There is clearly a need to 
study the role of the thyroid in viviparity by the use of RIA techniques. 

Olivereau (1954), Matty (1960), and Lewis and Dodd (1974) have drawn 
attention to the fact that the thyrosomatic index (TSI: thyroid wt. X 103/body 
wt.) of female S . canicula, although it shows significant changes through the 
phases of immaturity, puberty, and maturity, is always at least twice as great 
as in the male. Mellinger (1966) stated that of all the sexual differences 
observed, thyroid dimorphism was the most spectacular. Furthermore, as 
shown in Table I (a), there is a significant difference between both absolute 
thyroid weights and TSI of immature fish weighing less, and more, respec- 
tively, than 500 g. Table I (b) indicates that the difference between thyroid 
weights and TSI of fish identified as maturing for the first time and mature, 
egg-laying fish, is highly significant. These differences strongly suggest that 
the thyroid gland in the female dogfish has a specific function in 
reproduction. 

Lewis and Dodd (1974) have provided the only direct evidence available 
that the thyroid gland is essential for reproductive success in the female 
dogfish. They thyroidectomized and sham-operated three groups of fish in 
May and autopsied them in October, November, and January, respectively. 
At autopsy, the ovaries of mature thyroidectomized fish contained only pre- 
vitellogenic oocytes and corpora atretica (Fig. 1C); those of the mature sham- 
operated animals contained previtellogenic oocytes, corpora atretica, and 
yolky eggs up to the size at which they might be ovulated. Vitellogenesis was 
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Table I 

Relationships between Thyroid Weight and Body Weight in Groups of Female S . 
caniwh Classified by State of Sexual Maturity and Weighta 

Group Body weight Thyroid weight TSI 
(g) (g) 

a. Immature fish of two weight ranges compared with mature fish 
immature fish (<500 g, N = 5) 437 2 24 0.0233 ? .0026? 00535 + .005$’i] 
immature fish (>500 g, N = 14) 720 2 29 0.0895 f .0093;$0:1227 .OlOS{ 
mature fish ( N  = 54) 926 2 18 0.0735 t .0068 J10.0818 t ,0081 3 3  
female first maturity (N = 11) - 0.1295 ? ,0204 0.1621 t ,0184 
female laying ( N  = 54) - 0.0735 f .0068 0,0818 2 .0081 

b. Fish identified as maturing for the first time compared with mature egg-laying fish 

P < ,001 P < ,001 

“Data from Lewis (1975). 

not observed in any of the thyroidectomized fish. These experiments dem- 
onstrate that the thyroid is essential for the annual ovarian recrudescence 
noted in S .  canicula each autumn. However, the studies do not provide any 
information as to the manner by which the thyroid hormones act in the 
vitellogenic process. Whether the thyroid hormones, like the estrogens, 
mobilize yolk constituents from the liver, or whether they act at the level of 
the follicle, or in some other manner, remains to be determined. 

In summary, although the evidence is mostly circumstantial and based 
on histological criteria that are difficult to evaluate, there is some recent 
direct evidence, and no longer any reason to doubt, that the thyroid gland in 
female elasmobranchs has an important, indeed mandatory, role in re- 
production. The precise nature of its role and the point at which it acts have 
not yet been established, although it appears to be associated with vitello- 
genesis. Whether or not the thyroid also has a role in the reproductive 
physiology of the male has not yet been established. 

7. ROLE OF THE PINEAL ORGAN IN REPRODUCTION 

The epiphyseal complex in elasmobranchs consists of a well developed 
pineal and a parapineal which is usually transitory (Munro and Dodd, 1983). 
The pineal is overlain by a “window” of cartilage modified for transmission of 
light, and its outer segment has the ultrastructural characteristics of a light- 
sensitive organ. Whether or not the pineal is implicated in reproduction in 
these fish remains an open question. Dobson (1974), in preliminary experi- 
ments, found that removal of the pineal in the dogfish, S . canicula, resulted 
in an increase in the gonadotrophin content of the VL, whilst injection of 
pineal extracts into pinealectomized fish reduces the gonadotropin content 
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to nondetectable levels. Therefore, although temperature may be the main 
environmental variable controlling reproduction in the dogfish and some 
other elasmobranchs (see Section 11, E), a role for light cannot be ruled out. 
Moreover, the relative importance of the two variables may differ in differ- 
ent species 

F. Environmental Regulators of Reproduction 

Unlike the teleosts, which have been studied with regard to environmen- 
tal influences on annual and circadian rhythms associated with reproduction 
virtually nothing is known about the effects of such variables on elas- 
mobranch reproduction. Dobson and Dodd (197713) concluded that the main 
environmental trigger for the annual reproductive cycle in the dogfish S. 
caricula is temperature, but the evidence is slight and circumstantial. They 
showed, in studies using [3H]thymidine, that an increase in temperature 
stimulates spermatogonial mitosis and that a zone of breakdown in the testis 
follows ventral lobectomy only when the ambient temperature is higher than 
about 13"C, i.e., at temperatures corresponding to those found in summer in 
the local sea area of this dogfish. Investigation of the effects of VL removal 
under a range of photoperiods showed no discernible effects of light on the 
testis; again breakdown occured above 13°C irrespective of light schedule. 
In female dogfish also, temperature seems to be the important variable. 
Peak breeding activity (ovarian growth and ovulation) is associated with low 
winter temperatures, but whether the effect is mediated directly, or through 
endogenous rhythms is not known. Furthermore, it is likely that high tem- 
peratures are associated with the metabolic preparations for ovarian growth. 
Reserves are laid down in the liver during the summer, and activity at low 
temperatures consists mainly of the transfer of these reserves into the 
oocytes under the influence of estrogens. 

Nothing is known of environmental influences on reproduction in vivip- 
arous species; however, the precision of the timing of their annual and 
biennial cycles indicates that such influences may play an important role in 
reproduction. 

III. MODES OF REPRODUCTION AND 
CYCLICITY 

Internal fertilization is universal in chondrichthyan fishes. In oviparous 
species, horny shelled eggs (mermaids purses) are laid soon after fertiliza- 
tion, but in the vast majority of species the fertilized eggs are retained in the 
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oviducts and the young are born alive. Such species have been characterized 
as either ovoviviparous or viviparous depending on the degree to which they 
are dependent on the mother for nutriment during development. However, 
the distinction is an artificial one and difficult to apply because the degree of 
dependence varies from almost nothing, although no species appears to have 
eggs that are completely without yolk, to almost complete (Ranzi, 1934). 
Even when an intimate nutritive connection develops between mother and 
developing young, this is usually preceded by a period which may in some 
species be of several months duration, during which development is entirely 
yolk dependent (e.g. Mustelus canis; Te Winkel, 1950). 

Wourms (1977) has analyzed data from Breder and Rosen (1966) and 
Budker (1971) on the modes of reproduction of the extant chondrichthyan 
fishes that have been studied (relatively few of the 600 species available). His 
analysis shows that of the 16 families of Squaliformes, 12 are entirely vivip- 
arous, 2 are oviparous, and 2 are mixed. Of the 12 Raiiform families, 9 are 
entirely viviparous and 3 are oviparous. It is therefore clear that the vast 
majority are viviparous and these have been classified into placental and 
aplacental species (Budker, 1958); because this scheme begs fewest ques- 
tions, it is followed here. Wourms (1977) has further subdivided aplacental 
species into those that: (1) are solely dependent on yolk reserves, (2) practice 
oophagy and, or, intrauterine cannibalism, and (3) develop placental analo- 
gues such as uterine villi or trophonemata which secrete “uterine milk.” In 
placental species early dependence on yolk is replaced during ontogeny by 
nutrition via a placenta. Selected examples of oviparity and the various 
grades of viviparity are discussed further, partly in the context of the re- 
productive cycles associated with them. 

A. Oviparity 

Oviparity is associated in elasmobranchs with fish of relatively small size 
which occupy benthic littoral environments (Tortonese, 1950); however, it 
may be noted that contemporary holocephalans, which are all oviparous, 
usually live in deep water. Ovulation is followed by a period, usually of a few 
days, in which the egg is retained in the oviduct and during which time it is 
fertilized and invested with albumin and a horny capsule or purse (Fig. 6B). 
These egg cases vary considerably in size, the largest in the Squaliformes 
being that of Rhineodon, the whale shark, which measure 150 mm X 300 
mm (Baughman, 1955); the egg case of Scoliodon sorrakowah is only 3 mm 
X 5 mm (Prasad, 1951). They also vary in shape. In sharklike species, the 
purse is usually quandrangular; the four corners are drawn out into long 
spiral contractile tendrils for attachment. In skates, which lay their eggs on 
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sand, the tendrils, if present, are short and stiff. The egg case in Heterodon- 
tus francisci is about 12 cm long and 6 cm wide; it is coneshaped and two 
broad flat flanges twist spirally around it (Dempster and Herald, 1961). De 
Lacy and Chapman (1935) state that the eggs of R.  binoculata are probably 
the largest among skates being 265-305 mm in length and 110-140 mm in 
width at their narrowest point. Furthermore, this species may be unique in 
having 2-7 eggs per case. Similar observations on the egg cases of this 
species have been reported by Hitz (1964). 

Wourms (1977) has comprehensively reviewed the literature on the 
physical and chemical structure of elasmobranch egg cases and Wourms and 
Sheldon (1971, 1972) have investigated the fine structure and shown that 
collagen, not keratin as was earlier thought, is the main protein constituent. 
Foulley and Mellinger (1980) have described the eggs and egg cases of S .  
canicula and shown that their rate of development is temperature depen- 
dent. Eggs kept in artificial seawater at 14°C hatched between 6.5 and 7.5 
months. In research by Dodd and co-workers, 92 eggs of S.  canicula col- 
lected from captive fish between December and June and kept in running 
seawater at ambient temperature (between 8°C and 18°C) hatched between 
4.5 and 7.5 months of incubation with a modal period of 5.75 months. In 
skates, Clark (1922) observed incubation times as follows: R .  clavata, 
4.5-5.5 months; R.  naevus, 8 months; R .  marginata, 15 months. In contrast, 
a Florida population of R.  eglantaria required only 9 weeks (Libby and 
Gilbert, 1960). 

The holocephalan egg case (e. g. ,  Hydrolagus, Callorhynchus, and Har- 
riotta) is said by Wourms (1977), who quoted unpublished work by Wourms 
and Sheldon, to differ markedly in structure and probably also in chemical 
composition from that of elasmobranchs; it consists of three distinct struc- 
tural layers. Dean (1906) described the egg cases of H .  colliei and also fossil 
egg cases and stated that there were few differences. The egg case is spindle 
shaped, golden brown in color, and of a papery consistency. The lateral 
margins are drawn out into thin finlike vanes, and the inner layer of the 
posterior tip is continuous with a long filament which is anchored by muscles 
in the wall of the oviduct until the animal releases its eggs. Sathyanesan 
(1966) has described egg laying in H .  colliei and Dean (1906) reports an 
incubation time of 9-1< months for this species. 

Reproductive cycles in oviparous elasmobranchs are much less precise 
than in viviparous forms, and there are several records in the literature of 
fish that lay eggs all the year round. However, as Wourms (1977) has noted, 
available information is often incomplete and fragmentary. Furthermore, 
populations of elasmobranchs are known to migrate (Harris, 1952), and it is 
highly unlikely that an unchanging population is being sampled throughout 
the year in a particular sea area. Adding to the complexity of the situation, 



78 J .  M.  DODD 

Dodd and Duggan (1982) have found that the highly stressful operation of 
trawling causes some fish to ovulate. It may be noted that all records for egg 
production in S . canicula are to some extent suspect because of this finding 
(see Section II,B,6). Evidence that S . canicula is in fact a cyclical breeder, 
albeit with a long active phase, comes from the demonstration that it has 
marked annual cycles in a number of physiological parameters associated 
with reproduction. Sumpter and Dodd (1979) have demonstrated that 
gonosomatic index (Fig. 14), gonadotropin content of the ventral lobe of the 
pituitary (Fig. 151, levels of testosterone and estradiol in plasma (Fig. 16), 
and frequency of ovulation (Fig. 17) are all cyclical. Craik (1978~) has shown 
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Fig. 14. Seasonal changes in the gonosomatic index of mature female dogfish. Each point 
represents the mean * SEM. The number of fish examined each month was the same as that 
shown in Fig. 17 (a,  fish obtained from Caernarvon Bay; b, fish obtained from Plymouth; * P  < 
0.05; **P < 0.01; * * * P  < 0.001; Student’s t-test). (From Sumpter and Dodd, 1979.) 
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Jan June Dec 

Fig. 15. Seasonal changes in the gonadotropic potency of the ventral lobe of the pituitary 
from mature female dogfish, assayed using the 32P chick bioassay. The ventral lobes from 
between 3 and 5 pituitaries were pooled for each estimate. Potencies are expressed as pg 
equivalents ovine luteinizing hormone (NIH-LH-S19) per ventral lobe, with 95% confidence 
limits shown for each point. No gonadotrophic activity was detected in the July sample. The 
potency shown is the maximum possible level. (From Sumpter.and,Dodd, 1979.) 

that vitellogenesis and hepatosomatic index are cyclical. In view of this 
evidence and the manifest sampling and other problems, it seems reasonable 
to assume that S .  canicula is a cyclical breeder, and to suggest that it falls 
into Wourms’ category 2 “those species with a partially defined annual cycle. 
Although reproductively active throughout the year, they tend to exhibit 
one or two peaks in activity.” Indeed it is difficult to separate this from 
category 1 “species which are either reproductively active throughout the 
year or for the major part of the year” in which Wourms places S. canicula. A 
single category combining 1 and 2 would be more appropriate given the 
present state of knowledge. 
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Wourms (1977), citing Dean (1906) and Bigelow and Schroeder (1953), 
states that all holocephalans, both living and fossil, are probably oviparous. 
The portion of the statement referring to living species is undoubtedly true, 
but a recent report by Lund (1980) on a newly found fetal holocephalan, 
Delphyodontos dacr-ifonnes, from the lower carboniferous of Montana, casts 
doubt on the view that holocephalans have never developed viviparity. In- 
deed, Lund suggests that viviparity may have been a significant adaptive 
feature among Palaeozoic chondrichthyans in general. Lund (1980) describes 
two specimens of D. ducr-ifonnes (believed to be fetuses because of their 
abdominal swellings, body shape, curvature, and undifferentiated fins) 
which have a large well developed slashing and piercing dentition in- 
terpreted as being specialized for opening egg capsules during intrauterine 
feeding. Therefore, Lund suggests that this palaeozoic holocephalan was 
viviparous and that the developing young were oophagous. 

The evidence for, or against, a cycle in H. colliei is fragmentary and 
difficult to evaluate, although Dean (1906), Stanley (1963), and Sathyanesan 
(1966) all state that eggs are produced throughout the year, ovarian activity 
being maximal in late summer and early fall. 
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Fig. 16. Plasma estradiol (left) and testosterone (right) levels of mature female dogfish 
throughout the year. Each point represents the mean of between 4 and 7 fish f S E M  (*P < 0.05; 
**P < 0.01; ***P < 0.001; Student’s t-test) (From Sumpter and Dodd, 1979.) 
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Fig. 17. Seasonal changes in the percentages of mature female dogfish having fulIy formed 
egg capsules in the oviducts. The number of fish examined each month is indicated beside each 
point (a,, fish obtained from Caernarvon Bay; lb,, fish obtained from Plymouth). (From Sumpter 
and Dodd, 1979.) 

B. Aplacental Viviparity 

Some aplacental species rely mainly on yolk for development, the moth- 
er providing only protection and water (e.g. ,  Squalus acanthias, Scymnus, 
Centrophorus), but in most cases the uterine mucosa becomes modified, 
often strikingly so, to produce secretions, called embryotrophe or uterine 
milk, which are an important additional source of food (Ranzi, 1934; Need- 
ham, 1942; Amoroso, 1952). Uterine modifications, including compartmen- 
talization (Fig. 18), vary in complexity in different elasmobranchs and their 
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Fig. 18. Embryos of the aplacental Mustelus manazo lying in uterine compartments. (Photo- 
graph by courtesy of Dr. K.  Teshima.) 

range has been discussed previously and comprehensively reviewed by the 
Ranzi, Needham, and Amoroso. Another device adopted by some viviparous 
aplacentals is oophagy (Lohberger, 1910; Shann, 1923; Ranzi, 1934; Spring- 
er, 1948). Shann (1923) has demonstrated that in porbeagle sharks (Lamna 
spp.), immature eggs and ovarian tissue are shed and taken up by the 
oviducts to be eaten in utero by the developing young which develop a 
distended “yolk stomach’ for digesting this food. Another example of 
oophagy has been described in a sand-shark, Odontaspis taurus, by Springer 
(1948) in which the developing embryos show highly active feeding behavior 
in utero. 

1. REPRODUCTIVE CYCLES IN APLACENTAL SPECIES 

Most viviparous elasmobranchs have a well defined breeding season, 
insemination and parturition being precisely timed; however, the length of 
gestation varies considerably between species. Capape (1979) states that the 
reproductive cycles of the aplacental elasmobranchs in Tunisian waters do 
not exceed 12 months and this appears to be generally true of such species. 
Dasyatis violacea has a cycle of only 2 months and in D. centroura, Gym- 
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nura altavela, Rhinobatos rhinobatos, and R.  cerriculus it is between 4 and 
5 months. However, in Torpedo marmorata, Capape (1979) states that the 
duration of the cycle is “2 years at least” and Mellinger (1974) believes it to 
last for 3 years. Capape emphasizes that in some cases (e.g., Dasyatidae and 
Rhinobatidae), the next crop of eggs is ready for ovulation at the time of 
parturition, whereas in T .  marmorata vitellogenesis is totally inhibited dur- 
ing gestation and it recovers slowly after parturition taking nearly 2 years to 
complete. Since gestation lasts 1 year, the entire cycle covers a period of 3 
years. This is certainly unusually long and may be unique. 

Another aplacental viviparous species which is exceptional in having a 
reproductive cycle extending over more than 1 year is S. acanthias in which 
there is a gestation period of 20-22 months. Ford (1921), Te Winkel (1943), 
Templeman (1944), and Hisaw and Albert (1947) have described gestation in 
this species and related it to the reproductive cycle and migration. Hisaw 
and Albert studied the population of spiny dogfish that migrate northward 
along the eastern Atlantic seaboard in spring and southward in the fall. In 
May all females are pregnant, but some have recently ovulated and others 
have fetuses 12-20 cm in length. In early pregnancy each uterus contains an 
egg case called a “candle” with 1-4 embryos in it. Development continues 
inside the candle for about 6 months after which the embryos hatch to spend 
the remaining part of the 22-month gestational period free in the uterus. So 
far as the nutrition of the embryos is concerned, Hisaw and Albert (1947) 
state that the young obtain water from the parent, but whether they obtain 
inorganic and organic nutriment is uncertain. There is certainly a marked 
loss of both during development. Ovulation is believed to occur in February 
or March, soon after parturition in late fall, somewhere south of Woods 
Hole, the young being about 25-30 cm when born. 

C. Placental Viviparity 

Placental viviparity is confined to certain species of two families of 
sharks, the Carcharhinidae (requiem sharks) and the Sphyrnidae (ham- 
merhead sharks). Even in these, the maternal contribution to the nourish- 
ment of the embryos varies from nearly nothing to almost complete. This 
variability is clearly a function of the amount of yolk in the eggs and the time 
at which a placenta develops. In some sharks (Sphyrna tiburo and Mustelus 
canis), a placenta is formed only after several months of an ovoviviparous 
existence. In all cases the placenta is of the yolk-sac type although the range 
of structure is considerable. 
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Teshima and Mizue (1972) have described the reproductive biology of C. 
dussumieri in which the persistenet right ovary produces a few yolky ova, 
only two of which exceed 20 mm in diameter and are ovulated. One egg 
enters each oviduct and is invested by a membrane in the nidamentary 
gland. Although each egg is only slightly greater than 20 mm in diameter, 
the membrane may exceed 40 cm in length, the excess being folded and 
stored in an anterior chamber of the uterus (Fig. 8A,B). During develop- 
ment, the membrane passes out into the main region of the uterus through a 
small hole to accommodate the growing embryo. 

When the embryo reaches a length of 50 mm, the basal surface of the 
yolk sac attaches to the posterior region of the uterus. There is some folding 
and an increase in vascularity, but these are slight until the embryo reaches 
100 mm and the yolk has almost gone. By the time the embryo reaches 150 
mm, the placenta is fully established (Figs. 8B and 9). Epithelial folds on the 
posteroventral region of the uterus interdigitate deeply with similar folds on 
the basal and lateral regions of the yolk sac. The following tissue layers lie 
between fetal and maternal blood systems: maternal endothelium, maternal 
epithelium (largely unmodified), egg case membrane, greatly reduced fetal 
epithelium, and fetal endothelium. The placenta connects with the embryo 
via an umbilical stalk which contains a vitelline artery and vein and a 
flattened ciliated vitelline duct. Placental structure has been described in 
other species including: Mustelus canis (Ranzi, 1934, 1936; Te Winkel, 
1963); Priunace glauca (Calzoni, 1936); Carcharhinus falc$umis (Gil- 
bert and Schlernitzauer, 1966); Scoliodon sorrakowah and S .  pal- 
asorrah (Mahadevan, 1940); Sphyrna tiburo (Schlernitzauer and Gil- 
bert, 1966). 

In a number of species the embryos are separated from each other 
by uterine folds which form so-called gestation chambers (Fig. 18). These 
may lie transversely or, as in C. faZc$urmis, be oriented longitudinally, 
one joining with the anterior oviduct lumen and one with its posterior 
region, just in front of the cloaca. The heads of the embryos point an- 
teriorly. 

The life-cycles of several placental species have been recorded and most 
are strictly seasonal and completed within a 12-month period. Carcharhinus 
dussumieri is unusual in that it breeds throughout the year; however, par- 
turition in July and August is more common than at any other time of year 
(Teshima and Mizue, 1972). Ovulation and insemination occur immediately 
after parturition and the vitellogenic oocytes remaining in the ovary become 
atretic and are resorbed. When the embryos reach a length of 200 mm, a 
new crop of oocytes undergoes vitellogenesis. Unfortunately, nothing is 
known of possible endocrine involvements in gestation in either aplacental 
or placental elasmobranchs. 
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IV. SUMMARY AND DISCUSSION 

The cartilaginous fishes are phylogenetically the oldest of the jawed 
vertebrates and therefore of special interest to comparative reproductive 
physiologists. However, because they are mostly of large size, and therefore 
difficult to accomodate, and not of great economic importance, their re- 
productive physiology has received little attention. Indeed, of the 800 extant 
species of elasmobranchs, only one S . caricula, has been investigated experi- 
mentally to any extent in the context of reproduction, although the re- 
productive biology and the histology and histochemistry of the reproductive 
organs have been described in a number of others. 

All elasmobranchs studied except possibly the basking shark, have yolky 
eggs, but nothing is known about vitellogenesis except in S. caricukz and 
there are no detailed fine structural studies. This is the only vertebrate 
group of which this is true. Corpora atretica are present in the ovary as in 
other vertebrate ovaries, and postovulatory follicles (corpora lutea), showing 
varying degrees and types of activity before they disappear, are also present, 
but whether or not these structures have any functional significance remains 
unknown. There is a case for believing that the situation with respect to 
these might be different in viviparous species, especially placentals, from 
that in oviparous species, but what little evidence there is for this is equivo- 
cal and nothing is known of any endocrine function the gonads, pituitary, 
and placenta may have in gestation and parturition. 

The elasmobranch testis with its zonate structure and synchronous sper- 
matogenesis is unique among vertebrates and ideally suited to investigations 
of regulating mechanisms, both endocrine and environmental, but these 
have received little attention. 

The well developed and highly characteristic pituitary gland still poses 
major problems, including the significance of its subdivisions, in particular, 
of the ostentatiously segregated ventral lobe. This lobe, as noted, is believed 
to be the main reproductive lobe in both squaliform and raiiform elas- 
mobranchs. In the former, it is almost completely separated from the rest of 
the pituitary, but the significance of this and the absence of a portal blood 
supply to it remain enigmatic as does the role in reproduction, if any, of the 
other pituitary lobes. 

The elasmobranch hypothalamus contains a number of the neurosecreto- 
ry nuclei characteristic of all vertebrates, and there is a well developed 
median eminence of two distinct regions, but the function of the hypo- 
thalamus and its relationship to the median eminence and pituitary remain 
virtually unknown. A hypothalamic portal system is present, but it does not 
appear to have any connection with the ventral lobe, at least in Squal- 
iformes, and if releaser hormones are present and functional then it appears 
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that they must reach the ventral lobe via the systemic circulation. However, 
in batoids, the degree of segregation of the ventral lobe is much less marked; 
it is intracranial and connected to the median lobe by a broad stalk. It is 
possible that in these elasmobranchs the ventral lobe may receive a portal 
blood supply; this should certainly be investigated. 

A thyroid gland, similar in structure to that of other vertebrates and 
producing the same two hormones is found in elasmobranchs. Recent re- 
search on the dogfish, (in which the gland can be surgically removed) has 
demonstrated unequivocally that it is essential for ovarian growth although 
the locus at which its hormones act remains unknown. 

Of the other endocrine organs that may be involved in reproduction 
there is, as we have seen, some evidence that the pineal may have a role in 
controlling the gonadotrophic function of the pituitary ventral lobe, but this 
is tentative and restricted to the dogfish. However, it remains the only 
evidence that light may be an environmental cue controlling reproduction in 
these fish. What little evidence there is points to the importance of tempera- 
ture, at least in the female dogfish. Ovarian activity, both gametogenic and 
steroidogenic, coincides with low winter temperatures; during the summer, 
the ovaries are atretic and circulating steroids are low. However, it would be 
interesting to have information on viviparous species in which the timing of 
ovulation, gestation, and parturition is usually precise because in these fish, 
as in those living at relatively constant temperatures, light would be a more 
appropriate environmental cue. 

The foregoing summary exposes only some of the many gaps in our 
knowledge of the reproductive physiology of elasmobranchs and emphasizes 
the dangers in generalizing until a much greater range of species has been 
examined. Until this has been done, we shall lack anything approaching a 
comprehensive picture of reproduction in these important and interesting 
animals. 

REFERENCES 

Amoroso, E. C. (1952). In “Marshall’s Physiology of Reproduction” (A. S. Pukes, ed.), 3rd ed., 

Amoroso, E. C. (1960). Viviparity in fishes. Symp. Zool. SOC. London 1, 153-181. 
Babel, T. S .  (1967). Reproduction, life history, and ecology of the round stingray, Urolophus 

Battaglia, F. (1925). Ricerche istologiche ed istochimiche sul testicolo dei Selaci con speciale 

Baughman, J.  L. (1955). The oviparity of the whale shark Rhineodon typus with records of this 

Vol. 2, pp. 127-311. Longmans, Green, New York and London. 

halleri Cooper. Calif, Fish. Game Bull. 137, 1-104. 

riguardo alle cellule interstiziali. Rio. Biol. 7, 283-296. 

and other fishes in Texas waters. Copeia pp. 54-55. 



2. REPRODUCTION IN CARTILAGINOUS FISHES (CHONDRICHTHYES) 87 

Baumgartner, E.  A. (1915). The development of the hypophysis in Squalus acanthias. J .  Mor- 

Beard, J. (1900). The morphological continuity of the germ cells in Raja batis. Anat. Anz. 18, 

Beard, J. (1902). The germ cells of Pristiurus. Anat. Anz. 21, 50-61. 
Botte, V. (1963). Osservazioni istologiche ed istochimiche sui follicoli post-ovulatori e atresici di 

Breder, C. M., and Rosen, D. E.  (1966). “Modes of Reproduction in Fishes.” Natural History 

Budker, P. (1958). La viviparit6 chez les s6laciens. In “Trait6 de Zoologie” (P.-P. Grass& ed.), 

Budker, P. (1971). “The Life of Sharks.” Columbia Univ. Press, New York. 
Callard, I. P., and Leathem, J.  H. (1965). In vitro steroid synthesis by the ovaries of elas- 

Cdzoni, M. (1936). Ricerche sulla placenta del Carcharias glaucus. Pubbl. Stn. Zool. Napoli 

Capap6, C. (1974). Observations sur la sexualit6, la reproduction et  la f6condit6 de 16 s6laciens 
pleurotr&mes, vivipares, aplacentaires des c6tes tunisiennes. Arch. Znst. Pasteur Tunis 51, 
229-256. 

Capap6, C. (1979). La torpille marbrke, Torpedo map-morata Risso, 1810 (Pisces, Rajiformes) 
des c6tes tunisiennes: Nouvelles donn6es sur 1’6cologie et la biologie de la reproduction de 
l’esp&ce, avec une comparaison entre les populations m6diterran6ens et  atlantiques. Ann. 
Sci. Nat., Zool. Biol. Anim. 1131 1, 79-97. 

Capap6, C., and Quignard, J. P. (1977). Contribution a la biologie des Triakidae des c6tes 
tunisiennes. I. Mustelus mediterraneus Quignard e t  Capap6, 1972: RBpartition g6ographi- 
que et  bathydtrique,  migrations et dkplacements, reproduction, f6condit6. Bull. 08. 
Natl. Pech. Tunisie 1, 103-122. 

Capape, C.,  Zahnd, J. P., and Ouertani, J. (1979). Etude histologique de la paroi uterine dune 
femelle gravide ?I terme de Cymnura altaoela (L., 1758). Rapp. Commun. Znt. Mer Medit. 
25/26 (lo), 131-133. 

Cappetta, H. (1980). Les s6laciens du Cr6tac6 Superieur du Liban. I. Requins. Palaeon- 
tographica A168, 69-148. 

Chieffi, G. (1949). Ricerche sul differenziamento dei sessi negli embrioni de Torpedo ocellata. 
Pubbl. Stn. Zool. Napoli 22, 57. 

ChieE, C .  (1950). I1 dserenziamento dei sessi nei Selaci. Experientia 6, 465. 
Chieffi, G. (1961). La luteogenesi nei Selaci ovovivipari. Ricerche istologiche e istochimiche in 

Torpedo murmorata e Torpedo ocellata. Pubb. Stn. Zool. Napoli 32, 145-166. 
Chieffi, G. (1962). Endocrine aspects of reproduction in elasmobranch fishes. Cen. Comp. 

Endocrinol., Suppl. 1, 275-285. 
Chieffi, G. (1967). The reproductive system of elasmobranchs: Developmental and endo- 

crinological aspects. In “Sharks Skates and Rays” (P. w. Gilbert, R. F. Mathewson, and D. 
P. Rall, eds.), pp. 553-580. Johns Hopkins Press, Baltimore, Maryland. 

Chieffi, G., and Botte, V. (1961). La luteogenesi in Scyliorhinus stellaris selacio oviparo. Boll. 

Chieffi, G., and Lupo di Prisco, C. (1961). Identification of estradiol-l7P, testosterone and its 

Chieffi, G., and Lupo di Prisco, C. (1963). Identification of sex hormones in the ovarian extract 

phol. 26, 391-446. 

465-478. 

Raja spp. Acta Med. Rom. 1, 117-123. 

Press, New York. 

Vol. 13, Fasc. 2, pp. 1755-1790. Masson, Paris. 

mobranchs and snakes. Arch. Anat. Microsc. Morphol. E x p .  54, 35-48. 

15, 169-174. 

 ZOO^. 29, 203-209. 

precursors from Scylliorhinus stellaris testes. Nature (London) 190, 169-170. 

of Torpedo mannorata and Bufo vulgaris. Gen. Comp. Endocrinol. 3 ,  149-152. 



88 J. M. DODD 

ChieB, G., Della Corte, F., and Botte, V. (1961). Osservazioni sul tessuto interstiziale del 

Clark, R. S. (1922). Rays and skates (Raiae). No. 1. Egg capsules and young.]. Mar. Biol. Assoc. 

Collenot, G . ,  and Ozon, R. (1964). Mises en 6vidence biochimique et histochimique 
duneA5,3p hydroxystkroid d6shydrog6nase dans le testicule de Scylwrhinus canicula L. 
Bull. SOC. Zool. Fr. 89, 577-587. 

Craik, J. C. A. (1978a). Plasma levels of vitellogenin in the elasmobranch Scyliorhinus canicula 
L. (lesser spotted dogfish). Comp. Biochem. Physiol. B 60B, 9-18. 

Craik, J. C. A. (1978b). Kinetic studies of vitellogenin metabolism in the elasmobranch 
Scyliorhinus canicula L. Comp. Biochem. Physiol. A 61A, 355-361. 

Craik, J. C. A. (1978~). An annual cycle of vitellogenesis in the elasmobranch Scyliorhinus 
canicula. J ,  Mar. Biol. Assoc. U .K .  58, 719-726. 

Craik, J.  C. A. (1978d). The effects of oestrogen treatment on certain plasma constituents 
associated with vitellogenesis in the elasmobranch Scyliorhinus canicula L. Cen. Comp. 
Endocrinol. 35, 455-464. 

testicolo dei Selacei. Boll. 2001. 28, 211-217. 

U.K. 12, 577-643. 

Daniel, J.  F. (1928). “The Elasmobranch Fishes.” Univ. of California Press, Berkeley. 
Darrow, D. C., and Fletcher, G .  L. (1972). Quantification of testosterone and testosterone 

glucuronide in testicular and peripheral plasma of mature thorny skate (Raja radiuta). Gen. 
Comp. Endocrinol. 19, 373-375. 

Dean, B. (1906). Chimaeroid fishes and their development. Carnegie Inst. Washington Publ. 
33, 1-194. 

Deery, D. J. (1974). Determination by radioimmunoassay of the luteinising hormone-releasing 
hormone (LHRH) content of the hypothalamus of the rat and some lower vertebrates. Gen. 
Comp. Endocrinol. 24, 280-285. 

Deery, D. J . ,  and Jones, A. C. (1974). Effects of hypothalamic extracts, neurotransmitters and 
synthetic hypothalamic releasing hormones on adenylyl cyclase activity in the lobes of the 
pituitary of the dogfish (Scyliorhinus canicula L.). 1. EndocrinoE. 64, 49-57. 

De Lacy, A. C., and Chapman, W. M. (1935). Notes on some elasmobranchs of Puget Sound, 
with descriptions of their egg cases. Copeia pp. 63-67. 

Della Corte, F., Botte, V., and Chieffi, G .  (1961). Ricerca istochimica della steroide-3P- 
olodeidrogenasi nel testicolo di Torpedo murmarata Risso e di Scyliorhinus stellads (L.). 
Atti SOC. Pelodtana Sci. Fis., Mat. Not. 7 ,  393-397. 

Dempster, R. P., and Herald, E. S.  (1961). Notes on the hornshark, Heterodontusfrancisci, 
with observations on mating activities. Occas. Pap. CaliJ Acad. Sci. 33, 1-7. 

Dobson, S.  (1974). Endocrine control of Reproduction in the male Scyliorhinus canicula. Ph.D. 
Dissertation, University of Wales. 

Dobson, S., and Dodd, J.  M. (1977a). Endocrine control of the testis in the dogfish Scyliorhinus 
canicula L. I. Effects of partial hypophysectomy on gravimetric, hormonal and biochemical 
aspects of testis function. Gen. Comp. Endocrinol. 32, 41-52. 

Dobson, S., and Dodd, J. M. (197%). Endocrine control of the testis in the dogfish Scyliorhinus 
canicula L. 11. Histological and ultrastructural changes in the testis after partial hypo- 
physectomy (ventral lobectomy). Gen. Comp. Endocrinol. 32, 53-71. 

Dodd, J.  M. (1955). The hormones of sex and reproduction and their effects in fish and lower 
chordates. Mem. SOC. Endocrinol. 4, 166-187. 

Dodd, J.  M. (1960a). Gonadal and gonadotrophic hormones in lower vertebrates. In “Marshall’s 
Physiology of Reproduction” (A. S. Parkes, ed.), 3rd ed., Vol. 1, Part 2, pp. 417-582. 
Longmans, Green, New York and London. 

Dodd, J.  M. (196Ob). Genetic and environmental aspects of sex determination in cold-blooded 
vertebrates. Mem. SOC. Endocrinol. 7 ,  17-44. 



2. REPRODUCTION IN CARTILAGINOUS FISHES (CHONDRICHTHYES) 89 

Dodd, J. M. (1972). Ovarian control in cyclostomes and elasmobranchs. Am. Zool. 12, 325-339. 
Dodd, J .  M. (1975). The hormones of sex and reproduction and their effects in fish and lower 

chordates: Twenty years on. Am. Zool. 15, Suppl. 1, 137-171. 
Dodd, J. M. (1977). The structure of the ovary of non-mammalian vertebrates. In “The Ovary” 

( S .  Zuckerman and B. J. Weir, eds.), 2nd ed., Vol. 1, pp. 219-263. Academic Press, New 
York. 

Dodd, J. M., and Dodd, M. H. I. (1982). The ventral lobe and Rachendachhypophyse (buccal 
lobe) of the pituitary gland of cartilaginous fishes. (In press.) 

Dodd, J. M., and Sumpter, J. P. (1983). Reproductive cycles of cyclostomes, elasmobranchs 
and bony fishes. In “Marshall’s Physiology of Reproduction,” 4th ed., Vol. I (in press). 

Dodd, J. M., Evennett, P. J., and Goddard, C. K. (1960). Reproductive endocrinology in 
cyclostomes and elasmobranchs. Symp. Zool. SOC. London 1, 77-103. 

Dodd, J. M., Dodd, M. H. I., Sumpter, J. P., and Jenkins, N. (1982). Gonadotrophicactivityin 
the buccal lobe (Rachendachhypophyse) of the pituitary gland ofthe rabbit fish Hydrolagus 
colliei (Chondrichthyes: Holocephali). Gen. Comp. Endocrinol. (in press). 

Dodd, M. H. I., and Dodd, J. M. (1980). Ultrastructure of the ovarian follicle of the dogfish 
Scyliorhinus canicula . Gen . Comp . Endocrinol40, 330-331. 

Dodd, M. H. I., and Duggan, R. T. (1982). Trawl stress ovulation in the dogfish Scyliorhinus 
caniculu. Cen. Comp. Endocrinol. 46, 392. 

F h g e ,  R., and Mattisson, A. (1981). The lymphomyeloid (haemopoietic) system of the atlantic 
nurse shark, Ginglymostoma cirratum. Biol. Bull. (Woods Hole, Mass.) 160, 240-249. 

FollBnius, E. (1965). Bases structurales et  ultrastructurales des corr6lations dienc6phalo-hypo- 
physaires chez les SBlaciens et  les TBkostbens. Arch. Anat. Microsc. Morphol. Exp. 54, 
195-216. 

Ford, E. (1921). A contribution to our knowledge of the life histories of the dogfishes landed at 
Plymouth. J .  Mar. Biol. Assoc. U . K .  12, 468-505. 

Foulley, M.-M., and Mellinger, J. (1980). Etude chronologique, structurale et biom6trique de 
l’oeuf et de son developpement chez la petite roussette (Scyliorhinus caniculu) Blev6e en 
eau de mer artificielle. Reprod. Nutr. Deo. 20 (6), 1835-1848. 

Franchi, L. L., Mandl, A. M., and Zuckerman, S. (1962). In “The Ovary” ( S .  Zuckerman, ed.), 
Vol. 1, pp. 1-88. Academic Press, New York. 

Fratini, L. (1953). Osservazioni sulla spermatogenesi di Scylliorhinus canicula. Pubbl. Stn. 
Zool. Napoli 24, 201-216. 

Fujii, T. (1960). Comparative biochemical studies on the egg-yolk proteins of various animal 
species. Acta Embryol. Morphol. E x p .  3, 260-285. 

Gilbert, P. W.,  and Heath, G. W. (1972). The clasper-siphon sac mechanism in Squalus 
acanthias and Mustelus canis. Comp. Biochem. Physiol. 42A, 97-119. 

Gilbert, P. W., and Schlernitzauer, D. A. (1966). The placenta and gravid uterus of Car- 
charhinus falcifonnis Copeia No. 3, pp, 451-457. 

Gorbman, A. (1969). In “Fish Physiology” (W. S. Hoar and D. J. Randall, eds.), Vol. 2, pp. 
241-274. Academic Press, New York. 

Gottfried, H. (1964). The occurrence and biological significance of steroids in lower vertebrates. 
A review. Steroids 3, 219-242. 

Gudger, E. W. (1940). The breeding habits, reproductive organs, and external embryonic 
development of Chlamydoselachus based on notes and drawings left by Bashford Dean. In 
“Bashford Dean Memorial Volume: Archaic Fishes,” pp. 521-646. Am. Mus. Nat. His t . ,  
New York. 

Guraya, S. S. (1972). Histochemical observations on the interstitial gland cells of dogfish ovary. 
Gen. Comp. Endocrinol. 18, 409-412. 



90 J. M. DODD 

Hardisty, M. W. (1978). Primordial germ cells and the vertebrate germ line. In “The Verte- 

Harris, J. E. (1952). A notebn the breeding season, sex ratio and embryonic development of the 

Hisaw, F. L., and Albert, A. (1947). Observations on the reproduction of the spiny dogfish 

Hisaw, F. L., Jr., and Hisaw, F. L. (1959). The corporalutea of elasmobranch fishes. Anat. Rec. 

Hitz, C. R. (1964). Observations on egg cases of the big skate (Raja binoculata Girard) found in 
Oregon coastal waters. J .  Fish. Res. Board Can. 21, 851-854. 

Hoar, W. S. (1969). Reproduction. In “Fish Physiology” (W. S. Hoar and D. J. Randall, eds.), 
Vol. 3, pp. 1-72. Academic Press, New York. 

Holden, M. J., Rout, D. W., and Humphreys, C. N. (1971). The rate of egg laying by three 
species of ray. J .  Cons., Cons. Znt. Explor. Mer. 33, 335-339. 

Holmes, R. L., and Ball, R. N. (1974). “The Pituitary Gland.” Cambridge Univ. Press, London 
and New York. 

Jenkins, N., and Dodd, J. M.  (1980). Effects of synthetic mammalian gonadotrophin releasing 
hormone and dogfish hypothalamic extracts on levels of androgens and oestradiol in the 
circulation of the dogfish (Scyliorhinus canicula L.). J .  Endocrinol. 86, 171-177. 

Jenkins, N., Joss, J. P., and Dodd, J. M. (1980). Biochemical and autoradiographic studies on 
the oestradiol-concentrating cells in the diencephalon and pituitary gland of the female 
dogfish (Scyliorhinus canicula L.). Gen. Comp. Endocrinol. 40, 211-219. 

Jollie, W. P., and Jollie, L. G. (1967). Electron microscopic observations on accommodations to 
pregnancy in the uterus of the spiny dogfish Squalus acanthias. J. Ultrastruct. Res. 20, 

Ketchen, K. S. (1972). Size at maturity, fecundity and embryonic growth of the spiny dogfish 
(Squalus acanthias) in British Columbia waters. J. Fish. Res. Board Can. 29, 1717-1723. 

Kime, D. E. (1978). Steroid biosynthesis by the testis of the dogfish Scyliorhinus caniculus. 
Gen. Comp. Endocrinol. 34, 6-17. 

King, J. A., and Millar, R. P. (1979). Heterogeneity of vertebrate luteinising hormone-releasing 
hormone. Science 206, 67-69. 

King, J. A., and Millar, R. P. (1980). Comparative aspects of luteinising hormone-releasing 
hormone structure and function in vertebrate phylogeny. Endocrinology 106, 707-717. 

Knowles, F., Vollrath, L., and Meurling, P. (1975). Cytology and neuroendocrine relations of 
the pituitary of the dogfish, Scyliorhinus canicula. Proc. R. SOC. London, Ser. B 191, 

Kolmer, W., and Scheminzky, F. (1922). Finden sich Zwischenzellen nur hei den hoheren 

Kudo, S .  (1956). On Squahs breuirostris in Hyuga-Nada. Rep. Nankai Reg. Fish. Res. Lab. 3, 

La Marca, M. J. (1964). The functional anatomy of the clasper and clasper gland of the yellow 
stingray, Urolophus jamuicensis (Cuvier). J. Morphol. 114, 303-324. 

Lance, V., and Callard, I. P. (1969). A histochemical study of ovarian function in the ovovi- 
viparous elasmobranch, Squalus acanthias. Gen. Comp. Endocrinol. 13, 255-267. 

Lance, V., and Callard, I. P. (1978a). Hormonal control of ovarian steroidogenesis in nonmam- 
malian vertebrates. In “The Vertebrate Ovary” (R. E. Jones, ed.), pp. 361-407. Plenum, 
New York. 

Lance, V., and Callard, I. P. (1978b). Gonadotrophic activity in pituitary extracts from an 
elasmobranch (Squalus acanthias L. j. J. Endocrinol. 78, 149-150. 

brate Ovary” (R. E. Jones, ed.), pp. 1-45. Plenum, New York. 

dogthh Scyliorhinus canicula (L.). J. Mar. Biol. Assoc. U .K .  31, 269-275. 

(Squalus acanthias). Biol. Bull. {Woods Hole, Mass.) 92, 187-199. 

135, 269-278. 

161-178. 

507-525. 

Wirbeltieren? Pflueger’s Arch. Gesamte Physiol. Menschen Tiere 194, 352-361. 

66-72. 



2. REPRODUCTION IN CARTILAGINOUS FISHES (CHONDRICHTHYES) 91 

Leigh-Sharpe, W. H. (1920). The comparative morphology of the secondary sexual characters of 

Leigh-Sharpe, W. H. (1921). The comparative morphology of the secondary sexual characters of 

Leigh-Sharpe, W. H. (1922). The comparative morphology of the secondary sexual characters of 

Leloup, J. (1949). Iod6mie et &at sexuel chez Torpedo marmorata Riss. C .  R .  Seances SOC.  

Leloup, J. (1951). Fixation du radioiode dans la thyroide de deux selaciens Scyllium canicula L. 

Lewis, M. (1975). Thyroid-pituitary relationships and thyroid function in the dogfish, 

Lewis, M., and Dodd, J. M. (1974). Thyroid function and the ovary in the spotted dogfish 

Libby, E. L. (1959). Miracle of the mermaid’s purse. Nat. Geogr. Mag. 116, 412-420. 
Libby, E. L., and Gilbert, P. W. (1960). Reproduction in the clearnosed skate, Raja eglantaria. 

Lo Bianco, S .  (1909). Notizie biologiche riguardanti specialmente il period0 di maturita sessuale 

Lohberger, J. (1910). Ueber zwei riesige embryonen von Lumna. Abh. Buyer. Akad. Wiss. 4, 

Lund, R. (1980). Viviparity and intrauterine feeding in a new holocephalan fish from the lower 
carboniferous of Montana. Science 209, 697-699. 

Lupo di Prisco, C., Botte, V., and Chieffi, G. (1965). Differenze nella capaciti di biosintesi 
degli ormoni steroidi tra follicoli post-ovulatori ed atresici in Torpedo marmorata e 
Scyliorhinus stellaris. Boll. Zool. 32, 185-190. 

Lupo di Prisco, C., Botte, V., and Chiefi, G .  (1966). Steroid biosynthesis in the ovary of 
elasmobranch fishes. Int. Congr. Ser.-Excerpta Med. 111, 368. 

Mahadevan, G. (1940). Preliminary observations on the structure of the uterus and the placenta 
of a few Indian elasmobranchs. Proc. Zndian Acad. Sci. Sect. B 11, 2-38. 

Mann, T., and Prosser, C. L. (1963). Uterine response to 5-hydroxytryptamine in the clasper- 
siphon secretion of the spiny dogfish Squalus acanthias. Biol. Bull. (Woods Hole, Mass.) 

Matthews, L. H .  (1950). Reproduction in the basking shark, Cetorhinus marimus (Gunner). 

Matty, A. J. (1960). Thyroid cycles in fish. Syrnp. Zool. SOC. London 2,  1-15. 
Mellinger, J. C. A. (1960). Contribution B I’ktude de la vascularisation et du developpement de 

la r6gion hypophysaire dun  Sklacien, Scylliorhinus caniculus L. Bull. Soc. Zool. Fr. 85, 
123-139. 

Mellinger, J. (1961). La circulation sanguine dans le complexe hypophysaire de la rousette. 
Bull. S O C .  Zool. Fr. 85, 395-399. 

Mellinger, J.  (1963). Etude histophysiologique du s y s t h e  hypothalamo-hypophysaire de 
Scylliorhinus canicvlzrs (L) en 6tat de melanodispersion permanente. Gen. Comp. Endo- 
crinol. 3, 26-45. 

Mellinger, J. (1964). Les relations neuro-vasculo-glandulaires dans I’appareil hypophysaire de la 
Roussette, Scyliorhinus caniculus (L.) (Poissons Elasmobranchs). Arch. Anat. Histol. Em- 

Mellinger, J. (1965). Stades de la spermatog6nkse chez Scyliorhinus caniculus (L.): Descrip- 
tion, donnkes histochimiques, variations normales et expkrimentales. Z .  Zellforsch. 
Mikrosk. Anat. 67, 653-673. 

elasmobranch fishes. J .  Morphol. 34, 245-265. 

elasmobranch fishes. J .  Morphol. 35, 359-380. 

Holocephali and elasmobranch fishes. J .  Morphol. 36, 191-243. 

Biol. Ses Fil .  143, 214-216. 

et S c y h m  stellare Flem. C .  R .  Hebd. Seances Acad. S c i .  233, 635-637. 

Scyliorhinus canicula L. Ph. D. Dissertation, University of Wales. 

Scyliorhinus canicula. J .  Endocrinol. 63, 63. 

Anat. Rec. 138, 365. 

degli animali del golf0 di Napoli. Pubbl. Stn. Zool. Napoli 19, 513-761. 

1-45. 

125, 384-385. 

Philos. Trans. R. SOC. London, Ser. B 234, 247-316. 

bryol. 47, 1-201. 



92 J .  M. DODD 

Mellinger, J. (1-a). Variations de la structure hypophysaire chez les Chondrichthyens: Etude 
de l’ange de mer (Squatina) et de la pastenague (Trygon). Ann. Endocrinol. 27,439-450. 

Mellinger, J.  (196613). Etude biometrique et histophysiologique des relations entre les gonades, 
le foie et la thyroide chez Scyliorhinus caniculus (L.). Contribution A l’etude des caracthres 
sexuels secondaires des chondrichthyens. Cah. e Biol. Mar. 7 ,  107-137. 

Mellinger, J. (1971). Croissance et  r6production de la torpille (Torpedo m m r a t a ) .  I. Intro- 
duction. Ecologie. Croissance g6n6rale et dimorphisme sexuel. Cycle. Fkconditk. Bull. 
Biol. Fr. Belg. 105, 165-218. 

Mellinger, J. (1974). Croissance et  reproduction de la torpille (Torpedo m m r a t a ) .  111. L’ap- 
pareil genital femelle. Bull. Biol. Fr. Belg. 108, 107-150. 

Mellinger, J. and Dubois, M. P. (1973). Confirmation, par I’immunofluorescence, de la fonction 
corticotrope du lobe rostral et  de la fonction gonadotrope du lobe ventral de I’hypophyse 
d’un Poisson cartilagineux, la torpille marbr6e (Torpedo m m r a t a )  . C . R . Hebd. Seances 
Acad. Sd. 276, 1879-1881. 

Metten, H. (1939). Studies on the reproduction of the dogfish. Philos. Trans. R. SOC. London, 
Ser. B 230, 217-238. 

Meurling, P. (1960). Presence of a portal system in elasmobranchs. Nature (London) 187, 

Meurling, P. (1967). The vascularisation of the pituitary in elasmobranchs. Sarsia 28, 1-104. 
Munro, A., and Dodd, J. M. (1983). Forebrain of fishes: neuroendocrine control mechanisms. 

In “Progress in Nonmammalian Brain Research (G. Nistico and L. Bolis, eds.), C.R.C. 
Press, Boca Raton, Florida (in press), pp. 1-78. 

Needham, J. (1942). “Biochemistry and Morphogenesis.” Cambridge Univ. Press, London and 
New York. 

Nelson, J. S.  (1976). “Fishes of the World.” Wiley, New York. 
Norris, H. W. (1941). “The Plagiostome Hypophysis, General Morphology and Types of Struc- 

ture.” Grinnell, Iowa. 
Olivereau, M. (1949a). L’activit6 thyroidienne chez Torpedo m m r a t a  au cours du cycle 

sexuel. C. R. Seances SOC.  Biol. Ses Fil. 143, 212-214. 
Olivereau, M. (1949b). L’activit6 thyroidienne de Scylium canicula au cours du cycle sexuel. C. 

R. Seances So? Btol. Ses Fil. 143, 247-250. 
Olivereau, M. (1954). Hypophyse et  glande thyroide chez les poissons. Etude histophysiologi- 

que de quelques corr6lations endocriniennes, en particulier chez Salmo salar L. Ann. Inst. 
Oceanogr. (Monaco) 29, 95-296. 

Perks, A. M. (1959). The physiology and pharmacology of the elasmobranch neurohypophysis. 
Ph.D. Thesis, University of St. Andrews. 

Picon, R. (1962). Recherches sur la diE6rentiation sexuelle de l’embryon de Leptocharias 
smithii. Arch. Anat. Microsc. Morphol. E x p .  51, 541-576. 

Raikow, R. J . ,  and Swierczewski, E. V. (1975). Functional anatomy and sexual dimorphism of 
the cephalic clasper in the pacific raffish (Chimera collei). J .  Morphol. 145, 435-440. 

Ranzi, S. (1932). Le basi fisio-morfologiche dello sviluppo embrionale dei Selaci. Parte I. Pubbl. 
Stn. 2001. Napoli 12, 259-290. 

Ranzi, S. (1934). Le basi fisio-morfologiche dello sviluppo embrionale dei Selaci. Parti I1 & 111. 
Pubbl. Stn. Zool. Napoli 13, 331-437. 

Ranzi, S. (1936). Ipofisi e gestazione nei selaci. Atti. Accad. Nuz. Lincei, Cf. Sci. Fis., Mat. 
Nat., Rend. [6] 23, 365-368. 

Richards, S .  W., Merriman, D., and Calhoun, L. H. (1963). Studies on the marine resources of 
southern New England. IX. The biology of the little skate, Raja erinacea Mitchill. Bull. 
Bingham Oceanogr. Collect. 18 (3), 1-67. 

336-337. 



2. REPRODUCTION IN CARTILAGINOUS FISHES (CHONDRICHTHYES) 93 

Sage, M. (1973). The evolution of thyroidal function in fishes. Amer. Zool. 13, 899-905. 
Sage, M., and Jackson, R. (1973). Seasonal and maturational changes in activity of the thyroid 

Saidapur, S. K. (1978). Follicular atresia in the ovaries of nonmammalian vertebrates. Znt. Reo. 

Samuel, M. (1943). Studies on the corpus luteum in Rhinobatus granulatus Cuv. Proc. Indian 

Sathyanesan, A. G .  (1966). Egg-laying of the chimaeroid fish Hydrolagus colliei. Copeia pp. 

Schlernitzauer, D. A., and Gilbert, P. W. (1966). Placentation and associated aspects of gesta- 
tion in the bonnethead shark Sphyrna tiburo. J. Morphol. 120, 219-231. 

Shann, E. W. (1923). The embryonic development of the porbeagle shark, k m n a  cornubica. 
Proc. Zool. SOC. London 11, 161-171. 

Simpson, T. H., and Wardle, C. S .  (1967). A seasonal cycle in the testis of the spurdog, Squalus 
acanthias, and the sites of 3P-hydroxysteroid dehydrogenase activity. J. Mar. Biol. Assoc. 

Simpson, T. H., Wright, R. S., and Hunt, S. V. (1963). Sex hormones in fish. 11. The oestrogens 

Simpson, T. H., Wright, R. S., and Hunt, S. V. (1964). Steroid biosynthesis in the testis of 

Springer, S. (1948). Oviphagous embryos of the sand shark, Carcharius taurus. Copeia pp. 

Springer, S .  (1960). Natural history of the sandbar shark, Eulamia milberti. Fish. Bull. 61, 

Stanley, H. P. (1963). Urogenital morphology in the chimaeroid fish Hydrolagus colliei (Lay & 
Bennett). /. Morphol. 112, 99-124. 

Stanley, H. P. (1966). The structure and development of the seminiferous follicle in 
Scyliorhinus caniculus and Torpedo marmorata (Elasmobranchii). Z .  Zellforsch. Mikrosk. 
Anat. 75, 453-468. 

Stanley, H. P. (1971a). Fine structure of spermiogenesis in the elasmobranch fish Squalus 
suckleyi. 1. Acrosome formation, nuclear elongation and differentiation of the midpiece 
axis. J. Ultrastruct. Res. 36, 86-102. 

Stanley, H. P. (1971b). Fine structure of spermiogenesis in the elasmobranch fish Squalus 
suckleyi. 11. Late stages of differentiation and structure of the mature spermatozoon. J. 
Ultrastruct. Res. 36, 103-118. 

Stephan, M. P. (1902). L’evolution de la cellule de Sertoli des selaciens aprbs la sper- 
matogenhe. C .  R.  Seances SOC. Biol. Ses Fi l .  54, 775-776. 

Sumpter, J. P., and Dodd, J. M. (1979). The annual reproductive cycle of the female lesser 
spotted dogfish, Scyliorhinus canicula L. and its endocrine control. J. Fish Biol. 15, 

Sumpter, J .  P., Follett, B. K., and Dodd, J. M. (1978a). Studies on the purification of 
gonadotrophin from dogfish (Scyliorhinus canicula L.) pituitary glands. Ann. Biol. Anim., 
Biochim., Biophys. 18 (4), 787-791. 

Sumpter, J .  P., Follett, B. K., Jenkins, N., and Dodd, J. M. (1978b). Studiesonthepurification 
and properties of gonadotrophin from ventral lobes of the pituitary gland of the dogfish 
(Scyliorhinus canicula L.) Gen. Comp. Endocrinol. 36, 264-274. 

Sumpter, J.  P., Jenkins, N., and Dodd, J. M. (1978~). Gonadotrophic hormone in the pituitary 
gland of the dogfish (Scyliorhinus canicula L.): Distribution and physiological significance. 
Gen. Comp. Endocrinol. 36,275-285. 

gland of the elasmobranch Dasyatis sabina. Am. Zool. 13, No. 4, Abstr. 133. 

Cytol. 54, 225-244. 

Acad. Sci. Sect. B 18, 133-157. 

132-134. 

U.K.  47, 699-708. 

of Scylwrhinus caniculus. J. Endocrinol. 26, 499-507. 

dogfish (Squalus acanthias). J .  Endocrinol. 31, 29-38. 

153-157. 

1-38. 

687-695. 



94 J. M. DODD 

Sumpter, J. P., Jenkins, N., and Dodd, J. M. (1978d). Hormonal control of steroidogenesis in 
an elasmobranch fish (Scyliorhinus canicula L.): Studies using a specific anti- 
gonadotrophic antibody. J. Endocrinol. 79, 28P-29P. 

Templeman, W. (1944). The life history of the spiny dogfish (Squalus acanthias) and the vitamin 
A values of dogfish liver oil. Dep. Natl. Res. Newfoundland Res. Bull. 15, 1-102. 

Teshirna, K. (1981). Studies on the reproduction of Japanese smooth dogfishes, Mustelus m n -  
azo and M .  griseus. ]. Shimonaseki Uniu. Fish. 29, 113-199. 

Teshima, K . ,  and Mime, K. (1972). Studies on sharks. I. Reproduction in the female sumitsuki 
shark Carcharhinus dussumieri. Mar. Biol. 14, 222-231. 

Teshima, K., Yoshimura, H., and Mime, K. (1971). Studies on sharks. 11. On the reproduction 
of Japanese dogfish Mustelus m n a z o  Bleeker. Bull. Fac. Fish., Nagasaki Uniu. 32,41-50. 

Te Winkel, L. E. (1943). Observations on later phases of embryonic nutrition in Squalus 
acanthias. J. Morphol. 73, 177-205. 

Te Winkel, L. E. (1950). Notes on Ovulation, Ova, and early development in the smooth 
dogfish Mustelus canis. B i d .  Bull. (Woods Hole, Mass.) 99, 474-486. 

Te Winkel, L. E. (1963). Notes on the smooth dogfish Mustelus canis, during the first three 
months of gestation. 11. Structural modifications of yolk-sacs and yolk-stalks correlated with 
increasing absorptive function. J. E x p .  Zool. 152, 123-137. 

Te Winkel, L. E. (1969). Specialised basophilic cells in the ventral lobe of the pituitary of the 
smooth dogfish Mustelus canis. 1. Morphol. 127, 439-452. 

Te Winkel, L. E. (1972). Histological and histochemical studies of post-ovulatory and pre- 
ovulatory atretic follicles in Mustelus canis. J. MoPphol. 136, 433-458. 

Thikbold, J ,  J. (1964). Contribution a l’6tude de l’organog6nkse uro-g6nitale et de son d6termin- 
isme chez un Poisson blasmobranche: La petite roussette Scyliorhinus caniculus L. Bull. 
Biol. Fr. Belg. 98, 253-347. 

Tortonese, E. (1950). Studi sui Plagiostomi. 111. La viviparity: Un fondamentale carattere 
biologic0 degli squali. Arch. Zool. Ital. 35, 101-155. 

Urist, M. R.,  and Schjeide, D. A. (1961). The partition of calcium and protein in the blood of 
oviparous vertebrates during estrus. J .  Gen. Physiol. 44, 743-756. 

Vivien, J.  H. (1941). Contribution a l’6tude de la physiologie hypophysaire dans ses relations 
avec l’appareil g6nital, la thyroide et les corps suprarenaux chez les poissons s6laciens et 
t61bost6ens. Bull. Biol. Fr. Belg. 75, 257-309. 

Vu Tan Tue (1972). Variations cycliques des gonades et du quelques glandes endocrines chez 
Chimera monstrosa Linn6 (Pisces Holocephali). Ann. Sci. Nut., Zool. Biol. Anim. [I21 14, 
49-94. 

Wallace, R. A. (1978). Oocyte growth in nonmammalian vertebrates. In “The Ovary” (R. E. 
Jones, ed.), pp. 469-502. Plenum, New York. 

Wallace, W. (1904). Observations on ovarian ova and follicles in certain teleost and elas- 
mobranch fishes. Q. J .  Microsc. Sci. [ N . S . ]  47, 161-213. 

Wingstrand, K. G .  (1966). Comparative anatomy and evolution of the hypophysis. In “The 
Pituitary Gland’ (G. W. Harris and B. T. Donovan, eds.), Vol. 1, pp. 58-126. Univ. of 
California Press, Berkeley. 

Woodhead, A. D. (1966). Thyroid activity in the ovoviviparous elasmobranch Squalus 
acanthias. J. Zool. 148, 238-275. 

Woodhead, P. M. J.  (1969). Effects of oestradiol and thyroxine upon the plasma calcium content 
of a shark, Scyliorhinus canicula. Gen. Comp. Endocrinol. 13, 310-312. 

Woods, F. A. (1902). Origin and migration of the germ cells in Acanthius. Am. J. Anat. 1, 
307-320. 

Wotiz, H. H . ,  Boticelli, C., Hisaw, F. L., and Ringler, L. (1958). Identification ofestradiol-17P 
from dogfish ova (Squalus suckleyi). /. Biol. Chem. 231, 589-592. 



2. REPRODUCTION IN CARTILAGINOUS FISHES (CHONDRICHTHYES) 95 

Wotiz, H. H.,  Boticelli, C. R., Hisaw, F. L., Jr . ,  and Olsen, A. G. (1960). Estradiol 17p, 
estrone and progesterone in the ovaries of dogfish (Squalus suckleyi). Proc. Natl. Acad. 

Wourms, J. P. (1977). Reproduction and development in chondrichthyan fishes. Am. 2001. 17, 

Wourms, J. P., and Sheldon, H. (1971). Orthogonal ordering and collagen-like periodicity in 

Wourms, J. P.,  and Sheldon, H. (1972). Elasmobranch egg case formation: Epithelial cell origin 

Zangerl, R., and Case, G. R. (1973). Iniopterygia, a new order of chondrichthyan fishes from 

Zezza, P. (1937). Tiroide, maturiti sessuale e gestazione in Torpedo ocellata. Boll. SOC. Ztal. 

Sci. U.S.A.  46, 580-585. 

379-410. 

elasmobranch egg cases. J .  Cell B i d .  51, Suppl., 332. 

of collagen. I. Cell B i d .  55, 290. 

the Pennsylvanian of North America. Fieldiana. Geol. Mem. 6,  1-67. 

B i d .  Sper. 12, 74-86. 



This Page Intentionally Left Blank



THE BRAIN AND NEUROHORMONES IN TELEOST 
REPRODUCTION 
AICHARD E .  PETER 
Department of Zoology 
University of Alberta 
Edmonton, Alberta, Canada 

I. Introduction.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  97 
11. Gonadotropin Releasing Hormone. . . . . . .  . . . . . . . . . . . . . . . . .  98 

A. Evidence for Presence and Identity.. . . . . . . . . . . . . . . . . . . . . . . . . . .  98 
B. Brain Localization.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  102 
C. Actions . . . . . .  . . . . . . . . . . .  107 

111. Gonadotropin Rele . . . . . . . . . . .  113 
A. Evidence for Presence . . .  113 

. . . . . . . . . . .  115 
116 

A. 116 
B. Other Factors: Temperature and Feeding. ...................... 119 

A. Steroid Feedback. . . . . . .  
B. Other Factors. . . . . . . . . .  

VI. Functional Neuroendocrinology . . . .  . . . . . . . . . . . . . . . .  124 
A. Regulation of Onset of Pu 
B. Regulation of Gonadal Recrudescence.. ........................ 124 

. . . . . . . . . . . . . .  1216 

IV. Input of Environmental Factors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Photoperiod: The Role of the Pineal and Eyes. . . . . . . . . . . . . . . . . . .  

V. Input of Physiological Factors. . . .  

C. Regulation of Ovulation . . .  . . . . . . . . . . . . . .  125 

VII. Conclusion. ......................... . . . . . . . . . . . . . . . .  

I. INTRODUCTION 

Previous volumes of this series that dealt with endocrinology (Volume 11) 
or reproduction (Volume 111) did not contain chapters on neuroendocrine 
regulation of reproduction in teleosts. The birth of research in this field, 
based on appearance of published results, followed the appearance of these 
classic volumes in 1969, and can in part be attributed to the interest gener- 
ated in this field by the Fish Physiology series. There has been an increasing 
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number of reviews in this field (Peter, 1973, 1982; Holmes and Ball, 1974; 
Crim et al., 1978; Peter and Fryer, 1983; Peter and Crim, 1979; Ball, 1981). 

In this chapter, discussion is designed to develop an understanding of the 
input of information to the neurohormonal system, and how the brain might 
integrate neurohormone output to regulate reproductive activity. This re- 
quires analysis of both the elements of the system and the manner by which 
the neuroendocrine system functions as a unit to regulate the various stages 
of the reproductive cycle. However, the major problem of such a functional 
approach is that it leaves the matter unsettled because of the limited amount 
of information available, and because of the large number of questions that 
remain. 

II. GONADOTROPIN RELEASING HORMONE 

A. Evidence for Presence and Identity 

Several studies have provided evidence for the presence of gonadotropin 
releasing hormone (GnRH) activity in the hypothalamus of teleosts. Breton 
et al. (1971) were the first to demonstrate GnRH activity in hypothalamic 
extracts (HE); addition of common carp (Cyprinus carpio) HE to carp pitui- 
tary cultures caused an increase in gonadotropin* (GtH) levels in the culture 
medium, as measured by radioimmunoassay (RIA). In other studies, carp 
HE was shown to be effective in increasing plasma GtH levels in carp 
(Breton and Weil, 1973; Weil et al., 1975). Hypothalamic extracts from 
rainbow trout, Salmo gairdneri, were effective in increasing GtH release 
from carp pituitaries in vitro (Breton et al. ,  1972). 

Hypothalamic extracts and extracts of other brain regions contain mate- 
rials immunoreactive in RIA’S for GtH (e.g., see Crim et d., 1976). There- 
fore, when one tests for GnRH activity in a certain HE, it is important that 
one determine whether the alterations in plasma GtH levels of the experi- 
mental animal, or in the medium of a pituitary culture, are caused by the 
release of GtH or caused by the GtH immunoactivity of the extract. This was 
not taken into consideration in the early studies of GnRH activity in HE, and 
may have influenced the results to some extent, although the essence of the 
findings still stand. 

One should ask what the brain distribution of GnRH activity is in tele- 
osts. Breton et al. (1972) stated that extracts of the “cortex” (telencephalon?) 

*The gonadotropin measured by radioimmunoassay (RIA) in teleosts is equivalent to the 
“maturational” gonadotropin with high carbohydrate content (see Peter, 1981, for discussion of 
RIA measurement of gonadotropin in teleosts). 
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of carp are not active in stimulating GtH release from carp pituitaries in 
uitro; however, data were presented for only the acitivty of HE. Brain 
intraventricular injection of goldfish HE into goldfish was more effective 
than injection of extracts of cerebellum and medulla in increasing serum 
GtH levels (Crim et al., 1976). Using the rainbow trout pituitary in vitro as 
the test tissue and luteinizing hormone releasing hormone (LHRH) as a 
reference, Crim and Evans (1980) found that extracts of both the hypoth- 
alamus and telencephalon, but not the cerebellum and pituitary, of winter 
flounder, Pseudopleuronectes americanus, contained GnRH activity. Crim 
and Evans (1980) also demonstrated GnRH activity in HE of American plaice 
(Hippoglossoides platessoides), precocious male parr Atlantic salmon (Salmo 
salar), and rainbow trout. King and Millar (1980) found that extract of extra- 
hypothalamic brain of tilapia, Sarotherodon mossambicus, contained less 
LHRH-like immunoreactive material than HE. Therefore, several studies 
indicate that the hypothalamic region in teleosts contains GnRH biological 
activity and LHRH-like immunoactivity. The results of Crim and Evans 
(1980) on winter flounder indicate equivalent biological activity per brain 
segment in the hypothalamus and telencephalon. However, because none of 
the above-mentioned studies expresses results in terms of GnRH activity per 
unit weight of tissue extracted, it is not known whether the hypothalamus 
contains the highest activity per unit weight, although the results of several 
studies suggest this. In addition, none of the researchers cited did a com- 
plete survey of the brain to determine the relative distribution of GnRH 
activity. 

There is relatively little information available on possible environmental 
effects or effects on gonadal condition on brain GnRH activity. To approach 
this problem, de Vlaming and Vodicnik (1975) used an in vitro ovulation 
bioassay with goldfish oocytes to test effects of HE from shiners, Note- 
migonus crysoleucas, on GtH release from goldfish pituitaries in vitro. They 
found greater GnRH activity in HE of shiners exposed to environmental 
conditions that normally stimulate gonadal activity (long photoperiod and 
warm tempratures) versus conditions that are inhibitory (short photoperiod 
and warm tempratures). Furthermore, there was less GnRH activity in HE 
from pinealectomized shiners undergoing gonadal regression (exposed to 
long photoperiod conditions) versus those in which pinealectomy caused 
acceleration of gonadal recrudescence (short photoperiod conditions; de 
Vlaming and Vodicnik, 1977). These results suggest that changes in hypo- 
thalamic GnRH content may portend changes in gonadal activity. However, 
it is difficult to evaluate results based on a double bioassay system that did 
not include any standard reference preparation. Greater GnRH immu- 
nological cross-reactivity was found in crude HE from common carp in Feb- 
ruary compared to October, which correlates with changes in pituitary GtH 
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content and the fact that the carp normally spawn in the spring (Peptide 
Hormone Group and Isotope Laboratory, 1977). However, these results are 
also difficult to evaluate because the antiserum used in this study was not 
characterized for parallelism between LHRH and carp HE, and cross-reac- 
tivity with other peptides. Idler and Crim (1982), using an antiserum which 
was well characterized and which had parallelism between winter flounder 
HE and LHRH, found there was an increase in LHRH-like immunoactivity 
in winter flounder HE as the fish progressed from the onset of gonadal 
growth, through recrudescence, to the postspawning period. Clearly there 
are changes in hypothalamic GnRH activity, on at least a seasonal basis, as 
gonadal condition changes. 

Chromatography of carp HE on Sephadex G-25 suggested that GnRH 
activity, as measured by GtH release from carp pituitaries in uitro, is associ- 
ated with a fraction having a molecular weight (MW) of less than 5,000 
(Breton et al., 1975b). Such a finding is appropriate considering that LHRH 
has a molecular weight of 1183 (Fig. 1). Studies of the immunological activity 
(Fig. 2) and behavior of immunoreactive LHRH fractions on cation-exchange 
columns (Fig. 3), and in affinity and high-pressure-liquid chromatography 
(HPLC) systems, indicate that teleost (S. mossarnbicus), elasmobranch, rep- 
tile, and bird GnRH are similar, if not identical, and that amphibian and 
mammal GnRH are similar (King and Millar, 1979, 1980). Interestingly, 
comparison of teleost and bird GnRH with mammalian and frog GnRH 
(GnRH as measured by RIA) for ability to cause luteinizing hormone (LH) 
release from sheep pituitary cells in uitro suggests that all these sources have 
about equivalent biological activity on a weight-specific basis. Although King 
and Millar (1979, 1980) could not provide the structural identity of tilapia 
GnRH from their studies, the various antisera they used indicated that the 
biologically active region of the molecule was probably similar in all 
vertebrates. 

Chromatography studies by Jackson et al. (1980) and Barnett et al. (1982) 
on cod (Gadus morhua), and Idler and Crim (1982) on winter flounder 
GnRH confirm that it is similar, but not identical, to LHRH. Interestingly, 
the results of Jackson et al. (1980) and Barnett et al. (1982) on cod HE 
suggests that there are two molecules with GnRH activity that are similar in 
size to LH-RH, and a third with a larger MW that, they suggest, may be the 

pyrGlu-His-Trp-Ser-Tyr- Gly -Leu-Arg-Pro-GlyNHz 
1 2 3 4 5 6 7 8 9  LO 

-D-Ala- -Pro-ethylamide 
6 9 

Fig. 1. The amino acid structure of luteinizing hormone releasing hormone and the struc- 
ture of the superactive analogue des-Gly10 [ D - A ~ ~ ~ I L H R H  ethylamide. 
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Fig. 2. Comparative displacement of [ lsI]LHRH from antiserum 1076 by synthetic LHRH 
and hypothalamic extracts (X, synthetic LHRH; 0, rat; 0, chicken; A, tortoise; A, frog; H, 
teleost). The displacement curves for synthetic LHRH and hypothalamic extract from rat and 
frog are parallel. The displacement curves for hypothalamic extract from chicken, tortoise, and 
teleost are parallel to each other, but are not parallel to synthetic LHRH. (From King and 
Millar, 1980. Reproduced from Endocrinology by permission.) 

precursor of the authentic GnRH extended at the N-terminus. Idler and 
Crim (1982) also have evidence for a GnRH fraction from winter flounder 
that has a higher MW than LHRH, as well as one that is similar in size. On 
the basis of cross-reactivity of tilapia (King and Millar, 1980) and cod Uackson 
et al. 1980; Barnett et d., 1982) GnRH with different antisera to LHRH or 
fragments of LHRH, it is suggested that teleost GnRH may differ from 
LHRH by substitution at the seventh or eighth position of the peptide chain 
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Fig. 3. Elution profiles ofsynthetic LHRH and hypothalamic irnmunoreactive LHRH from a 
variety of vertebrates on cellulose CM 32 cation exchange chromatography. Note the similar 
elution profiles of the immunoreactive LHRH from hypothalamic extracts from pigeon, chick- 
en, tortoise, lizard, and teleost, and the similar elution profiles of synthetic LHRH and hypo- 
thalamic extracts from rat, frog, and toad. (From King and Millar, 1980. Reproduced from 
Endocrinology 106, 707-717, by permission.). 

(see Fig. 1). Therefore, although the structure of teleost GnRH is close to 
being identified, all that is certain is that it is similar to LHRH and that there 
is overlap in the biological activity of the molecules. 

B. Brain Localization 

1. IMMUNOCYTOLOCICAL EVIDENCE 

Immunocytochemical techniques have been used to localize material(s) 
reactive with antisera to LHRH in the brain and pituitary of several teleosts. 
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Immunoreactive material has been found in the neurohypophysial tissue in 
the proximal pars distalis (in the region of the GtH cells) of rainbow trout 
(Dubois et al., 1979), platyfish (Xiphophorus mculatus) (Schreibman et al., 
1979; Miinz et al., 1981), Japanese eel (Anguillajaponica), and puffer (Fugu 
niphobles) (Nozaki and Kobayashi, 1979). However, there is lack of agree- 
ment on the location of immunoreactive perikarya (Fig. 4) and fibers, which 
may in part relate to differences in the reactivity of teleost GnRH, or other 
peptides, with the antisera used in the various studies. Goos and Muratha- 
noglu (1977) and H. J. T. Goos (personal communication) reported scattered 
small immunoreactive perikarya in the area dorsalis pars medialis of the 
telencephalon of rainbow trout and in fibers scattered in the anterior hypo- 

W 

Fig. 4. The distribution of perikarya immunoreactive for LHRH in the brain of platyfish 
(Schreibman et al . ,  1979; Miinz et al., (1981) and rainbow trout (Goos and Murthanoglu, 1977) 
plotted on a parasagittal outline drawing of the goldfish brain. AC, anterior commissure; MT, 
midbrain tegmentum; NAT, nucleus anterioris tuberis; NAPv, nucleus anterioris peri- 
ventricularis; NH, nucleus habenularis; NLT, nucleus lateral tuberis; NPO, nucleus preopticus; 
NPP, nucleus preopticus periventricularis; NPT, nucleus posterioris tuberis; OB, olfactory 
bulb; OLT, olfactory tract; ON, optic nerve; OTec, optic tectum; pit, pituitary gland, T, 
telencephalon. 
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thalamus that formed a pathway oriented toward the pituitary stalk. However, 
Dubois et al. (1979) and Nozaki and Kobayashi (1979) could not detect 
reactive perikarya or fibers in the brain of rainbow trout. In carp, Pan et al. 
(1979) found immunoreactive fibers lateral and ventral to the preoptic re- 
cess, and in the lateral forebrain bundle, optic chiasma, and anterolateral 
hypothalamic region; perikarya originally reported by these investigators to 
be in the nucleus preopticus (NPO) were instead likely located in the men- 
inges lateral to the preoptic region and ventral to the telencephalon (R. 
Peter, personal observations). In the Japanese eel, Nozaki and Kobayashi 
(1979) found immunoreactive fibers ventral to the preoptic region and in the 
infundibular nucleus (nucleus lateral tuberis), habenular nucleus, and optic 
tectum; however, no immunoreactive perikarya were found. 

In the platyfish, Schreibman et al. (1979) described reactive perikarya in 
the nucleus lateral tuberis (NLT) pars posterioris and in the ventral nucleus 
preopticus periventricularis (NPP). This latter localization in the antero- 
ventral preoptic region was mistakenly designated as being in the area ven- 
tralis pars ventralis and pars lateralis of the telencephalon (R. Peter and 
M. P. Schreibman, unpublished observations). Schreibman et al., (1979) 
also found reactive fiber tracts dorsal to the optic chiasma through to a 
position caudoventral to the horizontal commissure in the anterior hypoth- 
alamus, dorsal to the pituitary stalk, and as a loose network in the NLT 
region. Munz et al. (1981) also examined the LHRH immunoreactivity of 
platyfish. They found small groups of reactive perikarya in the anteroventral 
telencephalon bordering the olfactory bulbs, with fibers originating from 
these cell groups coursing posteroventrally to enter the ipsilateral optic 
tracts, then decussating in the optic chiasma, and traveling in the optic nerve 
to the retina. Another set of fibers originating from these perikarya reach the 
olfactory bulbs by way of the olfactory tracts. A second population of reactive 
perikarya was found in the anterior ventrolateral preoptic region [designated 
by Munz et al. (1981) as nucleus preopticus basalis lateralis, part of nucleus 
preopticus periventricularis of Peter and Gill (1975)], in a similar location to 
reactive perikarya described by Schreibman et al. (1979). Reactive fibers 
were found periventricular in the preoptic region, and were found to cross in 
the anterior commissure and in a small subventricular preoptic commissure. 
Another group of fibers was found in a distinct tract bordering the optic 
tracts, that then continued ventral to the postoptic commissure (horizontal 
commissure), and ventromedially to and through the NLT region where a 
major part of the tract entered the pituitary stalk. Luteinizing hormone 
releasing hormone-reactive fibers were observed in most parts of the dien- 
cephalon. A third reactive perikarya grouping was found in the dorsal mid- 
brain, posterior to the posterior commissure but anterior to the nucleus of 
the third cranial nerve. Parts of the midbrain, particularly the optic tectum, 
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contained an extensive network of LHRH reactive fibers; the cerebellum 
and medulla contained relatively few reactive fibers. 

Viewing all of these results together, the anteroventral preoptic region is 
strongly implicated as a site for origination of GnRH in teleosts; two studies 
found LHRH immunoreactive perikarya in this location in platyfish and 
several studies described fibers in this brain region, including in one case a 
tract that was specifically traced to the pituitary stalk. The perikarya and 
fiber localizations in the NLT, telencephalon, and midbrain described in the 
various studies need to be independently confirmed. Figure 4 presents a 
summary diagram of perikarya localizations in teleosts. In future studies it 
would be useful if investigators used more than one LH-RH antiserum to 
confirm their observations. It is hoped that future research will reveal more 
information on the distribution of GnRH perikarya-fiber systems in teleost 
brain, and that these results can be combined with information from investi- 
gations on the functional neuroendocrine significance of these brain regions. 

2. FUNCTIONAL EVIDENCE 

Because early researchers noted correlations between cytological signs of 
activity in the NLT and/or the NPO and reproductive cycles in several 
teleosts (see Peter, 1970), the hypothesis developed that one or both of these 
nuclei was involved in the regulation of reproductive activity. Peter (1970) 
found that destruction of the NLT in the pituitary stalk region (posterior 
NLT pars anterior) and the NLT posterior to the pituitary stalk (NLT pars 
posterior) caused a significant decrease in gonosomatic index (GSI) in both 
male and female goldfish; lesions in other regions of the diencephalon, in- 
cluding the NPO, had no such effects. In a later study, Peter and Crim 
(1978) reported that lesions of both the NLT and NPO caused a significant 
decrease in GSI in goldfish. However, in still other lesion studies, no effects 
on GSI or serum GtH levels were found following lesions of the NPO that 
did not also damage lateral tract regions or the NPP anteriorly (Peter and 
Paulencu, 1980; R. Peter, unpublished results); no explanation can be given 
for the effects of the NPO lesions reported by Peter and Crim (1978) except 
that the large size of the lesions must have had secondary affects leading to 
the decrease in GSI. A significant decrease in GSI and gonadal regression 
have been confirmed following destruction of the appropriate NLT area in 
goldfish by electrolytic of radiofrequency heat lesions (Peter and Paulencu, 
1980; Peter, 1982; R. Peter, unpublished results). The results of these stud- 
ies are interpreted to indicate that the NLT is a source of GnRH and that its 
destruction alters GtH secretion, leading to the gonadal effects. 

A problem with the interpretation of the NLT lesioning studies is that a 
significant decrease in serum GtH levels was not found in goldfish in which 
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the lesions caused a decrease in GSI and gonadal regression (see Peter and 
Crim, 1978; Peter and Paulencu, 1980). However, such lesions abolished the 
daily cycle of serum GtH levels usually found in female goldfish exposed to 
environmental conditions that stimulate ovarian recrudescence (Peter, 
1982). Hontela and Peter (1978, 1980a,b) and A. Hontela (personal commu- 
nication) found that a significant daily cycle in serum GtH was usually pre- 
sent in female goldfish undergoing, or that had completed, ovarian recrudes- 
cence; however, the disappearance of a daily cycle correlated with the onset 
of regression of the oocytes most advanced in development. Apparently the 
NLT is involved in the expression of the daily cycle in blood GtH levels in 
goldfish, and lesions of the NLT alter or abolish the cycle, causing the effects 
on the ovary. 

Lesioning the NLT, but not the NPO, of male Atlantic salmon parr 
blocked spermatogenic development of the testes, caused a significant de- 
crease in GSI, and reduced the pituitary level of GtH (Dodd et al., 1978). In 
the killifish, Fundulus heteroclitus, lesions in the NLT pars anterioris (NLT 
in the pituitary stalk region and anterior) consistently blocked testicular 
development, but lesions elsewhere had either no effects (e.g., NPO and 
NLT pars posterioris) or inconsistent effects (e.g., nucleus posterioris peri- 
ventricularis) (Pickford et al., 1981). These results are consistent with the 
findings from goldfish, except that a somewhat different region of the NLT 
appears to be involved in the two species. 

A criticism of lesioning studies such as those previously reviewed is that 
the tracts traversing the area of the lesion are destroyed, as are the perikarya 
of the nucleus in question. However, axon-spacing lesions can be induced by 
monosodium L-glutamate and its analogues (Olney and Price, 1978). Peter et 
al. (1980) found that intraperitoneal injection of glutamate in goldfish causes 
a marked hypertrophy and edema (lasting about 2 days) of the NLT from the 
anterior margin of the pituitary stalk through to the posterior end of the 
nucleus; the edema was followed by necrosis of nearly all of the perikarya in 
the affected area, causing a major lesion in the NLT without disruption of 
pathways traversing through it. In addition, a smaller area of edema and 
necrosis occurred in the anteroventral preoptic region (the anteroventral 
NPP). Serum GtH levels were significantly increased for 2 days after gluta- 
mate injection; however, there were no significant differences at 5, 7, or 8 
days postinjection, correlating with the periods of edema and necrosis, re- 
spectively. The increase in serum GtH levels during edema of the NLT 
presumably reflects an increase in GnRH release from the affected region; 
the return to normal levels may reflect basal release of GtH. Although there 
is no direct evidence in support of these interpretations, other data indi- 
rectly support this. In long-term experiments (31 days), glutamate caused a 
decrease in GSI on a dose-dependent basis, and, with the high dose of 
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glutamate used, there was also decreased pituitary and serum GtH levels (R. 
Peter and C. S. Nahorniak, unpublished results). This provides confirmation 
that the NLT is necessary for maintenance and stimulation of GtH secretion 
during gonadal development in goldfish. 

Neurosecretory fibers directly invade the pars distalis in teleosts (for 
review, see Holmes and Ball, 1974; Peter and Crim, 1979). The proximal 
pars distalis, where GtH cells are located, receives innervation from two 
anatomically distinct types of neurosecretory fibers: (1) type-A peptidergic- 
like fingers thought to originate mainly from the NPO and (2) type-B 
aminergiclike fibers thought to originate mainly from the NLT (e.g., goby, 
Gillichtys mirabilis, Zambrano, 1970a, b, 1971; roach, Leuciscus rutilus, 
Ekengren, 1973; BBge et al., 1974; Ekengren et al., 1978; black molly, 
Poecilia latipinna, Peute et al., 1976; Atlantic salmon and rainbow trout, 
Terlou and Ekengren, 1979). In goldfish the GtH cells are directly inner- 
vated by type-B endings, whereas type-A endings and other type-B endings 
are in close proximity (Leatherland, 1972; Kaul and Vollrath, 1974). Olivier 
Kah, R. Peter, and H.  Cook (unpublished results) found that type-B fibers in 
the proximal pars distalis underwent degeneration following glutamate injec- 
tion of goldfish; type-B fibers in the rostra1 pars distalis and all type-A fibers 
remained intact. These results indicate that the NLT in the pituitary stalk 
and posterior to it are the probable origins of the type-B fibers in the 
proximal pars distalis of goldfish. This provides confirming support for the 
results of lesioning studies on goldfish, which identified this same part of the 
NLT as being involved in regulation of gonadal activity, and strongly sup- 
ports the idea that, in the goldfish, GnRH from the NLT is involved in 
regulation of GtH secretion. However, direct evidence for the presence of 
GnRH in perikarya of the NLT of goldfish is lacking, although LHRH immu- 
noreactive perikarya have been identified in the NLT of platyfish (Schreib- 
man et al., 1979). In this regard, it is interesting to note that the functional 
evidence does not support a role of the preoptic region in regulation of 
GnRH secretion, although immunocytochemical data would strongly impli- 
cate it in such a role. 

C. Actions 

1. GONADOTROPIN SECRETION 

Early studies by Breton et al. (1972) indicated that carp and rainbow 
trout HE could stimulate LH release from sheep pituitaries in uitro. As 
indicated previously, results by King and Millar (1980) suggest that teleost, 
specifically tilapia, GnRH has about the same activity, on a weight-specific 
basis, as mammalian GnRH (LHRH) in stimulating LH release from sheep 
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pituitary cells in uitro. However, the relative potency of teleost GnRH 
compared to LHRH in mammalian systems, and the activity of LHRH com- 
pared to teleost GnRH in teleost systems, cannot be definitively determined 
until pure synthetic teleost GnRH is available. 

It is well established that synthetic LHRH (Fig. 1) can stimulate GtH 
release from teleost pituitaries. Breton and Weil (1973) provided the first 
direct evidence; intravenous injection of LHRH in carp, C .  carpio, caused a 
sharp increase in plasma GtH levels within 2-6 min postinjection. With a 
low dose of LHRH (250 ng/kg), an initial peak in plasma GtH levels oc- 
curred, followed by return to near normal levels within about 10 min; how- 
ever, increased levels were sustained for at least 25 min in fish given the 
high dose (1 pg/kg). Two injections of LHRH (3 pg/kg) 3 hr apart caused an 
increase in plasma GtH lasting at least 12 hr (Weil et al . ,  1980). Weil et al. 
(1975) found that the greatest responsiveness to LHRH during the reproduc- 
tive cycle of carp was from the spring spawning season through the summer, 
and that the minimal responsiveness was in the winter when the fish were 
sexually inactive. However, Weil et al. (1980) were not successful at induc- 
ing ovulation in carp by injection of LHRH. 

Treatment of sexually immature Atlantic salmon (Crim and Peter, 1978) 
or rainbow trout (Crim and Evans, 1979; Crim et al.,  198lb) with estrogenic 
steroids; or aromatizable androgenic steroids, causes de nooo accumulation 
of GtH in the pituitary. Luteinizing hormone releasing hormone causes a 
dose-dependent release of GtH from the in oitro pituitary of steroid-treated 
immature rainbow trout; however, the pituitary from untreated fish does not 
release GtH in response to LHRH (Crim and Evans, 1980). In terms of the 
in uiuo response to LHRH, Weil et al. (1978) found that sexually mature 
(prespawning) rainbow trout were more responsive to LHRH than fish at 
other stages of gonadal development. A single injection of LHRH caused a 
dose-dependent increase in GtH levels, persisting for at least 6 hr, in sexu- 
ally mature (spermiating) male brown trout, Salmo trutta (Crim and Cluett, 
1974). Crim et al. (1981a) demonstrated that synthetic analogues of LHRH 
that block LH release in mammals (inhibitory LHRH analogues, i-LRHa) 
also block GtH release induced in oiuo by LHRH in mature male brown 
trout; however, superactive analogues of LHRH were not more active than 
LHRH in stimulating plasma GtH levels. Using the pituitaries from steroid- 
treated immature rainbow trout in uitro, Crim et al. (1981a) found that the 
only superactive LHRH analogue that was somewhat more active in stim- 
ulating GtH release than LHRH was des-Gly1° [ ~ - A l a ~ ]  LHRH ethylamide 
(LRHa, Fig. 1); i-LRHa was also effective in oitro. 

Although these studies indicate that LHRH and superactive analogues of 
LHRH are effective in stimulating GtH release in salmonids, they provide 
no clear evidence for distinction between the responses to the two. Howev- 
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er, in coho salmon, Oncorhynchus kisutch, a single injection of LRHa 
caused an increase in plasma GtH lasting at least 96 hr, whereas LHRH 
caused an increase lasting for only 24 hr (G. Van Der Kraak, H.-R. Lin, E. 
M. Donaldson, H. M. Dye, and G. A. Hunter, personal communication). 
The coho salmon were also much more sensitive to LRHa than to LHRH; 20 
pg LRHa/kg caused the same magnitude increase in plasma GtH levels as 
200 pg LHRH/kg. Although this requires testing in other salmonid species, 
these results clearly indicate that LRHa has a much more prolonged action 
than LHRH. However, there may be major species differences in the re- 
sponsiveness to LHRH, LRHa, and other superactive analogues of LHRH. 

Peter (1980) studied the effects of various dosages and injection combina- 
tions of LHRH and LRHa on serum GtH levels in goldfish held at 12°C. Two 
injections 12 hr apart of both LHRH and LRHa were much more effective 
than either a single injection or three injections 24 hr apart. Also, the results 
indicated that when two injections of a high dose of LRHa were given, the 
response was less than two injections of a lower dose (Fig. 5A). Therefore, in 
goldfish, the in vivo GtH-release response to LHRH and LRHa can be 
highly potentiated by a previous injection, but if the dosage of the previous 
injection is too high, there can be suppression or downgrading of the re- 
sponse. In this study there were no significant differences between the 
LHRH and LRHa-treated fish in terms of the peak levels of serum GtH 
induced, but LRHa did cause a more prolonged GtH-release response (Fig. 
SA, B). 

Lin et al. (1983) have extended the studies on the actions of LRHa on 
GtH release in goldfish. Goldfish have a marked seasonal variation in the 
GtH-release response to LRHa; the release response of male goldfish was 
greatest just prior to the spawning season in later winter, and in the spring in 
the early part of the spawning season. Late in the spawning season, the 
release response was less, even though the fish were still sexually mature. 
Sexually regressed fish in the summer had little or no release response. 
Temperature also influenced the responsiveness to LRHa. At a warm tem- 
perature (2OoC), a short interval (3 hr) between a pair of injections of LRHa 
in recrudescing females induced higher serum GtH levels than a longer 
injection interval (9 hr). At a cold temperature (12-14"C), the low dose of 
LRHa (0.01 pg/g body weight) tested was as effective as the higher dosage 
(0.1 pg/g body weight) when the pair of injections were given with a 3 hr 
interval; however, there was no response to the low dose with a 9-hr injec- 
tion interval. Although the results indicate that the shorter injection interval 
is advantageous at both high and low temperatures, it is apparent from these 
preliminary studies that there is no simple relationship between the level of 
serum GtH induced, the dosage of LRHa injected, the interval between 
injections, and temperature. 
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Fig. 5a,b. Serum gonadotropin levels (mean k SE, N = 6 or 7) of male goldfish following 
two intraperitoneal injections 12 hr apart of@) LHRH or (B) LRH-A (G-A-LH-RH-E). Sign&- 
cant differences from controls at the same sample time were determined by the U test (*, p < 
0.05; **, p < 0.01). (From Peter, 1980. Reproduced from Can. J .  Zool. 58, 1100-1104, by 
permission.). 

In carp, LRH-A has been demonstrated to stimulate GtH release in uitro 
(Fish Reproductive Physiology Research Group and Peptide Hormone 
Group, 1978), and has been used extensively in the People's Republic of 
China to induce ovulation in several species of domestic carp (see Section 
II,C,2). Pan et al. (1981) found that one injection of LRHa 10 min prior to an 
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injection of 1251-labeled LRH-A ([1251]LRHa) caused a greater uptake of l25I 
into the pituitary gland of the mud carp, Cirrhrinus molitorella. This in- 
creased uptake of 1251, presumably attributable to a more rapid uptake of 
[ 1251]LRHa, probably reflects potentiation caused by the prior injection of 
unlabeled LRHa. In goldfish held at 12"C, administration of a potentiating 
dose of LRHa 12 hr earlier (based on results of Peter, 1980) caused a greater 
initial uptake of [ 1251]LRHa into the pituitary at 20-30 min postinjection, 
followed by a more rapid and greater depletion of label at 24 hr (0. Bres, R. 
E. Peter, H.-R. Lin, and C. S. Nahorniak, unpublished results). This sug- 
gests that potentiation induces a greater uptake of GnRH, and that this is 
followed by a more rapid turnover of GnRH in the pituitary. Using ultra- 
structural autoradiography of pituitaries from mud carp injected with cold 
LRHa followed by [lz5I]LRHa, Pan et al. (1981) found that the label ap- 
peared over the cell membrane, Golgi body, secretory granules, mitochon- 
dria, and nucleus of GtH cells, suggesting that multiple receptor sites exist. 
In the experiments reviewed, the greater uptake of [1251]LRHa in the poten- 
tiated fish, is presumably attributable to an increase in receptors for GnRH. 
An increase in membrane LHRH receptors in the pituitary of the rat has 
been demonstrated during phases of the estrous cycle when the pituitary is 
more responsive to LH-RH, and following prior injection(s) of potentiating 
dosages of a superactive analogue (Clayton et al., 1980; Loumaye and Catt, 
1982); such changes in membrane receptors for peptide or polypeptide hor- 
mones are known from other systems as well (Catt et al., 1979; Posner et al., 
1981). Internalization and incorporation of peptide and polypeptide hor- 
mones into secretory granules and subsequent release from the target cell, 
and binding of ligand to various cell organelles or structures is also known 
from other systems, and may be part of the normal actions of these hormones 
(Posner et al., 1981). However, in general, relatively little is known about 
the dynamics of turnover or metabolism of the internalized hormone-recep- 
tor complex. Perhaps future studies on the dynamics of labeled GnRH in the 
pituitary of teleosts can contribute to the knowledge in this field. 

2. GONADAL RESPONSES, INCLUDING OVULATION 

Given that LHRH and its superactive analogues can stimulate GtH se- 
cretion in teleosts, one may assume that administration of these synthetic 
compounds should provide a means of stimulation of gonadal activity by 
endogenous GtH. Indeed, responses have been found in the gonads; howev- 
er, as indicated in several instances, the protocol for repetition of published 
results is not always clear, and in many cases very large dosages were used. 

Chan (1977) induced ovarian development of the Japanese medaka, 
Oyzias latipes, from a sexually regressed to yolky oocyte condition by injec- 
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tions twice a week of large dosages of LHRH (0.1 pg and 1pg LHRHlg), 
increases in GSI also occured. Lin et al. (1983) found that 10 daily injections 
of LRHa at both low (0.01 pg/g) and high (1 pg/g) dosages caused a signifi- 
cant increase in GSI of sexually regressed female goldfish. Serum GtH levels 
were higher than in controls at all sampling times. In an experiment of 
similar design done with recrudescing fish, the high dose of LRHa tended to 
cause a decrease in GSI. However, there was no effect of the low dose; 
serum GtH levels were low relative to those found in the experiment start- 
ing with sexually regressed fish. On the basis of these results, although it 
may be possible to stimulate gonadal development by treatment with LH- 
RH or its analogues, unexpected effects such as inhibition of gonadal activity 
can also occur. The mechanism for such inhibition is not known, but it could 
be the result of a direct effect on the gonads, similar to the situation in 
mammals. In the rat, it has been shown that there are receptors for LHRH 
and its agonistic analogues in the gonads (Harwood et al., 1980; Pieper et al., 
1981) and that inhibition of various gonadal activities such as cyclic-AMP 
production (Harood et al., 1980; Knecht and Catt, 1982), steroidogenesis 
(Hsueh and Erickson, 1979; Harwood et al., 1980; Hsueh et al., 1980), and 
induction of LH receptors (Harwood et al., 1980; Hsueh et al., 1980) can 
occur. 

Ovulation has been induced in several teleost species by injection of 
LHRH or LRHa. Hirose and Ishida (1974) reported that a single injection of 
large doses of LHRH, approximately 2,4,  and 8 pg LHRH/g, were effective 
in inducing ovulation in 40%, 50%, and 83%, respectively, of mature ayu, 
Plecoglossus altiuelis. Daily injections for 5 days of LHRH at 1, 2, or 10 pg/g 
were effective in inducing ovulation (280%) in goldfish (Lam et al., 1975, 
1976). Large dosages of LHRH (values not reported) were apparently neces- 
sary to induce ovulation of cultured carp (Cooperative Team for Hormonal 
Application in Pisciculture, 1977). Saline was the vehicle used in all of the 
aforementioned studies, but Aida et al. (1978) reported that a single injection 
of a relatively low dosage of LHRH (approximately 1 or 1.75 pg/g) in 
Freunds adjuvant was highly effective in inducing ovulation in plaice, Lim- 
anda yokohamue, and goby, Acanthogobius jlauimunus, suggesting that a 
more prolonged release may be advantageous. However, the role that vehi- 
cle may play in the response to LHRH has not been systematically investi- 
gated. 

Donaldson et at. (1981/1982a, 1982) have compared the relative effectiv- 
ness of LHRH, LRHa, and another superactive analogue, [~-ser(Bu')~]-  
LHRH ethylamide, in inducing ovulation in coho salmon. When a primer of 
partially purified salmon GtH was injected followed by single or multiple 
injections of LHRH or analogue, no differences in effectiveness of the com- 
pounds were evident. However, a single injection of LRHa or LHRH was 
effective in accelerating the time of ovulation, although the analogue was 
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more effective, requiring much less material and accelerating the time of 
ovulation more. The LRHa caused a prolonged increase in plasma GtH 
levels. Because there is a fairly gradual increase in blood GtH levels in 
rainbow trout prior to ovulation (Billard et al., 1978; Jalabert and Breton, 
1980), it may be that a relatively modest, but prolonged, increase in blood 
levels of GtH induced by LRHa is sufficient to induce ovulation in all 
salmonids. 

Low dosages of the LRHa have been effective in inducing ovulation of 
cultured grass carp, Ctenopharyngodon idellus, black carp, M y -  
lopharyngodon picus, silver carp, Hypophthalmichthys molitrix, and spot- 
ted silver carp, Aristichthys noblis (Cooperative Team for Hormonal Ap- 
plication in Pisciculture, 1977; Fukien-Kiangsu-Chekiang-Shanghai Cooper- 
ative Group, 1977; Jiang et al., 1980). For grass carp a single injection 
ranging from 1 to 1OOpg/kg (0.001-0.1 p,g/g) induced ovulation in 12-22 hr 
postinjection; two injections 7-10 hr  apart reduced the time to ovulation 
following the last injection to 3-14 hr. Silver carp that had not previously 
been induced to ovulate were highly responsive to a single injection, usually 
ranging from 2 to 20 pg/kg, but “experienced” fish required two injections of 
a total dosage of 10 p,g/kg. Black carp were the least responsive, requiring 
two or three injections of LRHa ranging from dosages of 1.5 to 400 yg/kg, 
and injection of pituitary extract in some cases. 

On the basis of the foregoing information, LRHa is apparently much 
more effective in inducing ovulation in carp. However, the time to ovulation 
was highly variable (3-27 hr) within the carp species used in these studies in 
China. Other investigators have not been successful with LRHa (Weil et al., 
1980), although the dosages used in the study by Weil et al. were quite low. 
The environmental conditions under which the ovulation tests with LRHa 
were conducted in China are not clear. Stacey et al. (1979a,b) found that 
environmental conditions are very important for inducing ovulation in gold- 
fish, and perhaps the successful induction of ovulation with LRHa in 
cyprinids may be dependent in part on environmental conditions, as sug- 
gested by Peter (1982). In addition, because at least some teleosts have been 
shown to have a seasonal variation in responsiveness to GnRH, selection of 
fish at the appropriate stage of gonadal development may also be important 
(Peter, 1982). Unfortunately, the information necessary to answer these 
questions is not yet available. 

III. GONADOTROPIN RELEASE-INHIBITORY FACTOR 

A. Evidence for Presence 

In contrast to the studies in which small lesions in the NLT caused 
gonadal regression and alteration of the daily cycle of serum GtH levels in 
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goldfish (see above), Peter et al. (1978) found that large lesions in the NLT of 
mature female goldfish caused a dramatic increase in serum GtH levels at 2 
days postlesioning; GtH levels continued to be elevated for at least 12 days, 
although the levels had decreased to near normal by this time. Nearly all of 
the lesioned females ovulated, although the fish were held at 12°C in run- 
ning water without vegetation as a spawning substrate, conditions inap- 
propriate for spontaneous ovulation (see Stacey et al. ,  1979a,b); no ovula- 
tions occurred in control fish, or in fish lesioned in the dorsal telencephalon. 
The results were interpreted to indicate the presence of a GtH release- 
inhibitory factor (GRIF), and that abolition of GRIF allowed spontaneous 
release of GtH. 

In subsequent studies, Peter and Paulencu (1980) found that it was not 
lesions of the NLT that caused the rise in serum GtH levels, but rather 
damage to the pituitary stalk. On the basis of a series of lesioning experi- 
ments in which lesions were placed in a variety of locations in the dien- 
cephalon, it was determined that the probable origin of GRIF was the ante- 
roventral preoptic region (anteroventral NPP; Fig. 6). In addition, mature 
males gave the same response to preoptic or pituitary stalk lesions as mature 
females, indicating that GRIF is present in male as well as female goldfish. 
In mature male or female goldfish in which the pituitary stalk has been 
completely destroyed, effectively blocking transfer of neurohormones to the 
pituitary, there is a prolonged high rate of GtH release. Peter and Paulencu 
(1980) suggested, on the basis of these findings, that the normal ovulatory 
surge of GtH in goldfish could result from abatement of GRIF and spon- 
taneous release of GtH, without the action of GnRH. 

Gonadotropin release-inhibitory factor is of importance in goldfish 
throughout the reproductive cycle, but is relatively less important in sexu- 
ally regressed females (Peter et al., 1983). In a preliminary report, Peter et 
aZ. (1983) indicated that sexually regressed females have little or no increase 
in serum GtH levels following a preoptic lesion to destroy the GRIF area, 
but females undergoing ovarian recrudescence have an increase similar in 
magnitude and duration as the mature females. However, this may reflect 
changes in pituitary GtH content because regressed female goldfish have 
less pituitary GtH than recrudescing or mature females (Cook and Peter, 
1980; R. Peter and C. S. Nahorniak, unpublished results), and therefore the 
regressed females may have less GtH to release spontaneously. Sexually 
regressed male goldfish release about as much GtH as a mature male follow- 
ing a preoptic lesion; however, there are no measurements available of the 
pituitary GtH levels in regressed males for comparison. 

Peter et aZ. (1983) reported that transplantation of the pars distalis of a 
sexually mature female into another mature female either beside the brain 
(juxta implant) or into the third ventricle in the preoptic region results in a 
marked elevation in serum GtH levels of the recipient fish at 2 and 4 days, 
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Fig. 6. Diagrammatic summary showing the proposed origin in goldfish of gonadotropin 
release-inhibitory factor in the anteroventral preoptic region (shaded area) and the pathway of 
the factor (arrows) in the lateral preoptic region, lateral anterior hypothalamic region, and the 
pituitary stalk. Distances between the cross-sections given in millimeters above the drawings. 
AC, anterior commissure; HOC, horizontal commissure; NAH, nucleus anterioris hypothalami; 
NAPv, nucleus antrioris periventricularis; NE, nucleus entopedunclaris; NLT, nucleus lateral 
tuberis; NPO, nucleus preopticus; NPP, nucleus preopticus periventricularis; OC, optic 
chiasma; OT, optic tract; P, pituitary; T, telencephalon. (From Peter and Paulencu, 1980. 
Reproduced from Neuroendocrinology 31, 133-141, by permission of S. Karger AC, Basel). 

respectively, postimplantation. Notably, the recipient fish with the juxta 
pars distalis implants had higher serum GtH levels than the fish given the 
preoptic implants. Similar results were obtained in experiments with mature 
and immature male goldfish and with immature female goldfish. These re- 
sults indicate that there is some brain factor that suppresses the spontaneous 
release of GtH from the transplanted pars distalis, providing further support 
for the presence of GRIF in goldfish. Although these results suggest that 
GRIF is ubiquitous in the brain, because the transplants were bathed by 
cerebrospinal fluid, it is likely that GRIF reached the transplants by this 
route. 

B. Dopamine as a Gonadotropin Release-Inhibitory Factor 

In a preliminary report, Crim (1981) reported that some catecholamines 
inhibited GtH release from cultured pituitaries of rainbow trout. More spe- 
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cifically, dopamine not only inhibited the in uitro basal or spontaneous 
release of GtH, but it also diminished the release reponse to LHRH. 

Chang et al. (1983) have determined the effects on serum GtH levels in 
goldfish of various drugs which alter synthesis of catecholamine neurotrans- 
mitters or the activity of aminergic neurons. 6-Hydroxydopamine, a cate- 
cholaminergic neurotoxin, caused an increase in serum -GtH levels, suggest- 
ing that catecholaminergic neurons inhibit GtH release. Blocking synthesis 
of dihydroxyphenylalanine (L-DOPA), the precursor of dopamine, by treat- 
ment with a-methyl-p-tyrosine, and blocking conversion of L-DOPA to 
dopamine by treatment with carbidopa both caused an increase in serum 
GtH levels. However, treatment with diethyldithiocarbamate (DDC), which 
blocks conversion of dopamine to norepinephrine, had no effect on serum 
GtH; moreover, clonidine, an a-noradrenergic agonist, caused an increase 
in serum GtH. These results suggest that dopamine serves as an inhibitor of 
GtH release, and, because carbidopa does not cross the blood-brain barrier 
and the pituitary is outside the blood-brain barrier, it is likely that 
dopamine acts directly on the pituitary. Also, the results suggest that nor- 
epinephrine has a stimulatory effect on GtH release, but the level of action is 
unknown. 

A direct inhibitory action of dopamine on GtH cells is supported by 
evidence cited in a preliminary report by Peter et a2. (1983). The elevated 
serum GtH levels in preoptic lesioned goldfish were significantly reduced by 
treatment with dopamine or apomorphine, a dopamine agonist. In addition, 
apomorphine blocked or significantly reduced, depending on dosage, the 
stimulatory effects of LRHa on serum GtH levels. Therefore, although the 
results for rainbow trout are available from only one set of in uitro studies, 
dopamine clearly has GRIF activity in both goldfish and trout. Whether 
other factors also have GRIF activity is not known. 

IV. INPUT OF ENVIRONMENTAL FACTORS 

A. Photoperiod: The Role of the Pineal and Eyes 

Photoperiod is an important environmental cue for regulation of the 
reproductive cycles of many teleosts (for review, see de Vlaming, 1974; 
Htun-Han, 1977; Peter and Crim, 1979; Peter, 1981). The pineal and/or 
eyes are the presumed route of input of photoperiod information (for review, 
see Peter, 1981). 

In spring-spawning cyprinids and cyprinodonts undergoing the latter 
stages of gonadal recrudescence, the pineal and perhaps also the eyes have a 
progonadal effect when the fish are exposed to long photoperiod conditions. 
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Pinealectomy caused gonadal regression in recrudescing or mature goldfish 
(Fenwick, 1970b; de Vlaming and Vodicnik, 1978; Vodicnik et at . ,  1978) and 
shiners, N .  cysoleucas (de Vlaming, 1975), acclimated to long photoperiods 
and warm or cold temperatures. The effects of blinding were not investigat- 
ed by these researchers. However, blinding and/or pinealectomy both 
caused gonadal regression in medaka, 0. latipes, acclimated to a long pho- 
toperiod and warm temperature (Urasaki, 1972b, 1973, 1976). Therefore, 
the pineal and eyes of the cyprinodont, 0. latipes, at least, are involved in 
the stimulatory effects of long photoperiods on gonadal activity. 

In spring-spawning cyprinids and cyprinodonts, short photoperiods in 
late winter or spring cause onset of regression or block further gonadal 
development in fish during the latter stages of gonadal recrudescence. 
Pinealectomy of goldfish (Fenwick, 1970b; de Vlaming and Vodicnik, 1978), 
shiners (de Vlaming, 1975), and medaka (Urasaki, 1973, 1976) under these 
conditions causes stimulation of gonadal development. This indicates that 
the pineal has an antigonadal influence under these conditions. 

Contrary to goldfish undergoing gonadal recrudescence, pinealectomy of 
sexually regressed goldfish, held under a variety of environmental condi- 
tions, had no effects on gonadal activity (Peter, 1968; Fenwick, 1970b; 
Vodicnik et al.,  1978). 

Vodicnik et at. (1978) reported that pinealectomy of recrudescing female 
goldfish held on a long photoperiod and warm temperature for 22 days 
caused a decrease in plasma GtH levels at 4 hr but not at 10 hr after the onset 
of the photophase. These results are partly consistent with the significantly 
lower GSI in the pinealectomized fish. However, there was also a decrease 
in plasma GtH levels in pinealectomized goldfish held for 21 days on a short 
photoperiod and warm conditions, although the gonadal activity of the 
pinealectomized fish was apparently stimulated because 43% of the fish were 
postovulatory . 

Hontela and Peter (1980a) investigated the effects of pinealectomy and 
blinding on serum GtH levels in female goldfish, and found that the effects 
of the operations were expressed, at least in part, by alterations in the daily 
cycle of serum GtH secretion. Pinealectomy and blinding both caused the 
daily cycle in serum GtH levels to disappear in fish held on a long pho- 
toperiod and warm temperature; a significant decrease in GSI also occurred 
in some experimental groups although the fish were killed at only 7-9 days 
after exposure to the environmental conditions, a relatively short time peri- 
od for effects on GSI. Pinealectomy, but not blinding, of fish held on a short 
photoperiod and warm temperature caused a daily cycle in serum GtH 
levels; no effects on GSI were found. These results suggest that the progona- 
dal effect of the pineal and eyes under long photoperiod conditions entails 
the promotion of a daily cycle in serum GtH levels; however, the antigonadal 
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effect of the pineal under short photoperiods entails the suppression of daily 
cycles in serum GtH levels. Although this is not consistent with the results of 
studies on goldfish found by Vodicnik et al. (1978), it is difficult to compare 
the two studies because Vodicnik et al. (1978) exposed the fish to warm 
conditions for 21 or 22 days, which in itself is enough to alter the gonadal 
condition and cycle of serum GtH levels in goldfish (Peter, 1981). 

De Vlaming and Vodicnik (1977) found that pinealectomy of the shiner, 
N .  crysoleucas, acclimated to a long photoperiod, caused the daily cycle in 
pituitary GtH, as measured by bioassay, to disappear; however, under a 
short photoperiod a daily cycle appeared. If the pituitary content of GtH 
somehow reflects the release of GtH into the blood, then these results fit the 
scheme suggested by Hontela and Peter (1980a) for goldfish. In addition, de 
Vlaming and Vodicnik (1977) found that HE from pinealectomized shiners 
held on a long photoperiod had less gonadotropin-releasing activity than in 
sham controls; however, there was greater activity in extract from pinealec- 
tomized shiners on a short photoperiod. These results, based on a double 
bioassay of GnRH activity (see foregoing discussion), suggest that the level of 
hypothalamic GnRH activity is influenced by input from the pineal. 

Melatonin is a known pineal “hormone” in mammals, and, depending on 
the time of day of injection, it can have pro- or antigonadotropin effects in 
mammals (for review, see Reiter, 1980; Chen et al., 1980). In teleosts, 
injection of melatonin for extended periods causes suppression of gonadal 
development, suggesting it is the antigonadal factor of the pineal (goldfish, 
Fenwick, 1970a; medaka, Urasaki, 1972a; killifish, Fundulus similis, de 
Vlaming et al., 1974; Indian catfish, Heteropneustes fossilis, Sundararaj and 
Keshavanath, 1976; catfish, Mystus tengara, Saxena and Anand, 1977). De 
Vlaming et al. (1974) found no temporal variation in responsiveness of F .  
similis to melatonin injection; other investigations did not provide informa- 
tion in this regard. Further, most of these early studies were done before it 
was realized that the time of day of injection, length of photoperiod, and 
sexual condition might interplay in the response to the injections. 

In a recent study on the three-spined stickleback, Gasterosteus aculeatus 
L., Borg and Ekstrom (1981) found that the antigonadal effect of daily 
melatonin injections occurred only with a high dosage (4 pg melatonidg for 
21 days) in fish in early gonadal recrudescence under long photoperiod 
conditions in the late autumn; injections at other times of year were ineffec- 
tive in causing gonadal regression. In contrast, injection of a low dosage of 
melatonin (0.8 pg/g) caused acceleration of early stages of ovarian develop- 
ment under long photoperiod conditions, and stimulation of development in 
females with regressing oocytes held under short photoperiod conditions. 
This suggests that melatonin also has progonadal effects under certain 
conditions. 
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Medaka, 0. latipes, have a circadian cycle of oocyte maturation such that 
ovulation occurs about 1 hr before the onset of the photophase and oviposi- 
tion within 1 or 2 hr after the onset of the photophase (Egami, 1954; Iwamat- 
su, 1978a). Blinded females were capable of ovulation and oviposition 
(Egami and Nambu, 1961); however, the timing of these events was not 
recorded. Pinealectomized female medaka also were capable of ovulation 
and oviposition, but notably the 24-hr pinealectoniized fish had some delay 
(about 45 min) in the timing of oviposition the following morning (Iwamatsu, 
1978b). Melatonin injection 2 hr before the normal ovulation time did not 
alter the timing of ovulation (Iwamatsu, 1978b). Experiments were not con- 
ducted to determine if synchrony of ovulation and oviposition with pho- 
toperiod occurred in pinealectomized or blinded fish subjected to a shift in 
the timing of the photophase. Although the results suggest some slight effect 
of the pineal on the timing of oviposition, the data do not establish whether 
this is attributable to melatonin. 

Plasma levels of melatonin vary on a daily basis in rainbow trout, with a 
reproducible and constant nocturnal rise (Gern et al., 1978; Owens et al., 
1978). Assuming this also occurs in other teleosts, the time of day of admin- 
istration of melatonin may be an important component of its action and 
should be thoroughly investigated. The retina in rainbow trout can synthe- 
size melatonin (Gern and Ralph, 1979), and, considering the relative size of 
the pineal and retina in teleosts, the latter could be the major source of 
melatonin. Unfortunately, many investigations on pineal function have over- 
looked the possibility that the eyes may also be involved in the system under 
investigation. Finally, it is well established that the pineal in teleosts con- 
tains photoreceptors and that the pineal stalk contains nerve fibers that 
transmit action potentials to the rest of the brain reflecting the activity of the 
photoreceptors (Tamura and Hanyu, 1980). Unfortunately, none of the 
pinealectomy experiments to date have tested the possibility that the influ- 
ences of the pineal on reproduction may be mediated by its neural input to 
the brain, rather than by its secretions. 

B. Other Factors: Temperature and Feeding 

Temperature and photoperiod affect the daily cycles of serum GtH in 
female goldfish (Hontela and Peter, 1978, 1980b). The secretion rate of GtH 
in goldfish, calculated from the metabolic clearance rate and the plasma GtH 
level, is also influenced by temperature (Cook and Peter, 1980); the secre- 
tion rate was approximately 6 and 2.5 times greater at 20°C versus 12°C in 
sexually regressed and recrudescing female goldfish, respectively. However, 
there is no information available to indicate the mechanism by which tem- 
perature infuences the secretion rate of GtH. 
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Time of feedings relative to the timing of the photophase influences the 
daily cycle of serum GtH in goldfish (Hontela and Peter, 198Ob). How time 
of feeding influences GtH secretion is not known, but is presumably influ- 
ences some aspect of the physiology of the animal, which in turn influences 
the temporal variations of the reproductive system (Peter, 1981). 

V. INPUT OF PHYSIOLOGICAL FACTORS 

A. Steroid Feedback 

Steroid binding sites in the brain have been investigated by auto- 
radiography in green sunfish, Lepomis cyanellus (Morrell et al . ,  1975), para- 
dise fish, Macropodus opercularis (Davis et al . ,  1977), platyfish, and goldfish 
(Kim et al . ,  1978a,b). In these species, labeled estradiol and testosterone 
were bound in a similar distribution in the brain to perikarya in the NLT, 
nucleus recessus lateralis, ventral NPO, ventral NPP, the area ventralis pars 
ventralis in the telencephalon, and in the pituitary. In goldfish, labeled 
estradiol was also bound in the nucleus posterioris periventricularis (NPPv) 
in the posterior hypothalamus and in the thalamic periventricular region 
dorsal to the NPPv. 

A negative-feedback effect of sex steroids on GtH secretion was demon- 
strated by castration of male rainbow trout (Fig. 7; Billard et al., 1976, 1977; 
Billard, 1978). A large, approximately fivefold, increase in plasma GtH was 
found following castration of mature trout at spawning time; however, there 
was only a slight increase in GtH following castration just prior to onset of 
testicular recrudescence, about a twofold increase in early stages of re- 
crudescence, and a small increase following castration of fish in the latter 
stages of recrudescence. These results indicate that the negative-feedback 
effect is most prominent in mature fish at spawning time. The high plasma 
GtH levels following castration of spermiating trout were reduced by pitui- 
tary inplantation of Il-ketotestosterone (Billard, 1978), which confirms the 
negative-feedback effect. 

Ovariectomy of rainbow trout near the end of vitellogenesis (end of 
ovarian recrudescence) caused an increase in plasma GtH levels (Bommelaer 
et al . ,  1981). Ovariectomy of trout undergoing germinal vesicle migration 
(oocyte maturation) also caused increased plasma GtH levels, but examina- 
tion of the changes in individual fish showed that about one-half of the fish 
had no change in plasma GtH levels; no significant effects were found in 
postovulatory females. Estrogen treatment of the ovariectomized trout was 
not effective in suppressing the plasma GtH levels in fish near the end of 
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vitellogenesis; however, it was effective in females ovariectomized at the 
time of germinal vesicle migration. This suggests that the relative impor- 
tance of estradiol in negative feedback changes during ovarian development. 
The finding that there was no negative-feedback effect in the postovulatory 
trout, although estradiol was effective in suppressing plasma levels of GtH is 
contradictory, and this contradiction cannot be explained. 

As further evidence of a negative-feedback effects of sex steroids, it has 
been found that treatment with the antiestrogen clomiphene citrate caused 
ovulation in sexually mature goldfish (Pandey and Hoar, 1972; Pandey et al . ,  
1973), catfish H .  fossilis (Singh and Singh, 1976), loach, Misgurnus an- 
guilzicaudatus (Ueda and Takahashi, 1976, 1977), and common carp in which 
ovulation had been blocked by indomethacin (Kapur and Toor, 1979). Fur- 
ther, treatment with the antiestrogen tamoxifen accelerated the time of 
ovulation of coho salmon, Oncorhynchus kisutch, primed by a previous 
injection of partially purified salmon GtH (Donaldson et al., 198111982b). 

Assuming that an antiestrogen would gradually and continuously reduce 
the effect of negative feedback, the resulting increase in blood GtH levels 
should also be gradual and steady. However, Breton et al. (1975a) found that 
in common carp there was a surge in plasma GtH levels of 8-20 hr duration 
occurring within 3 days after injection of clomiphene. This is inexplicable on 
the basis of the idea that the results are only a result of changes in negative 
feedback, indicating that other factors such as GnRH and GRIF may also be 
changing as a result of the treatment. 

Billard and Peter (1977) found that pellet implants of clomiphene citrate 
and tamoxifen (IC146474) in the pituitary of goldfish were both highly effec- 
tive in increasing serum GtH; the clomiphene implants also caused ovula- 
tion. Implants of pellets containing tamoxifen in the NLT caused an increase 
in serum GtH, but of lower magnitude than the pituitary implants, suggest- 
ing that the pituitary is the most important location for negative feedback. 

In contrast to the strong negative feedback of sex steroids in teleosts at 
spawning time, sexually immature salmonids show a positive feedback effect 
to sex steroids. Implantation of testosterone pellets in the NLT and pitui- 
tary, but not in the NPO or optic tectum, in male and female Atlantic salmon 
parr caused a marked increase in the pituitary content of GtH (Crim and 
Peter, 1978). Crim and Peter suggested that this positive-feeding effect may 
be a part of the mechanism causing onset of puberty in the precocious male 
parr. This was supported by the finding that males with the pituitary and 
NLT testosterone implants had advanced spermatogenesis. Crim and Evans 
(1979) found that immature rainbow trout also have an increase in pituitary 
GtH from very low or nondetectable levels to high levels following systemic 
treatment with testosterone. More recently Crim et al. (198lb) found that 
the positive-feedback effect in immature trout could be induced by es- 
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trogenic steroids (e.g., estradiol, estrone, estriol) and androgenic steroids 
that can be aromatized to estrogens (e.g., testosterone, testosterone propio- 
nate, 17ct-methyltestosterone, androstenedione); however, nonaromatizable 
androgens (e.g., 5a-dihydrotestosterone, 11-ketotestosterone, llp-hy- 
droxytestosterone) were ineffective. In support of the importance of aro- 
matase in the action of androgens, the positive-feedback effect of testoster- 
one was blocked by the aromatase inhibitor 1,4,6-androstatrien-3,17-dione. 

Olivereau and Chambolle (1978) and Olivereau and Olivereau (1979a,b) 
found that estradiol treatment of immature male and female eels, Anguilla 
anguilla, caused a marked stimulation of the cytological activity of GtH cells. 
Perhaps a positive-feedback effect of sex steroids may be a general phe- 
nomenon in immature teleosts. 

The distribution of aromatase in the brain of the marine sculpin, Myox- 
ocephalus octudecimspinosus, has been investigated by Callard et at. 
(1981a). They reported that the highest aromatase activity (conversion of 
[3H]androstenedione to estrone and estradiol) per unit weight of tissue was 
in the combined preoptic area-anterior hypothalamus, accounting for 40% 
of the total estrogen produced by the brain. This brain area, along with the 
posterior hypothalamus and the medial and lateral telencephalon, accounted 
for 85% of the total brain activity. The aromatase activity in the combined 
preoptic area-anterior hypothalamus also changed seasonally (Callard et at., 
1981a), although the significance of this is unknown. Further, the pituitary of 
this marine sculpin was shown to contain aromatase activity, contrary to 
what was thought to be the case on the basis of investigations of mammals 
(Callard et a l . ,  1981b). From these investigations it is clear that aromatase 
activity is present in the appropriate parts of the brain, and in the pituitary, 
for it to play a role in steroid positive feedback effects and the neuroen- 
docrine regulation of GtH synthesis and release. Whether aromatization of 
certain androgens to estrogens is involved in negative-feedback effects is 
unknown; however, Billard (1978) found that the nonaromatizable steroid 
11-kerotestosterone was active in negative feedback in rainbow trout, sug- 
gesting that aromatization is not necessary for a negative-feedback effect. 

B. Other Factors 

The postcastration increase in plasma GtH in rainbow trout was partially 
inhibited by injection with seminal fluid that had previously been cen- 
trifuged so as to be free of spermatozoa and adsorbed with activated charcoal 
(Breton and Billard, 1980). A protein extract of the testis did not have the 
same acitvity. These results suggest that there is some factor in the seminal 
fluid that can inhibit GtH secretion in trout. 
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Prostaglandin (PG) E,, PGE, and PGF,a were injected into the third 
ventricle of the brain in goldfish, and the effects on serum GtH were deter- 
mined (Peter and Billard, 1976). The highest dosages of PGE, and PGF,a 
suppressed serum GtH levels, suggesting that PG’s may have some inhibito- 
ry effects on GtH release. With simultaneous intraventricular injection of 
PGF,a and LHRH in goldfish, there is an increase in serum GtH levels 
similar to LHRH alone (R. Peter, unpublished results). This indicates that 
the inhibitory effects of PG’s are not at the level of the pituitary, and are 
probably not part of the GRIF mechanism. 

VI. FUNCTIONAL NEUROENDOCRINOLOGY 

A. Regulation of Onset of Puberty 

The positive-feedback effect of estrogens, stimulating synthesis and ac- 
cumulation of GtH in the pituitary, is probably an important part of the 
regulation of onset of puberty. In brown trout, Salmo trutta, Billard et al. 
(1978) reported that there was an increase in plasma levels of estradiol at the 
onset of spermatogenesis, and that the pituitary GtH level increased at the 
same time. Although a similar increase in plasma estradiol was found in male 
rainbow trout, there was no coincident increase in pituitary GtH (Billard et 
aZ., 1978). Perhaps more intensive investigations of the hormonal changes 
around the time of puberty may clarify the situation. 

Crim and Evans (1980) have shown that once GtH has accumulated in 
the pituitary as a result of the positive-feedback effect of steroids, its release 
can be stimulated in vitro by GnRH. However, in vivo experiments indicate 
that there is little or no response to GnRH in sexually regressed carp (Weil et 
al., 1975), goldfish (Lin et al., 1983), or rainbow trout (Weil et aZ., 1978). 
Also, GRIF has relatively little effect in sexually regressed goldfish (Peter et 
al., 1983), which does not explain the lack of response to GnRH. 

Perhaps the initial step in the onset of puberty is some stimulation of 
GnRH release attributable to environmental input. This could in turn cause 
GtH release, which stimulates steroid release from the gonad, causing the 
positive-feedback effect on GtH levels in the pituitary. Following these 
nitial steps, inertia would be inherent in the system, causing further 
ievelopment . 

3. Regulation of Gonadal Recrudescence 

Blood levels of GtH are low during gonadal recrudescence, relative to 
he levels found during ovulation and spawning (for review, see Peter, 1981). 
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Nevertheless, the daily cycles in blood levels of GtH in goldfish (Hontela 
and Peter, 1978, 1980a,b) and rainbow trout (Zohar, 1980) require precise 
neurohormonal regulation of GtH secretion, presumably because of the in- 
teractions of GnRH, GRIF, steroid negative feedback, and other potential 
factors such as temperature. Because there is inadequate information to 
evaluate the relative importance of these factors in any one species, it is 
necessary to speculate that the main factors regulating GtH secretion are 
GRIF and GnRH. 

C. Regulation of Ovulation 

The ovulatory surge of GtH in goldfish is synchronized with the pho- 
toperiod, and is primarily cued by the presence of a spawning substrate 
(Stacey et al. ,  1979a,b). Carp have a similar ovulatory surge, although there 
is only limited information available on its timing and duration (Jiang et al. ,  
1980). Rainbow trout, in contrast, have only a relatively small, gradual in- 
crease in plasma GtH preceding ovulation, and a prolonged postovulatory 
rise in plasma GtH (Billard et al.,  1978; Jalabert and Breton, 1980). Because 
the patterns of GtH secretion at the time of ovulation are so different in 
cyprinids and salmonids, it may also be that the neuroendocrine regulation 
of GtH is also different. 

Peter and Paulencu (1980) suggested that the ovulatory surge in goldfish 
could be induced by abatement of GRIF, allowing a surge of spontaneous 
release of GtH. However, a marked increase in blood GtH and ovulation in 
cyprinids can be induced by LHRH or LRHa (see Section 11,C). In addition, 
treatment of sexually mature female goldfish with glutamate to induce a 
major lesion in the NLT blocks spontaneous ovulation, but not ovulation 
induced by lesioning the preoptic region to destroy GRIF (R. Peter and C. 
S. Nahorniak, unpublished results). Together these data indicate that the 
ovulatory surge in a cyprinid, such as the goldfish, entails abatement of 
GRIF and the action by GnRH, to provide for the combination of spon- 
taneous and stimulated release of GtH. 

In salmonids, the small prolonged increase in blood GtH leading to 
ovulation could be attributed to a gradual increase in GtH secretion caused 
by stimulation by GnRH. This would fit with the changes in plasma levels in 
GtH leading to ovulation following injection of LRHa in coho salmon (Don- 
aldson et al. ,  1981/1982a, 1983; G. Van der Kraak, H.-R. Lin, E. M. Don- 
aldson, H. M. Dye, and G. A. Hunter, personal communication). The role 
that GRIF might play in this system is unknown; there is some in uitro 
evidence for GRIF activity by dopamine on rainbow trout pituitaries (Crim, 
1982), but no in oiuo evidence. In addition, plasma levels of estradiol de- 
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crease prior to oocyte maturation and ovulation in rainbow trout (Fostier et 
al., 1978), providing the possibility for a decrease in the negative-feedback 
effect resulting in an increase in GtH release. 

D. Regulation of Spermiation 

Spermiating salmonids have relatively high blood levels of GtH com- 
pared to earlier phases of the reproductive cycle (for review, see Billard et 
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Fig. 8. A summary diagram of the neuroendocrine regulation of gonadotropin in teleosts. 
AC, anterior commissure; GnRH, gonadotropin releasing hormone; GRIF, gonadotropin re- 
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at., 1978; Peter, 1981). Male goldfish (Kyle et al., 1979) and carp (Fish 
Reproductive Physiology Group and Peptide Hormone Group, 1978) have 
an increase in blood GtH levels during participation in spawning; this coin- 
cides with an increase in the expressable sperm volume in goldfish (Kyle et 
at., 1979). Although these changes in blood GtH are not as dramatic as those 
found in the females of these species, various evidence indicates that the 
same neurohormones are present and have similar actions in both sexes of a 
given species. 

VII. CONCLUSION 

Figure 8 presents a summary diagram of the neuroendocrine regulation 
of GtH in teleosts. This diagram does not purport to show all the neuroen- 
docrine regulatory mechanisms, or their relative importance, but rather 
serves to illustrate important elements in the system. 
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I. INTRODUCTION 

Teleosts are no exception to the rule that in vertebrates gonadal functions 
are developed and maintained by gonadotropic hormones produced by the 
pituitary gland. In accordance with this general concept, the gonadotropic 
activity of the teleost pituitary is regulated by gonadal hormones and by 
neurohormones, mainly of hypothalamic origin. Therefore, in teleosts, as in 
almost all other vertebrates, the cells producing gonadotropic hormone have 
an important position in the chain of structures that serves to ensure re- 
production and thereby survival of the species. 

II. STRUCTURE OF THE PITUITARY 

In general, the pituitary consists of the neurohypophysis and the ade- 
nohypophysis (Fig. 1). In teleosts, the neurohypophysis is derived from the 
floor of the infundibulum, immediately rostra1 of the saccus infundibuli, 
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Fig. 1. Schematic representation of a sagittal section of a teleost pituitary showing the 
distribution of the functional cell types in the adenohypophysis (ACTH, corticotropic cell; 
GTH, gonadotropic cell; MSH, melanotropic cell; PAS in PI, periodic acids, SchiK-positive cell 
in pars intermedia; PPD, proximal pars distalis; Prol, prolactin producing cell; RPU, rostral pars 
distalis; STH, somatotropic cell; TSH, thyrotropic cell; stippled area, neurohypophysis). 

which develops inro the saccus vasculosus. During embryonic development, 
bundles of neurosecretory nerve fibres enter the floor of the infundibulum, 
which becomes a neurohypophysis, consisting of somewhat irregular pro- 
cesses of nervous tissue penetrating the surrounding adenohypophysis. The 
adenohypophysis develops from a placode in the roof of the ectodermal 
stomodaeum, underlying the floor of the infundibulum. In primitive tele- 
osts, such as Elops saurus and Chanos chanos, this placode has a lumen 
similar to Rathke’s pouch of most other groups of vertebrates (Wingstrand, 
1966). However, in virtually all other teleosts the placode is a solid struc- 
ture, and, therefore, the adenohypophysis of most species of teleosts does 
not contain a lumen. Exceptions occur in the pituitaries of salmonids, clup- 
eids, and apodes, where the rostral portion of the adenohypophysis is com- 
posed of follicles. These follicles arise from a schizocoel, formed in the rostral 
part of the placode during its development into an adenohypophysis. 
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Although the pituitaries of relatively few of the more than 20,000 species 
of teleosts have been studied, a wide variation in shape and composition of 
the gland has been observed. However, it is not the differences, but rather 
the similarities in structure that are most evident. There are two main types 
of pituitaries, the platybasic (e.g., found in eels), and the leptobasic (e.g., 
found in adult salmonids). In the platybasic pituitary, the neurohypophysis 
consists of the flat floor of the caudal infundibulum which sends nerve pro- 
cesses into the disc-shaped adenohypophysis. This adenohypophysis is gen- 
erally divided into three parts, i.e.,the rostra1 pars distalis (RPD), the proxi- 
mal pars distalis (PPD) and the pars intermedia (PI), situated one behind the 
other. Bundles of neurosecretory axons penetrate all three parts of the ade- 
nohypophysis, but those in the PI are coarser and more numerous than those 
in the RPD and the PPD. In the second type of teleost pituitary, the lep- 
tobasic, the neurohypophysis has a fairly well-developed infundibular stalk 
and the adenohypophysis is globular or egg shaped with its three parts 
situated in a rostrocaudal or in a dorsoventral position. There are many 
intermediates between the two types; in young teleosts the developing pitui- 
tary usually is of the platybasic type, but this may change into the leptobasic 
form within the lifetime of individual fish. 

The main reason for dividing the adenohypophysis into three parts is the 
uneven distribution of the morphological, hormone-producing cell types. In 
light microscopy, the morphological criteria for distinguishing the various 
cell types are the size and shape of the cells and their nuclei and especially 
the stainability of their secretory granules. It has become common practice 
to stain sections of Bouin or Bouin-Hollande fixed pituitaries with Herlant’s 
(1960) Alcian blue (AB)-periodic acid Schiff (PAS)-orange G (OG). Cells, 
traditionally labeled basophils, containglycoproteins. These react with PAS, 
and therefore the basophils stain reddish purple. That color may be some- 
what suppressed by the blue of AB which at low pH reacts with strongly acid 
groups; acid groups are present in some of the basophils after oxidation (cf. 
Val-Sella et al., 1978). 

The traditional acidophils contain neither glycoproteins nor substances 
with strongly acid groups. Therefore, they do not react with PAS and AB, 
but do stain with OG. Differentiation between two types of acidophils is 
possible by carefully treating sections of pituitaries with a polychrome stain- 
ing technique, which includes OG and erythrosin, such as Cleveland and 
Wolfe’s (1932) trichrome method. If well applied, a portion of the acidophils 
stains yellowish orange with OG, and a portion stains red with erythrosin. 

In teleosts, these two types of acidophils show such a characteristic 
distribution that this forms the basis for dividing the pars distalis into the 
RPD and the PPD. The erythrosinophilic cells comprise most of the RPD; 
and in salmonids, clupeids, and apodes they form the major component of 
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the follicles in the RPD. The orangeophilic cells are concentrated in the 
PPD, commonly in its dorsal zone, along the neurohypophysial processes. 
Bordering such processes in the RPD are faintly basophilic cells that charac- 
teristically stain brownish black with McConaill’s (1947) lead hematoxylin 
(PbH). Large, strongly PAS-positive cells are often concentrated in a ventral 
rim of the PPD, and smaller, strongly AB-positive basophils have a tendency 
to accumulate in the rostrodorsal part of the PPD near the processes of the 
neurohypophysis. However, both types of basophils can have a wider dis- 
tribution in the PPD, and may even be found in the RPD. The PI has a 
majority of usually PbH-positive and weakly acidophilic cells, but it also 
contains cells which tend to be weakly PAS positive. 

Each of the cell types has its own characteristics when viewed by the 
electron microscope (EM). First, the basophils can be recognized by the fact 
that their secretory granules contain glycoproteins, which react with peri- 
odic acid in the Thikry (1967) technique. Moreover, the contents of the 
secretory granules in the acidophils have a more pronounced electron densi- 
ty than in the basophils. A usually reliable characteristic by which acidophils 
and basophils can be recognized is the shape of the granular endoplasmic 
reticulum (GER). In acidophils, the GER consists of flattened parallel cister- 
nae; in basophils, the GER consists of irregularly dilated cisternae. The sizes 
and shapes of the secretory granules are much less reliable characteristics. 
The usually round, sometimes oval granules range in diameter between 100 
and 500 nm. In the lead hematoxylin-positive cells of the RPD and the AB- 
positive basophils of the PPD the granules tend to be relatively small; in the 
acidophils and in the strongly PAS-positive basophils of the ventral PPD 
they are usually larger. These basophils in the ventral PPD typically contain 
not only secretory granules but also globules with a diameter varying be- 
tween 0.5 and 3.0 pm, and contents of relatively low-electron density. In 
electron micrographs so-called stellate cells may be observed in between the 
hormone-producing cells. Moreover, in most teleosts studied to date, neu- 
rosecretory axons piercing the laminae that separate the neurohypophysis 
from the adenohypophysis penetrate the parenchyma of the adenohypophy- 
sis and form synaptoid endings on the endocrine cells. These nerve fibers 
along with centrifugal capillaries, running in the perivascular space between 
the interdigitating neuro-enadenohypophysis are the essential means of 
transport of information from the central nervous system to the ade- 
nohypophysial cells. 

Seven different morphological cell types can be recognized with both the 
light and electron microscope. It is generally accepted that each of these cell 
types secretes one specific hormone. Admittedly, this concept will not be 
proven until it has been possible to culture the cell types separately and to 
identlfy their secretory products under culture conditions. However, assum- 
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ing that the “one cell type-one hormone” concept is correct, attempts have 
been made to demonstrate the respective functions of the cell types by way 
of histophysiological research. In these studies natural or experimentally 
induced changes in target organs were compared with changes (1) in the size 
and shape of the pituitary cells and their nuclei, (2) in the storage of secreto- 
ry granules, and (3) in the abundance of certain organelles such as the Golgi 
system, the GER, and the mitochondria. Moreover, recently, the double- 
antibody immunocytochemical technique has been applied for the identifica- 
tion of the functional cell types. However, in most cases, pure and homolo- 
gous antigens are not available, and heterologous systems are never com- 
pletely satisfactory, because they leave the possibility of cross reactions with 
some unknown component of the pituitary cells. Therefore, the results of 
immunocytochemical studies have limited value and can at best only verify 
histophysiological data. 

Such histophysiological data indicate that, in the teleost pituitary, the 
PbH-positive cells of the RPD produce corticotropin (ACTH) and the PbH- 
positive cells of the PI produce melanotropin (MSH). The acidophils of the 
RPD are presumed to secrete prolactin (PRL), and those of the PPD secrete 
somatotropin (STH). The AB-positive basophils of the PPD have been iden- 
tified as the source of thyrotropin (TSH), and the PAS-positive cells of the 
ventral PPD have been identified as the producers of gonadotropin (GTH). 
The function of the weakly PAS-positive cells in the PI is uncertain; they 
may be involved in the regulation of calcium metabolism (Olivereau et aE., 
1980a,b, 1981), or in the regulation of background color adaptation (Ball and 
Batten, 1981), or reproduction (Schreibman et al., 1982). 

This brief description of the teleost pituitary provides a background for a 
discussion of the literature concerning the gonadotropic cells. The excellent 
chapter on the teleost pituitary by Ball and Baker in “Fish Physiology,” 
Volume I1 (1969) forms a good starting point for that discussion. Other 
current reviews include the following: van Oordt (1968, 1979), Sage and 
Bern (1971), Schreibman et al. (1973), Holmes and Ball (1974), Fontaine and 
Olivereau (1975), Doerr-Schott (1976a), Follknius et al. (1978), van Oordt 
and Ekengren (1978), and Ball (1981). The following are the most important 
points considered in these reviews and in the reports of original experimen- 
tal data: 

1. Correlative changes in gonadal functions and the structure of pituitary 
basophils. 

2. The identification of cells producing glycoprotein-gonadotropin by 
means of immunocytochemical techniques, sometimes applied to pituitaries 
of fish kept under various physiological conditions. 

3. The number of gonadotropic cell types (some researchers have identi- 
fied two different types, others only one). 
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4. The function of the cell organelles, more especially of the secretory 

5. The innervation of the gonadotropic cells as a morphological basis for 
granules and globules in gonadotropin secretion. 

the central regulation of the gonadotropic activity of the pituitary. 
These points are discussed further in this chapter. 

III. THE GONADS AND PITUITARY BASOPHILS 

Ball and Baker (1969) emphasize that “any pars distalis basophils that are 
quiescent or absent before sexual maturity, and which show pronounced 
secretory changes in correlation with the gonadal cycle, are gonadotrops.” 
They demonstrate this in a detailed account of the changes in the basophils 
of the ventral PPD that coincide with changes in the ovarian condition of the 
green sailfin molly (the green form of Poecilia latipinna). Moreover, Ball and 
Baker refer to many published studies on other teleosts and conclude that 
gonadotropin is formed in PAS-positive cells, which are usually concentrated 
in a ventral rim of the PPD, but also have been found in the RPD, e.g., in 
the eel and salmonids. Very often the gonadotrops not only contain PAS- and 
AB-positive granules, but also much larger PAS- and AB-positive globules. 
The granules stain not only with PAS and AB, but also with aldehyde fuchsin 
(AF) after permanganic oxidation. As a rule, the granules in the thyrotropic 
basophils show the same staining characteristics. This makes it difficult to 
differentiate between the gonadotropic and the thyrotropic basophils on the 
basis of the stainability of their respective secretory granules. 

Because of that difficulty, and because of the observations of Baker et al. 
(1974) that in the Indian catfish (Heteropneustes fossilis) the gonadotropic 
basophils outnumber the thyrotropic ones, Sundararaj and co-workers (Sun- 
dararaj and Sehgal, 1970; Viswanathan a d  Sundararaj, 1974a,b; Anand and 
Sundararaj, 1974, 1975) did not believe it was necessary to bother with the 
thyrotrops. They accepted the number and histological condition of all 
basophils in paraffin sections of the PPD (i.e., gonadotrops and thyrotrops) 
as sufficient for measuring the gonadotropic activity of the pituitary under 
natural and experimental circumstances. Likewise, Singh (1970) used the 
number and size of the basophils in the pituitary of the catfish, Mystus 
vittatus, as an indication of its gonadotropic potency. 

However, as Ball and Baker (1969) noted, it is often possible to differenti- 
ate between the gonadotrops and the thyrotrops under light microscopy on 
the basis of their topographical separation. Thyrotrops may be concentrated 
in the RPD, as in the eel, or in the dorsal or rostrodorsal PPD, as in 
cyprinodonts and in some cyclids and mullets, respectively. This led Tsuneki 
and Ichikawa (1973) to label the ventral basophils in the PPD of Chasmich- 
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thys doligognathus as gonadotrops and more dorsally situated basophils as 
thyrotrops, without any histophysiological study. 

More commonly, in recent publications on the light microscopical identi- 
fication of gonadotropic cells in teleosts, researchers have followed the classi- 
cal approach of studying pituitaries during the cyclic development of the 
gonads. Examples are the studies of Khana and Pant (1969) with Glyp- 
tothorax pectionopterus; of Javaid and Gul-i-Nargis (1974) with Channa 
punctatus; of Bisht (1975) with Schizuthorax richardsonii; of Prakash and 
Paliwal (1976) with Entropiichthys vacha; of Itoda and Honma (1977) with 
the Japanese dace (Leuciscus hakonensis); of Chiba et al. (197813) with the 
ironfish (Carassius hybr.); of Christoforov (1978) with the polar cod (Boreo- 
gadus saida); of Yoshi and Honma (1978) with the fresh water goby, Rhi- 
nogobius brunneus; and of Jafri and Ensor (1980) with the roach (Rutilus 
rutilus). 

Prasado Rao (1972), Baker et al. (1974), and Haider (1978) have studied 
the pituitary of the Indian catfish (Heteropneustes fossilis) under various 
natural and experimental conditions in search of the differentiation between 
gonadotrops and thyrotrops at the light microscopical level. The researchers 
appear to agree that in the Indian catfish the gonadotrops are large baso- 
phils, and together with acidophilic cells they comprise most of the PPD. 
However, the topography of the thyrotrops appears to be a matter of some 
dispute. Prasado Rao (1972) localizes these cells in the ventral and latero- 
ventral areas of the PPD. Baker and co-authors (1974) find the thyrotrops in 
the centrally situated neurohypophysis and in the PI. Haider (1978) ascribes 
to the thyrotrops a tendency to migrate into all parts of the pituitary, includ- 
ing the stalk region. All three observations may to some degree be correct. 
Joy and Sathyanesan (1979) find thyrotrops in the ventral part of the PPD, 
the caudal neurohypophysis, and the PI of another catfish, Clarias 
batrachus. In this species the gonadotrops are large basophils, which to- 
gether with acidophils form the major part of the PPD, especially during the 
spawning season. 

Gonadotropic basophils have also been identified in the PPD by com- 
bined studies of changes that correlate with the gonadal cycle and with the 
development of the gonads. Recent examples of this combined approach are 
the work of Fiodorov (1971) with the Greenland halibut (Reinhardtius hippo- 
glossoides); of van den Hurk (1974) with the black molly (the black form of 
Mollienisia (Poecilia) latipinna); and of Moiseyeva and Zolotnitsky (1978) 
with the Black sea turbot (Scophthalmus maeoticus). Similarly, Sage and 
Bromage (1970b), Honma and Yoshie (1974), Sasayama and Takahashi 
(1975), and Honma et al. (1976), studying the guppy (Poecilia reticulatu), the 
salmonid Plecoglossus altiuelis, Tilapia mossambica (= Sarutherodon 
mossambicus), and the three-spined stickleback (Gasterosteus aculeatus), 
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respectively, have described the differentiation and development into fully 
active gonadotrops of basophils in the ventral area of the PPD. In these 
species the thyrotrops take the usual, more dorsal position in the PPD. 

However, in the blind Mexican cave fish (Anoptichthys jorduni) Mattheij 
(1968, 1970) found that both the gonadotrops and the thyrotrops show a 
more or less random distribution in the PPD. The thyrotrops could be 
identified as relatively small, angular, strongly AB-positive cells that differ- 
entiate at an early stage simultaneously with the development of the thyroid 
follicles, and degranulate in goitrogen treated fish. The gonadotrops are 
larger, globular cells with secretory granules staining purple with AB-PAS. 
Their cytoplasm may contain numerous small vacuoles that give the cells a 
foamy appearance, especially in the spawning period. During the spawning 
period, degradat ion and hypertrophy are more pronounced in gonadotrops 
bordering the processes of the neurohypophysis than in cells situated at 
some distance from these processes. The gonadotrops in the pituitaries of 
young cave fish do not store stainable material until, at a fairly late stage, the 
gonads develop. Such a situation has also been described for the sailfish 
Istiophorus platypterus by Chiba and Honma (1980). 

According to Chiba and Honma (1973) the topographies of the 
gonadotrops and the thyrotrops are very unusual in the puffer Fugu nipho- 
bles. They noticed a differentiation of basophils with PAS- and AF-positive 
granules and globules in the RPD which was concominant with the develop- 
ment of the gonads. Further, the size and granulation of these cells followed 
the gonadal cycle. However, basophils in the ventral PPD with one type of 
PAS- and AF-positive granules did not change during the sexual cycle. 
Therefore, it was concluded that the basophils in the RPD were gonado- 
trops, and that those in the PPD are thyrotrops. However, in another puffer, 
Fugu stictonotus, Chiba and Honma (1974) found that basophils of the RPD 
secreted thyrotropin and those of the PPD secreted gonadotropin. The latter 
conclusion is based on the treatment of juvenile fish with thiouracil, and on 
following the cell types during gonadal maturation. Interestingly, in both 
species the gonadotrops were the cells which, apart from secretory granules, 
contained large, PAS-positive globules. 

With regard to the differentiation of the gonadotrops, Kallman and 
Schreibman (1973; see also Kallman et aE., 1973; Schreibman and Kallman, 
1977, 1978) discovered a sex-linked gene that controls sexual maturation in 
male platyfish ( X ~ p h o p h o ~ s  maculutus). Males homozygous for early differ- 
entiation were observed to mature before males homozygous for late differ- 
entiation. Heterozygotes were intermediate. In all groups the differentiation 
of ventral basophils in the PPD coincided with that of the testes, indicating 
that these basophils are the source of pituitary gonadotropin. A similar ob- 
servation was made by Chestnut (1970) and by Olivereau (1976) and Murza 
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(1978) in precocious coho salmon (Oncorhynchus kitsutch) and Atlantic salm- 
on (Salmo salar), respectively. The researchers found large, granulated 
basophils in the pituitaries of these precocious males which were absent in 
juveniles of the same age. 

Fiodorov (1971), Moiseyeva and Zolotnitsky (1978), and Chiba et al. 
(1979) described a hyperfunction of the gonadotropic basophils of the PPD in 
sterile specimens of the Greenland halibut (Reinhardtius hippoglossoides), 
in the Black sea turbot (Scopthalmus maeoticus), and in a hybrid of the carp 
(C yprinus carpio) and the crucian carp (Carassius auratus), respectively. 
Similarly, in mature and nearly ripe sockeye salmon (Oncorhynchus nerka), 
McBride and van Overbeeke (1969) observed a rapid degranulation of the 
gonadotropic basophils in the PPD following gonadectomy. In contrast, the 
administration of sex steroids led to the appearance of many granulated PAS- 
positive gonadotrops, both in the sockeye salmon (van Overbeeke and 
McBride, 1971) and in the guppy (Poecilia reticuhta; Sage and Bromage, 
1970a). However, van den Hurk and Testerink (1975), found that the 
gonadotropic cells in the ventral PPD of adult male black mollies 
[ Mollienisia (Poecilia) latipinnu] showed a marked regression and partial or 
complete loss of basophilic material when the fish were treated with 
methyltestosterone. 

Several researchers have suppressed gonadotropic activity by treating 
fish with the dithiocarbamoylhydrazine derivative methallibure (I. C. I. 33, 
828), and have thereafter studied paraffin sections of the gonads and pitui- 
taries with the light microscope. They invariably found a decrease in cell size 
and a loss of secretory granules in the gondadotrops of the PPD, coinciding 
with a marked regression in gonadal functions. Such results were obtained 
by Leatherland (1969) in Cymatogaster aggregata, by Pandey and Leather- 
land (1970) in the guppy (Poecilia reticuluta), by Mackay (1971) in 
Plectroplitus ambiguus, by Dadzie (1972) in several Tilapia species, by 
Hyder (1972) and Chiba et al. (1978a) in Tilupia mossambica (Sarotherodon 
mossambicus), by van den Hurk and van de Kant (1975) in juvenile black 
mollies [Mollienisia (Poecilia) latipinnu], by van den Hurk and Testerink 
(1975) in adult male black mollies, and by van Ree (1976) in the zebrafish 
(Brachydanio rerio). However, the disadvantage of methallibure is that it 
not only causes regression of the gonadotrops, but also of other cell types, 
including thyrotrops and somatotrops, in the adenohypophysis, and there- 
fore cannot safely be used for the identification of the gonadotrops. 

In general, the major disadvantage of the histophysiological approach to 
the identification of functional cell types in the adenohypophysis is that 
changes in one morphological cell type, brought about by natural or experi- 
mental alterations in target organs such as the gonads, seldom appear alone. 
Further, when in the course of an experiment two or more morphological 

~ _ _ _  
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cell types show simultaneous reactions, there is very often some doubt 
concerning their functional significance. Therefore, it is no wonder that soon 
after the introduction of immunocytochemical methods, students of the tele- 
ost pituitary resorted to this approach to identify the functional cell types of 
the adenohypophysis. 

W .  IMMUNOCYTOCHEMICAL IDENTIFICATION 
OF GONADOTROPS 

The first to use immunocytochemistry for identifying gonadotropic cells 
in the pituitary of a teleost were McKeown and van Overbeeke (19711, who 
treated frozen sections of sockeye salmon (Oncorhynchus nerka) pituitaries 
with anti-ovine-luteinizing hormone (LH) and anti-ovine-follicle stimulating 
hormone (FSH). Fluoresceine-labeled anti-LH produced fluorescence in 
basophils of the rostroventral PPD, but not in other basophils of the pars 
distalis. Anti-FSH showed no reaction at all. Further, a labeled antibody 
against ovine thyroid stimulating hormone (TSH), which is chemically relat- 
ed to the two gonadotropins, failed to produce fluorescence in any cells of 
the pituitary gland. Similarly, in paraffin sections of fixed carp (Cyprinus 
carpio) pituitaries, Billard et al. (1971) found fluorescence in basophils of the 
PPD after applying the double-antibody fluorescence technique with anti- 
ovine-LH as first antibody, and they found no reaction at all with anti- 
bovine-TSH. However, in the carp, contrary to the sockeye salmon, all 
basophils in the PPD without exception reacted to anti-ovine-LH; those 
forming a ventral rim of relatively large cells as well as smaller, polygonal 
cells among the acidophils in the central and dorsal PPD. All basophils in the 
PPD also reacted with anti-carp-GTH and anti-carp-TSH, but only the 
small, polygonal cells reacted with anti-carp-TSH when that antibody had 
been saturated with anti-carp-GTH. This indicates that, in the carp, the 
central and dorsal basophils of the PPD produce thyrotropin, and the more 
ventral basophils produce gonatotropin. 

Very similar results were obtained by Follknius and Dubois (1975) in the 
goldfish (Carussius uuratus) and the stickleback (Gasterosteus aculeatus), 
where these two cell types become fluorescent after application of anti- 
ovine-LH. Further, Peute et al. (1982a,b) could distinguish between large 
and small basophils in the PPD of the African catfish (Clarius lazeru) by 
applying the double-antibody immunoenzyme and immunoferritin tech- 
niques to electron microscope sections of fixed pituitaries. Both cell types 
reacted with anti-carp-GTH as first antibody. However, an antibody to the 
P-subunit of carp-GTH only caused an immunocytochemical reaction in the 
secretory granules (diameter, 100-1000 nm) and in large, often fusing 
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globules (2 p,m in cross section) of large basophils. The smaller (diameter, 
60-160 nm) and larger (diameter, 160-480 nm) granules of the small 
basophils were the only ones to react with anti-human-TSH. 

The question remains, does this suffice for identlfying the gonadotropic 
and the thyrotropic cells in the teleost pituitary. Goos and van Oordt (1975) 
and Goos et al. (1976) have disputed the evidence. Using anti-carp-GTH, 
they applied the indirect-immunofluorescence technique to sections of 12 
different teleost species, belonging to the family of the Poeciliidae, the 
Characidae, and the Cyprinidae. In the representatives of the Characidae 
and the Cyprinidae, their specific antibody reacted with constituents of all 
cell types. It was only in the Poeciliidae, i.e., the black molly [Mollienisiu 
(Poecilia) latipinna], the guppy (Poecilia reticulata), and the swordtail 
(Xiphophorus helleri) that fluorescence showed a discrete distribution, and 
was restricted to two types of basophils of the PPD: larger ones forming a 
ventral rim, and smaller ones among the acidophils of the central and dorsal 
PPD. This means that when heterologous antibodies are used, one must be 
aware of unspecific reactions and of immunoreactive determinants which are 
present in the molecules of chemically related hormones. 

In a heterologous system much depends on the first antibody. This is 
illustrated by the results of Ekengren et al. (1978a), who applied the double- 
immunofluorescent method to sections of fixed roach (Rutilus rutilus) pitui- 
taries. When anti-carp-GTH was used as the first antibody, basophils in the 
PPD containing large secretory granules and globules (diameter, 500-2000 
nm) reacted more strongly than basophils containing small granules (diame- 
ter, 500 nm). When anti-salmon-GTH was used the opposite results were 
obtained. Presumed thyrotrops of the RPD reacted to both antibodies. In 
another example, Peute et al. (1982a,b) and J. Peute (unpublished results), 
working with the African catfish (Clarias luzeru), found that three cell types 
cross-reacted with anti-carp-GTH. These were large, strongly PAS-positive 
cells with granules and globules, 100-1000 nm and up to 2 pm wide, respec- 
tively, and small mainly AB-positive basophils with granules measuring 
60-480 nm in diameter, both situated in the PPD, and some erythrosinophilic 
cells in the PI. Anti-salmon-GTH and anti-carp-P-GTH reacted only with 
constituents of the globular basophils, and anti-human-TSH exclusively 
stained the small basophils of the PPD. Obviously, the antiserum to carp- 
GTH contained more, and less specific antigen determinants than did the 
other antisera. 

Other important factors in immunocytochemical studies are the tech- 
niques of processing the pituitaries and the dilution of the first antibody used 
in the double-immunocytochemical technique. This has been demonstrated 
by Leunissen et al. (1980, 1982) in their work with rainbow trout (Salmo 
gairdneri) pituitaries, which were fured in glutaraldehyde and parafor- 
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maldehyde for the electron microscope. In plastic-embedded material, at 
high concentrations an anti-carp-GTH and an anti-salmon-GTH reacted in- 
discriminately with constituents of acidophils as well as basophils; at lower 
concentrations anti-carp-GTH and anti-salmon-GTH did not react at all. In 
cryoultramicrotome sections of similarly fixed material, dilutions of 1:8000 of 
the two antibodies also caused a diffuse reaction in most pituitary cells, but 
higher dilutions of anti-carp-GTH and anti-salmon-GTH exclusively labeled 
the contents of granules and globules in presumed gonadotrops and the 
granules in presumed thyrotrops. An antibody against the p-subunit of carp 
GTH at a dilution between 1:lOOO and 1:4000, selectively reacted with the 
hormone-storing vesicles of the presumed gonadotrops. Further, according 
to van Putten et al. (1982, 1983), in the pituitary of the rainbow trout 
granules of the presumed thyrotrops selectively bind anti-human-P-TSH. 

The aforementioned examples indicate that immunocytochemical tech- 
niques, when conducted with great care, show binding of antibody to con- 
stituents of one or at least a limited number of cell types. It is correct to say 
that such constituents must be immunochemically related to the original 
antigen. However, if, for example, the antigen is a fish gonadotropin, the 
substance reacting with its antibody may not necessarily be either fish 
gonadotropin or the chemically related thyrotropin. Gielen et al. (1982~) 
found that in the rainbow trout, prolactin cells selectively react with an 
antiserum to glucagon, but they did not interpret that as an indication of the 
presence of glucagon in those prolactin cells. Hormone producing cells in 
the pituitary contain many substances, most of which are unidentified. 
Therefore, it will remain necessary to combine immunoeytochemical studies 
with histophysiological research, even when the immunocytochemical tech- 
niques are perfected, for example, by introducing monoclonal antibodies to 
absolutely pure hormones. Fortunately, researchers studying gonadotropin- 
producing cells in the teleost pituitary have been aware of this. 

McKeown and van Overbeeke (1971) compared their results with those 
of McBride and van Overbeeke (1969) who studied the effects of gonadec- 
tomy on the pituitary of the sockeye salmon (Oncorhynchus nerka). Further, 
Peute and de Bruyn (1976) and Peute et al. (1976) treated male black mollies 
[Mollienisia ( P o d i a )  latipinnu] with methyltestosterone. This led to a de- 
crease in the number of secretory granules filled with an electron-dense 
substance, and a loss of immunoreactivity to anti-carp-GTH in the basophils 
forming the ventral rim of the PPD. For a related species, the platyfish 
(Xiphophorus maculatus), Margolis-Kazan et al. (1979, 1981), Schreibman 
and Margolis-Kazan (1979), and Margolis-Kazan and Schreibman (1981) used 
immunocytochemical techniques to verify the results of earlier studies con- 
cerning the differentiation of pituitary basophils along with gonad develop- 
ment (Kallman and Schreibman, 1973; Kallman et al . ,  1973; Schreibman and 
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Kallman, 1977, 1978). Both at the light and the electron microscopical level, 
antibodies to trout-GTH and to carp-GTH labeled the thyrotrops and the 
gonadotrops. However, anti-carp-(3-GTH exhibited immunoreactivity with 
the gonadotrops only, and anti-human-TSH reacted with the thyrotrops 
only. 

In the zebrafish (Brachydanio rerio) the results of immunocytochemical 
studies support histophysiological data. Lambert and van Oordt (1974) dem- 
onstrated the hypertrophy of basophils in the ventral PPD during nuptial 
behavior in the female zebrafish, and believed that this indicated gonadotro- 
pin secretion by these cells. Accordingly, G. E. FAhraeus-van Ree (un- 
published results) observed a decrease in immunofluorescence in the same 
type of basophils of zebrafish pituitaries cultured in a medium containing 
LH-RH. Van den Hurk et al. (1982b) noted a similar disappearance of rnate- 
rial reacting with anti-carp-GTH in the basophils of the PPD of male 
zebrafish showing prespawning agonistic and courtship behavior. 

Using anti-carp-GTH as first antibody, Ekengren et al. (1978b,c) com- 
pared changes in basophils with secretory granules (diameter, 230 nm) and 
globules (diameter, 500-600nm) during the nuptial period of the Atlantic 
salmon (Salmo salar) with the results of a double-immunocytochemical reac- 
tion. Both approaches indicated that the globular basophils are the source of 
gonadotropin. This was confirmed by Lindahl(l980) who used anti-salmon- 
GTH. In the rainbow trout (Salmo gairdneri), seasonal changes in PPD 
basophils (characterized by granules of 100-300 nm diameter, globules of 
400-800 nm diameter, and irregular cisternae of the GER) corroborate the 
positive reaction of these cells to anti-carp-GTH and anti-salmon-GTH. 
These results by Peute et al. (1978) are in agreement with those obtained by 
van den Hurk et al. (1982a), and van den Hurk (1982), who demonstrated an 
immunofluorescence reaction with anti-salmon-GTH and anti-carp-GTH in 
the PPD basophils of 45- to 100-day-old rainbow trout. Unlike the ventral 
basophils, those located between the acidophils in the central and dorsal 
PPD also reacted with anti-human-P-TSH. Accordingly, the basophils be- 
tween the acidophils in the central and dorsal PPD developed earlier, to- 
gether with the thyroid follicles, and the ventral basophils developed later, 
along with the gonads. Moreover, the ventral basophils could be stimulated 
by androgen treatment. Therefore, the central and dorsal basophils of the 
PPD of juvenile rainbow trout are considered to produce thyrotropin, and 
the ventral ones produce gonadotropin. In this respect, it is of interest that, 
in the hands of van Putten et al. (1982, 1983), a goitrogen treatment of 
immature rainbow trout led to degranulation and vacuolization of basophils 
containing small granules of 160 nm diameter. The small cells reacted selec- 
tively with anti-human-P-TSH. The experimental fish were somewhat older 
than those used by van den Hurk and co-workers, and concomitantly showed 
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a different distribution of the thyrotrops; the thyrotrops were no longer in 
the central and dorsal PPD, but were found in the RPD and the rostrodorsal 
PPD . 

In combination with histophysiological results, the outcome of immu- 
nocytochemical studies allows for the identification of gonadotropin-produc- 
ing cells in teleost pituitaries. However, immunocytochemical techniques 
have a marked restriction; that is, they can only be used to ascertain the 
cellular source of gonadotropins that cross-react with the antibodies that are 
applied. To date, with respect to teleost gonadotropins, with one exception 
that is discussed later, the only antibodies that have been used are those 
raised against carp (Cyprinus carpio) gonadotropin and its subunits (Bur- 
zawa-Gerard, 1971, 1974; see also Burzawa-G6rard and Kerdelhu6, 1978), 
antibodies raised against the Sephadex G-100 fraction of Pacific salmon (On- 
corhynchus tschawytscha) gonadotropin (Donaldson et al., 1972), and anti- 
bodies against rainbow trout (Salmo gairdneri) gonadotropin (Breton et al., 
1976). These gonadotropins are mucoprotein hormones, considered by some 
researchers to maintain all gonadal functions in the carp, the Pacific salmon, 
and the rainbow trout, respectively. However, as explained by Idler and Ng 
(chapter 5,  this volume), other researchers consider this mucoprotein 
gonadotropin as representative of only one of two different gonadotropins in 
female teleosts, this gonadotropin being particularly involved in the produc- 
tion of ovarian hormones, in maturation of the oocytes, and in ovulation. 
This means that the pituitaries of a few or possibly numerous teleost species 
may produce two different gonadotropins. 

In fact, long before two separate fractions with gonadotropic potency 
were extracted from teleost pituitaries, the existence of two different teleost 
gonadotropins was postulated. The main basis for this hypothesis was the 
belief that the production of two gonadotropic hormones would be a com- 
mon feature of all gnathostome pituitaries. Further, it was supposed that 
each of these gonadotropins would originate in a separate cell type. There- 
fore, from the beginning of interest in the histology of the teleost pituitary, 
attempts have been made to identify two types of gonadotropic cells. It is 
obvious that two different types of gonadotrops cannot be distinguished with 
certainty by immunocytochemistry as long as antibodies against only one 
type of mucoprotein gonadotropin are available. Indeed, the main approach 
to the problem of one or two types of gonadotrops in the teleost pituitary has 
to date been that of histophysiological research. 

V. ONE OR TWO TYPES OF GONADOTROPS 

When a histologist concludes that the adenohypophysis of some fish 
contains two different types of gonadotropin-producing cells, it is (or should 
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be) because among the basophils two morphologically different types with 
each showing changes in size, in granulation, and in vacuolization correlating 
with certain specific aspects of the gonadal cycle can be discerned. In pre- 
senting results, histologists usually describe clearly the two types of 
gonadotropic cells and the changes in these cell types during gametogenesis 
and the production of gonadal hormones. 

As Ball and Baker (1969) emphasized, M. Olivereau is foremost among 
the advocates of two types of gonadotrops in the teleost pituitary. She has 
given an accurate light microscopical description of two types of 
gonadotropic cells, observed in the pituitaries of various species, including 
eel (Anguilla anguilla), mullet (Mugil auratus, Mugil cephalus), goldfish 
(Carussius auratus), and Pacific salmon (Oncorhynchus spec.). One of these 
types has granules that are not only PAS positive, but also stainable with AB, 
AF, and especially PbH. This cell type strongly degranulates and vacuolates 
during spawning. The other type of cell has PAS-positive, but AB-, AF-, and 
PbH-negative granules. 

In contrast, Ball and Baker (1969), giving a detailed light microscopical 
description of the gonadotrops in the green sailfin molly (Poecilia latipinnu), 
found that all of these cells have secretory granules that stain with PAS and 
AB and globules that are PAS positive and AB negative. Further, it ap- 
peared that none of the basophils had granules or globules staining with 
PbH. Most gonadotropic cells were seen to undergo changes in size, gran- 
ulation, and vacuolization during the ovarian cycle. Therefore, as Ball and 
Baker conclude, the behavior and the staining properties of the gonadotrops 
make it impossible to say that Poeciliu latipinna possesses two distinct types 
of gonadotrops. 

In other words, what is found in one species may not be observed in 
another. This makes it impossible to reach a firm conclusion regarding the 
number of gonadotropic cell types. Since 1969, the situation has not 
changed; on the contrary, in 1981, there were few species about which 
histologists could agree regarding the number of gonadotropic cell types. 

For the roach [Leuciscus (Rut&) rutilus], Olivereau (1969) described 
two types of gonadotrops, both located in the PPD of the pituitary, on the 
basis of the stainability of their secretory granules. In the same species, BBge 
et at. (1974) and Ekengren et al. (1978a) also recognized two types of 
gonadotrops in electron micrographs of the PPD. One type consisted of large 
cells, containing granules and globules (diameter 500-2000 nm) and cister- 
nae of an often dilated GER. The other type was smaller cells, containing 
granules and globules (never exceeding 500 nm in diameter) and small 
cisternae of the GER. The contents of both cell types cross-reacted with anti- 
carp-GTH, but only those of the first type reacted with anti-salmon-GTH. 
Itoda and Honma (1977), studying the pituitary of a related species, the 
Japanese dace (Leuciscus hakonensis), also found two types of basophils in 



152 P. G .  W. J .  VAN OORDT AND J .  PEUTE 

the PPD, but concluded, from a comparison of the cyclical changes in these 
cells with those in the thyroid and the gonads, that the larger basophils are 
gonadotrops and the smaller ones are thyrotrops. Possibly, the anti-carp- 
glycoprotein GTH in the experiment of Ekengren and co-workers reacted 
with thyrotropin as well as gonadotropin, and the anti-salmon-glycoprotein 
GTH reacted with gonadotropin only. At present, this appears to be more 
likely than the assumption that the pituitary of the roach produced two 
different glycoprotein gonadotropins. 

Light microscopical studies of the pituitary of the perch (Perca fluviatilis 
macedonica) revealed two types of gonadotrops (Dimovska, 1970, 1977); one 
type in a ventral position in the PPD has coarse granules, which stain deeper 
with PAS, AB, and AF than the fine granules of the other, dispersed among 
acidophils in the central and dorsal PPD. Changes in the former correlate 
with vitellogenesis in the oocytes, and both cell types show secretory activity 
during the nuptial period. Malo-Michele (1978) described two types of 
gonadotrops for the PPD of Boops salpa, with the same distribution and the 
same staining reactions of their granules as the two types of basophils in the 
perch. Ventral gonadotrops developed together with the gonads. More dor- 
sally located gonadotrops became more prominent at maturity. Both cell 
types changed during the spawning season. Likewise, Simon and Reinboth 
(1974) could distinguish between dorsal and ventral gonadotrops in the PPD 
of the sunperch (Lepomis cyanellis); the dorsal gonadotrops reacted to castra- 
tion and the ventral gonadotrops reacted to an increase in daily photoperiod. 
Further, 0 and Chan (1974) described stronger and weaker PAS-, AB-, and 
AF-positive gonadotrops in the PPD of the ricefield eel (Monopterus albus). 
However, the results of Mattheij (1970) and of Chiba and Honma (1980) with 
the Mexical cave fish (Anoptichthys jordani) and the sailfish (Istiophorus 
platypterus), respectively, lead to a different interpretation; that is, dorsal 
and ventral gonadotrops belong to one type. In the Mexican cave fish these 
cells develop simultaneously with the gonads and become hyperactive to- 
ward the spawning period. In both species, gonadotrops located near protru- 
sions of the neurohypophysis tend to degranulate and vacuolate more 
markedly than others. Moreover, Abraham (1974) could not corroborate the 
older observations of Olivereau, of Leray, and of others (see review by Ball 
and Baker, 1969) that the pituitary of the mullet (Mugil cephalus) contains 
two types of gonadotrops. Both at the light and the electron microscopical 
level the cells displayed a vast array of cytological differences, and it was not 
possible to decide whether these were related to differences in secretory 
activity or to differences in secretory product. 

With regard to the salmonids, it is appropriate to refer first to the light 
microscopical work of Olivereau (1976, 1977, 1978) with the Atlantic salmon 
(Salmo salar) and two species of trout, Salmo gairdneri and Salmo fario. In 
salmon, captured from the sea and possessing a low GSI, the PPD contains 
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Fig. 2. Electron micrograph of a typical globular gonadotropic cell in the pituitary of an 
adult, sexually mature rainbow trout (Salmo gairdneri) with granules (gr), globules (gl), and 
cisternae (c) of the GER. The arrow indicates coalescing globules. Fixation was in 4% glutaral- 
dehyde in 0.1 M cacodylic buffer, pH 7.3, at 0°C. Postfixation was in 2% OsO4 in 0.2 M 
cacodylic buffer, pH 7.3, at 0°C. Dehydration was in graded ethanol and propyleneoxide. 
Material was embedded in Epon (Ladd) and stained with uranylacetate and lead citrate (magni- 
fication X 13,300). The technical assistance of M. G. A. de Mol Moncourt-de Bruyn and L. W. 
van Veenendaal is acknowledged. 
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numerous active cells with few glycoprotein granules. These cells show a 
progressive vacuolization and contain a few acidophilic granules when the 
fish enter the spawning grounds. In sexually mature salmon, glycoprotidic 
cells predominate in the rostra1 PPD. These are maximally developed short- 
ly before spawning, and slowly degranulate during that period. In mature 
trout, Olivereau also found two gonadotropic cell types. One type which 
stained with PAS, AB, and AF, was abundant in the PPD and could also be 
found among the follicles of the RPD. Its contents showed a cross-reaction 
with anti-HCG, with anti-bovine-TSH, and, according to Olivereau and 
Nagahama (1982), also with anti-salmon-GTH. The other type did not react 
with these antibodies, was almost completely PAS-, AB-, and AF-negative, 
and was mainly restricted to the periphery of the dorsal glandular strands of 
the PPD. Cells of this latter type predominated during vitellogenesis and 
appeared active mainly in spring. They showed hyperplasia and hypertrophy 
in 3-year-old females with immature gonads. 

In their immunocytochemical and electron microscopical studies of adult 
Atlantic salmon, Ekengren et al. (1978b,c) recognized only Olivereau’s 
glycoprotidic cells as gonadotrops. Toward spawning, these cells did not 
show a gradual degranulation but did show a very strong and rapid release of 
secretory products and the appearance of numerous dilated cisternae of the 
GER. Likewise, a treatment with LHRH led to a strong vacuolization of the 
gonadotrops. Similar studies of immature and adult Atlantic salmon by Lin- 
dahl(l980) show that in parr and smolt, undifferentiated cells develop into 
gonadotrops which store electron-dense secretory granules (diameter about 
200 nm) and less electron-dense globules (averaging 600 nm in diameter). In 
adult, sexually mature fish and in precocious male parr these granules and 
globules may be replaced by dilated cisternae of the GER. A second type of 
gonadotrop was not observed. 

Boddingius (1975) could not demonstrate a second type of gonadotrop in 
her light and electron microscopical studies of the pituitary of the rainbow 
trout (Salmo irideus = S .  gairdneri). Boddingius did observe Olivereau’s 
second, largely chromophobic cell type, but did not recognize its possible 
gonadotropic function. Peute et al. (1978) described globular and cisternal 
gonadotrops in the pituitary of the adult rainbow trout and intermediates 
between the two (Figs. 2-6). These cells are characterized by the presence 
of secretory granules (75-500 nm in diameter and of varying electron densi- 
ty) and by relatively electron-lucent globules (500-1200 nm in diameter). 
According to J. Peute (unpublished results) another characteristic is the 
presence of bundles of microfibrils. These are not observed in any other cell 
type of the adenohypophysis except the MSH cells in the PI. The micro- 
fibrils are identical to the argyrophylic fibers demonstrated by Boddingius 
(1975) in the gonadotrops of the rainbow trout, and, as suggested by Bod- 
dingius, may function in the amitotic division of the cells (Fig. 5). The 



Fig. 3. Electron micrograph of a portion of a globular gonadotropic cell from a rainbow trout 
(Salmo gairdneri) pituitary, showing the Golgi system (G), granules, and globules. The some- 
what pointed globules possibly result from the fusion of globules with granules. The arrow 
indicates coalescing granules. For technical details please refer to Fig. 2. 

Fig. 4. Electron micrograph of portions of two gonadotropic cells from a rainbow trout 
(Salmo gairdneri) pituitary. The cells contain numerous granules and small cisternae of the 
GER, and are thus intermediate between the globular and cisternal cells. Technical details are 
as in Fig. 2. 
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Fig. 5. Electron micrograph of a portion of a gonadotropic cell from a rainbow trout (Salm 
guirdneri) pituitary. In this cell, the bundle of microfibrils, observed in the cytoplasm of most 
gonadotrops encircles a constriction in the nucleus, suggesting a possible role in its amitotic 
division. Technical details are as in Fig. 2. 

globular forms of these gonadotrops were observed to degranulate and to 
develop dilated cisternae of the GER during the period of vitellogenesis in 
the ovary and accelerated spermatogenesis in the testis. A regranulation and 
a loss of dilated cisternae was observed in the gonadotrops at the end of 
gametogenesis. The storage of granulcs and globules appeared to reflect the 
amount of glycoprotein GTH in the pituitary. The conclusion that the pitui- 
tary of the rainbow trout probably has only one type of gonadotrop, which 
may be present under several forms, was confirmed by Peute et al. (1980) 
and van Putten et a2. (1981) in their studies on the effects of ovariectomy on 
the ultrastructure of the pituitary. Concomitant with a strong release of 
GTH, the globular basophils (Figs. 2-3) lost their granules and globules and, 
by intermediate stages (Fig. 4), were transformed into cells with few if any 
small granules and numerous dilated cisternae of the GER (Fig. 6). Howev- 
er, it appeared that in addition to the globular and cisternal forms there were 
cells with numerous granules and GER cisternae of small dimensions, and 
without large globules. The sizes of these granules were intermediate to 
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those of the globular and cisternal gonadotrops, but unlike these gonado- 
trops they did not react with anti-salmon-GTH (Leunissen et al., 1980, 
1982). Van Putten et al. (1982, 1983) identified these cells as thyrotrops, 
making it clear that they do not represent a second type of gonadotrop. 
Further, a second type of gonadotrop could not be demonstrated in imma- 
ture rainbow trout by Gielen et al. (1982a,b). In these fish, gonadotropin and 
testosterone administration both led exclusively to an accumulation of secre- 
tory granules and globules in initially undifferentiated cells, transforming 
them into the well-known globular gonadotrops. 

Olivereau and Olivereau (1979a,b) observed a storage of secretory mate- 
rial in the gonadotrops of female silver eels (Anguilla anguillu) treated with 
17P-estradiol, and the gradual disappearance of this effect as soon as the 
treatment was interrupted. Olivereau and Chambolle (1978, 1979; see also 
Olivereau et al . ,  1979) demonstrated that at the ultrastructural level, es- 
tradiol causes the appearance of an increasing number of secretory granules, 
of occasional globules, and of dilated cisternae of the GER. Olivereau and 
Nagahama (1982) demonstrated the appearance of material cross-reacting 
with anti-salmon-GTH in the newly formed secretory granules of these cells. 
Similar observations were made by Yamamoto and Nagahama (1973) in Syn- 
ahorin-treated Japanese eel (Anguilla anguilla) and by Ueda and Takahasi 
(1978) in silver females of the Japanese eel which had been injected with 
dissolved salmon pituitary powder. 

Returning to the salmonids, the first thing to note is that Honma and 
Yoshie (1974) observed large, AF-positive gonadotrops in the ventral region 
of the PPD in the ayu (Plecoglossus altiuelis). These cells increase in size and 
granulation during vitellogenesis and spermiogenesis, and degranulate after 
spawning. According to Hirose and Ishida (1974) it is this cell type that in the 
ayu reacts to LHRH treatment. Likewise, Nagahama and Yamamoto (1969a, 
1970) and Nagahama (1973) found only one type of gonadotrop in the pitui- 
tary of the kokanee salmon, the landlocked form of Oncorhynchus nerka, 
and the chum salmon (Oncorhynchus keta). These cells appeared first in the 
ventral PPD and RPD during gonad maturation. In spent fish, they are 
strongly degranulated and may contain little more than some large, acido- 
philic granules. At the ultrastructural level the gonadotrops show the usual 
small granules, large globules, and irregular cisternae of the GER. In imma- 
ture sockeye salmon (Oncorhynchus nerka) and coho salmon (Oncorhynchus 
kisutch), one type of gonadotrops was observed by McKeown and Leather- 
land (1973) and by Nagahama et al. (1977), respectively. Previously, 
Chestnut (1970) found one type of gonadotrop in the pituitary of the coho 
salmon; he termed this cell type the granulated basophil. From the begin- 
ning of sexual maturation a portion of the granulated basophils degranulate 
and become almost completely chromophobic. However, when the second- 



158 P. C. W. J .  VAN OORDT AND J. PEUTE 

Fig. 6. Electron micrograph of a cisternal gonadotropic cell from a rainbow trout (Salmo 
gairdneri) pituitary. The cytoplasm contains very few granules and no globules. It is filled with 
dilated cisternae of the GER, and in this extreme case some of these have fused to form a big 
vacuole. Technical details are as in Fig. 2. 
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ary sex characteristics begin to develop in the males, a new cell type appears 
in the PPD and the RPD, the globular basophil, which after staining with AB 
and PAS contains blue granules and purplish red globules. Chestnut sup- 
posed that the latter type might function in the final phase of gonad matura- 
tion. Cook and van Overbeeke (1972), studying the pituitary of the sockeye 
salmon during the upstream migration, described two types of basophils. 
One type, which had a few small granules (diameter, 80-300 nm) appeared 
to be “foamy” because of the numerous dilated cisternae of the GER. The 
other type was characterized by dark granules (diameter, 200-375 nm) and 
globules (diameter, 400-2000 nm) which were relatively electron translu- 
cent. These vacuolar and globular basophils were also observed in the pitui- 
tary of sexually maturing and adult coho salmon by Leatherland and Sonste- 
gard (1980), and by Ueda and Hirashima (1979) in adult masu salmon 
(Oncorhynchus masou). Unlike the data from the Salmo species, intermedi- 
ate stages between these two types have not been found in these On- 
corhynchus species. Therefore, Chestnut, Cook and van Overbeeke, and 
Ueda and Hirashima assume that the two cell forms represent two different 
types of gonadotrops. However, Leatherland and Sonstegard suggest that 
one of them produces thyrotropin instead of gonadotropin. 

Ueda (1980) recognizes two types of closely related basophils in the PPD 
of the whitespotted char (Salvelinus leucomaenis). These globular and vesic- 
ular cells both contain small dark granules, more electron-translucent 
globules, and somewhat rounded or irregular cisternae of the GER. Globu- 
lar cells appear in immature, 1-year-old fish, first in the central PPD, but 
later, during gonad maturation also in the ventral PPD and the RPD. The 
diameters of the cell granules increase from a range of 150-350 to a range of 
200-400 nm; the globules increase from a range of 400-1000 to a range of 
800-1500 nm. Likewise, the cisternae of the GER, which are at first small in 
size and number, become larger and more numerous, patricularly during 
spawning. The vesicular cells develop somewhat later, and remain restricted 
to the central and dorsal PPD. These cells have granules of 100-300 nm in 
diameter, globules with a diameter of 500-800 nm, and a great number of 
variously dilated cisternae of the GER. The activity of the vesicular cells is 
particularly obvious after spawning; that is, before the initiation of ex- 
ogenous vitellogenesis in the oocytes. The problem with these two types of 
gonadotrops is that their distribution and particularly their ultrastructural 
characteristics overlap. Therefore, even a careful study of the text and the 
micrographs of Ueda’s publications does not at first support Ueda’s state- 
ment that: “The vesicular cells were clearly demarcated from the globular 
cells at every stage of gonadal development.” 

Jasinski (1973) described the ultrastructure of glandular cells, including 
the gonadotrops, in the pituitary of the pondloach (Misgurnus fossilis). In a 
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related species, the loach Misgurnus anguiZZicaudatus, Ueda and Takahashi 
(1977, 1980) pointed to globular and vesicular basophils in the PPD as the 
gonadotrops. However, the small and overlapping morphological daerences 
between these two forms do not support the researchers’ concept of two 
separate cell types. Further, experimental results do not support this idea. 
Ovulation induced by clomiphene was accompanied by a decrease in the 
number of granules and a strong dilatation of the GER cisternae in both cell 
types. In females, gonadectomy had very much the same effect, but only in 
the globular cells. In males castration had a similar, but less pronounced 
effect on the vesicular cells only. Treatment of females with estradiol and of 
males with testosterone affected both cell types in such a way that the 
differences between the two disappeared. However, a very important point 
emerging from the studies of Ueda and Takahashi is that the size of the 
granules and globules and the extent of the GER cisternae may change 
considerably with the physiological condition of the cell, and, therefore, 
must be interpreted with utmost care when distinguishing between cell 
types. 

Whether Leatherland (1972) was correct in assuming that the basophils 
in the PPD of the goldfish (Carassius auratus) (with granules 125-420 nm in 
diameter, globules of 875-1170 nm in width, and few if any distended GER 
lacunae) belong to a cell type different from the basophils in the same area 
(with more and larger granules of 375-840 nm diameter, globules of 
1600-2000 nm diameter, and as clearly distended cisternae of the GER) is 
difficult to evaluate. Both cell types are presumed to be gonadotrops, but 
only the one with the larger granules and globules has been observed to 
change during the ovulation period and following gonadectomy. Probably, 
the gonadotrop with the larger granules and globules is the same cell type as 
that designated as the only gonadotrop in the pituitary of the goldfish by 
Nagahama and Yamamoto (1969b), Nagahama (1973), Kaul and Vollrath 
(1974a), and Ueda and Takahashi (1977). However, these researchers report 
a much smaller diameter of the secretory granules (little more than 200 nm) 
of these cells in adult goldfish. Even so, it is this cell type that shows an 
increasing granulation and accumulation of globules during the maturation of 
the gonads. Further, there is a distinct decrease in the number of granules 
on natural or experimentally induced ovulation and a large increase in num- 
ber and size of the GER cisternae. Reciprocally, the administration of es- 
tradiol and progesterone each led to coalescence of the globules to large, 
irregular masses (Kaul and Vollrath, 1974a). Huge masses of secretory mate- 
rial have also been observed by a group of Chinese scientists (1978) in the 
only type of gonadotropic cell in the grass carp (Ctenopharyngodon idellus). 
These masses, having a diameter of over 2 pm and electron-translucent 
contents in untreated adult grass carp, may attain sizes of approximately 
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5-10 Fm following administration of LHRH. In other respects, the LHRH 
treatment led to the same results as described for the goldfish by Kaul and 
Vollrath (1974a) and Lam et al. (1976), i.e., a decrease in granulation and a 
strong dilatation of the GER. In all cases, LHRH did not influence the 
adenohypophysial cell types except the gonadotrops. This is in agreement 
with the results of Pan et al. (1981) who observed that in the mud carp 
(Cirrhrinus molitorella) anti-LHRH binds to the nuclei and cytoplasm of 
gonadotropic cells only. 

Leatherland et aE. (1974) described two types of basophils in the PPD of 
five African Tilapia species. The cells which are mainly concentrated in the 
ventral portion of the PPD and which contain both small and large secretory 
vesicles produce gonadotropin. This was confirmed for Tilapia mossambica 
(Sarotherodon mossambicus) by Sasayama and Takahashi (1975) and by 
Chiba et al. (1978a). Another type of basophil, with smaller granules, is 
located more dorsally and is presumed to be thyrotropic; Bern et al. (1974) 
consider these cells to be a second type of gonadotrop. 

Two types of gonadotrops have also been postulated by Slijkhuis (1978) 
for the stickleback (Gasterosteus aculeatus). One of these types was identical 
with the gonadotrop in the ventral PPD, as described by Foll6nius (1968) 
and Benjamin (1974). Leatherland (1970) and Honma et al. (1976) demon- 
strated an increase in size and granulation of these gonadotrops during sexu- 
al maturation. However, among these gonadotrops, Slijkhuis observed cells 
with less electron-translucent cytoplasm. He supposed that these were also 
gonadotrops, although there were no signs of changes in secretory activity of 
these cells during gonad maturation. It may be necessary to test the validity 
of the functional name given to this cell type by appropriate experiments. 

A single type of gonadotropic cell, located in the ventral PPD, has been 
observed by Kasuga and Takahashi (1970) in the medaka (Oryzias latipes) 
and by Zambrano (1971) in the Gobiid fish, GiEtichthys mirabilis. Those of 
Oryzias, with granules of 150-200 nm diameter and occasional globules of 
about 800 nm, changed in correlation with the gonadal cycle; in Gillichthys, 
gonadotrops, which have only one type of secretory granules (diameter, 
150-170 nm), showed degranulation and dilatation of the GER cisternae 
after castration. Likewise, the pituitary of the bagre (Rhamdia hilarii) ap- 
pears to have only one type of gonadotrop. In a light microscopical study and 
in studies of thin sections and freeze fractures at the electron microscopical 
level, Val-Stella and Sesso (1980a,b) estimated variations in the number of 
ventral basophils in the PPD and described changes in the vesicles of the 
GER of these cells. These changes were closely related to alterations in the 
gonads during the spawning season. In the gonadotrops of mature fish, the 
cisternae of the GER were observed to fuse, forming one large vacuole, the 
contents of which were in direct contact with the inner nuclear membrane. 
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Signs of active formation of secretory granules (about 200 nm in diameter) 
and of their exocytosis were also observed in these gonadotropic cells. 

A single type of gonadotropic cell has also been described for the pitui- 
tary of some catfishes. Baker et al. (1974), Joy and Sathyanesan (1979), and 
Peute et al. (1982a,b) demonstrated one type of globular gonadotrop in the 
PPD of the Indian catfish (Heteropneustes fossilis), Clarias batrachus and 
the African catfish (Clarias Zazera). However, in the channel catfish (Ic- 
talurus punctatus), Massoud et at. (1980) observed not only this cell type in 
the PPD, which seemed to be active during the seasonal reproductive cycle 
of mature fish, but also a type of basophil in the PI, which differentiated in 
immature fish and was functional throughout life without much seasonal 
variation in activity. Massoud and co-workers believed that these basophils 
in the PI mugt represent a second type of gonadotropic cell. In a very 
different species, the platyfish (Xiphophoms maculatus), some of the PAS- 
positive cells in the PI are also presumed to have some function in 
gonadotropin production. Schreibman et al. (1979, 1982), Schreibman and 
Margolis-Kazan (1979), Margolis-Kazan and Schreibman (1981), and Mar- 
golis-Kazan et al. (1981) observed that just as in the ventral basophils of the 
PPD, secretory granules in these cells cross-react with antisera to the p 
chain of carp-GTH and to LHRH. However, without experimental evidence 
some doubt must remain about the gonadotropic function of PI basophils. 
Indeed, unspecific reactions with anti-teleost-gonadotropins in PI cells have 
been noted by Burton et al. (1981) in the winter flounder (Pseudopleuronectes 
americanus) and by Peute et al. (1982a,b) in the African catfish (Clarias 
luzera) . 

Experimental evidence has been provided for gonadotropin production 
in ventral basophils which are located in the PPD of several Poeciliidae, 
including the green sailfin molly and the black molly (Poecilia (Mollienisia) 
latipinna) In a detailed ultrastructural account, Batten et al. (1975) described 
only one type of cell in the ventral PPD, which on the basis of earlier 
experimental work (Ball and Baker, 1969) could be identified as a 
gonadotrop. The cells of this type had secretory granules with an average 
diameter of 200 nm and a marked halo between contents and envelope. In 
some animals, the gonadotrops contained globules that were more electron 
translucent than the granules and up to 700 nm in diameter. The cytoplasm 
of these cells varied in electron density and in amount of more or less dilated 
GER cisternae. Peute and de Bruyn (1976) and Peute et al. (1976) treated 
black mollies with methyltestosterone and observed an increase in the num- 
ber of lysosomes and partly filled or empty secretory vesicles together with a 
decrease in the number of completely filled granules. These changes, which 
were probably indications of an increased breakdown of intracellular 
gonadotropin, were restricted to one cell type, the basophils of the ventral 
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PPD. This points to the possibility that the ventral basophils of the PPD are 
the only gonadotrops in Poecilia Zatipinna. Further, in the pituitary of an- 
other representative of the Poeciliidae, Gambusia spec., the ventral 
basophils of the PPD are the only cells that with certainty produce 
gonadotropin (Chambolle et aZ., 1981). Here too, these cells are of one type 
and possess secretory granules of 100-300 nm diameter and a clear halo 
between the limiting membrane and the relatively dense contents. These 
cells also contain relatively electron-lucent globules, which are maximally 
1500 nm in diameter and which have irregular cisternae of the GER that are 
especially abundant at the end of ovarian vitellogenesis. 

In summary, it may be concluded that it is relatively easy to indentlfy 
one type of gonadotrop in the teleost adenohypophysis. This gonadotrop is 
usually concentrated in the ventral zone of the PPD, has PAS- and often AB- 
positive secretory granules with a diameter of 200-300 nm and much larger 
globules with less electron-dense contents. The cisternae of the GER are 
somewhat rounded or irregular in shape and increase in number and size 
during gonad maturation. However, it is by no means certain that this is the 
only type of gonadotropin-producing cell. In several teleost species, a sec- 
ond type has been observed, but, unfortunately, there is very little unifor- 
mity in the description of this second putative gonadotrop, and there is a 
need for more experimental evidence about its function. A firm basis for two 
different types of gonadotrops in teleosts must depend on positive results of 
histophysiological studies combined with immunocytochemical research, 
using antisera against two different teleost gonadotropins. 

At present, only Idler and associates have been successful in isolating 
two different fractions of teleost pituitaries with d8erent gonadotropic po- 
tencies (Chapter 5, this volume), and only they are in the possession of these 
two gonadotropins, a maturational, high (Con AII) glycoprotein gonadotro- 
pin and a vitellogenic, low (Con AI) glycoprotein gonadotropin. They have 
prepared antibodies against both gonadotropins and against a Con A1 and 
Con A11 thyrotropin of the winter flounder (Pseudopleuronectes ameri- 
canus). Light microscopical studies of the pituitary of the winter flounder by 
Burton et aZ. (1981) showed that the pars distalis contains two types of 
basophils, one restricted to a region, located between the RPD and the 
PPD, the other concentrated in the ventral PPD and scattered among acid- 
ophils in the central and dorsal PPD. This closely resembles the situation 
described for the flounder (Pleuronectus Jesus) by Benjamin (1975). 

In PAS-OG stained sections of winter flounder pituitaries, collected dur- 
ing the spawning season, the two types of basophils show signs of secretory 
activity. Moreover, those located in the intermediate zone contain material 
which cross-reacts with anti-flounder-Con AII-GTH and anti-flounder-Con 
AII-TSH, but not with anti-flounder-Con AI-GTH and anti-flounder-Con 
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AI-TSH. The basophils of the PPD show immunofluorescence when treated 
with anti-flounder-Con AII-GTH and anti-flounder-Con AII-TSH and also 
when treated with anti-flounder-Con AI-GTH. The anti-flounder-Con AI- 
TSH could only be demonstrated in basophils within a narrow, rostroventral 
zone between the RPD and the PPD. During vitellogenesis the basophils in 
the intermediate zone nearly completely lose their PAS-positive contents, 
and are thus very difficult to distinguish in PAS-OG stained sections. At the 
same time the basophils of the PPD increase in number. However, the latter 
lose their affinity for anti-flounder-Con AII-GTH, and show cross-reactivity 
for anti-flounder-Con AI-GTH only. At the same time, the basophils of the 
intermediate region no longer respond to anti-flounder-Con AII-GTH, but 
acquire material that cross-reacts with anti-flounder-Con AI-GTH. This 
seems to indicate that three out of four hormones can be produced by both 
types of basophils, and that only the Con AI-TSH originates from a limited 
group of basophils in the rostroventral region of the PPD. However, Con 
AII-TSH can be traced in the basophils of the intermediate zone as well as in 
those of the PPD. During vitellogenesis Con AI-GTH is the only gonadotro- 
pin in the two types of basophils, but during the spawning season Con AI- 
GTH and Con AII-GTH are produced by both basophilic cell types. In other 
words, the pituitary of the winter flounder appears to have two mor- 
phologically distinct types of gonadotrops and two morphologically distinct 
types of thyrotrops. However, this does not mean that there is a separate cell 
type for each of these hormones. On the contrary, the two types of basophils 
at times may produce one, two, or even three of these high or low glycopro- 
tein hormones simultaneously. This, of course, should be verified, using 
specific antibodies to the p subunits of the two gonadotropins and thy- 
rotropins, and by the culture of separate populations of cells, as has become 
common for the identification of the gonadotrops in the mammalian pituitary 
(a.0. Denef et al., 1980; Tougard et al.,  1980; Halmi, 1981, and literature 
cited by these authors). Anticipating the results of such future studies, one 
might look for morphological criteria for the production of two different 
gonadotropins in one cell type, and might attempt to find these among the 
heterogenous inclusions in the cytoplasm of the globular gonadotrops. 

VI. THE FUNCTION OF SECRETORY 
GRANULES AND GLOBULES 

It is generally agreed that, in common with other peptide secreting cells, 
the gonadotrops in the teleost pituitary synthesize their secretory products 
in the GER and the Golgi system and store them in secretory vesicles from 
which they can be evacuated into the intercellular space by exocytosis. In 
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this concept, the gonadotropic cells are believed to produce one glycopro- 
tein with hormonal functions, and to store this glycoprotein gonadotropin in 
the relatively small, usually spherical granules with AB- and AF-positive 
basophilic contents and of varying electron densities. However, as has been 
explained in the proceding discussion, with very few exceptions the 
gonadotropic cells in the pituitary of teleosts are characterized by the fact 
that in addition to these secretory granules they also contain much larger, 
spherical, or irregularly shaped globules. These are less numerous than the 
granules, contain material of relatively low electron density, and often stain 
more readily with OG, erythrosin and other dyes for marking acidophilic 
cells than with PAS and AB. Such globules are seldom, if ever, found in 
other cell types, and therefore must have some special function in the me- 
tabolism of the gonadotropic cells. Several researchers have noted this prob- 
lem, and have attempted to formulate solutions, including the possibility 
mentioned previously that the granules and globules form different hor- 
mones. However, no one has to date been able to provide a definite state- 
ment concerning the significance of the globules as separate from the 
granules. 

In discussing the literature, published before 1969, including their own 
results with the sailfn molly (Poecilia latipinnu) and those of Olivereau with 
several salmonids, Ball and Baker (1969) suggested that the globules might 
be so-called R-granules, containing lytic enzymes, just as they have been 
demonstrated to be in the gonadotrops of amphibians and reptiles (van 
Oordt, 1968, 1974, 1979; Doerr-Schott, 1970, 1976a,b; Holmes and Ball, 
1974). This opinion, also expressed by Batten et al. (1975) and by Leather- 
land et al. (1974) in studies of the pituitary of five African species of Tilapia, 
is based on the fact that globules accumulate in gonadotropic cells when the 
secretory activity of these cells declines (e.g., after spawning and when 
oocyte growth is arrested). Strong evidence in favor of this opinion has been 
provided by Peute et at!. (1976) who studied effects of methyltestosterone on 
the gonadotrops in the black molly [Mollienisia (Poecilia) latipinnu], and 
found that a loss of immunoreactive gonadotropin, as observed by Goos et al. 
(1976), was on the one hand accompanied by a loss of electron-dense mate- 
rial from the small secretory granules, and on the other hand by an increase 
in the number of globules. Several of these globules contained membrane 
material, suggestive of an augmented breakdown of secretory granules by 
lysosomal activity. Likewise, Olivereau and Chambolle (1978, 1979) demon- 
strated that in the gonadotrops of estradiol-treated eels (Anguilla anguilh), 
large globules appear much later than small secretory granules, and because 
there was no sign of hormone extrusion from those gonadotropic cells, the 
globules were considered to be indicative of an intracellular breakdown of 
secretory material. At any rate, according to Olivereau and Nagahama 
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(1982), the globules in the eel do not react with anti-salmon-GTH, in con- 
trast to the small granules. 

Ueda and Takahashi (1978) treated Japanese eels (A. japonica) with salm- 
on pituitary powder, and described a gradual increase in size and number of 
globules and small granules. However, in one specimen this treatment led to 
ovulation, and that was accompanied by a discharge of granules, but not of 
globules. A similar effect was noted by Ueda and Takahashi (1977) in goldfish 
(Carassius auratus) treated with clomiphene. Likewise, Nagahama and 
Yamamoto (1969b) and Nagahama (1973) demonstrated that natural spawn- 
ing in the goldfish is preceded by a loss of small granules only, and that the 
globules do not change until about 60 days after spawning when the 
gonadotrops show signs of degeneration. However, Kaul and Vollrath 
(1974a) noticed that, immediately after spawning, the goldfish gonadotrops 
were devoid of both granules and globules; a treatment with LHRH mainly 
led to a decrease in number of small granules. Lam et al. (1976) repeated 
these experiments, and obtained similar results; they concluded that the 
small granules of the goldfish are involved in gonadotropin release and that 
the function of the globules remains unknown. At present, there is no defi- 
nite evidence that in the goldfish the globules are lysosomes. 

Kaul and Vollrath (1974a) observed that, in goldfish, the globules may 
coalesce after estradiol administration and form large irregular masses exhib- 
iting a fine striation of possibly tubular nature. Such large heterogenous 
masses were also found by a group of Chinese scientists (1978) in the 
gonadotrops of the grass carp (Ctenopharyngodon idellus); these masses 
were distinct from the small granules and globules. The administration of 
LHRH led to a decrease in the number of granules and globules, and an 
increase in the size and number of the huge granules, reaching a width of 
5-10 pm. The researchers assumed that the small granules secrete an LH- 
like hormone and the globules secrete an FSH-like hormone. Boddingius 
(1975) defended the opposite view, arguing that in the rainbow trout [Salmo 
irideus (gairdneri)] the small granules predominate during gametogenesis 
and the globules dominate during ovulation and spawning. 

Boddingius (1975) further believes that the granules and globules may 
represent different forms of packaging of one gonadotropic hormone. If this 
is true, one should observe small granules coalescing to form globules, as 
suggested by Cook and van Overbeeke (1972) and others. Actually, such 
intermediate stages have been demonstrated. At the light microscopical 
level, Baker et al. (1974) observed condensation of granules into denser 
irregular masses in the gonadotrops of the Indian catfish (Heteropneustes 
fossilis). In electron micrographs of gonadotropic cells of the rainbow trout 
van Putten et al. (1981) found signs of fusion not only of granules with other 
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granules and globules with one another (Fig. 2), but also of granules with 
globules (Fig. 3). Concomitantly, during the reproductive cycle (Peute et 
al., 1978), following ovariectomy (van Putten et al . ,  1981) and as a result of 
induced maturation (Gielen et al . ,  1982a,b), in gonadotropic cells of the 
rainbow trout changes in the amount of granules and globules go hand-in- 
hand with changes in the storage of glycoprotein gonadotropin. Further, 
using immunocytochemical methods, the glycoprotein gonadotropin can be 
demonstrated in the globules as well as in the granules; this has been shown 
in the rainbow trout by Leunissen et al. (1980, 1982), in the platyfish 
(Xiphophorus macuhtus) by Margolis-Kazan et al. (1981) and in the African 
catfish (Clarias lazera) by Peute et al. (1982a,b; Fig. 7). 

It would be incorrect to conclude from the foregoing that the globules are 
nothing but coalesced granules. This already follows from the fact that their 
contents are usually less electron dense than those of the granules. Indeed, 
it appears that the granules can enlarge and take up electron-translucent 
material not previously found in the granules. At any rate, in all three 
species mentioned, the concentration of immunoreactive glycoprotein 
gonadotropin is higher in the granules than in the globules. Therefore, 
obviously, the granules and globules do not represent a resting stage in the 
secretory process. On the contrary, it seems that they play a crucial role in 
hormone synthesis; if we assume, as is generally done, that the prohormone 
is constructed in the GER, it must be realized that this prohormone does not 
change into material that in ultrasections can react with an antiserum to 
teleost glycoprotein GTH or its p chain before it arrives in the secretory 
granules and globules. In the rainbow trout, Peute and de Bruyn (see van 
Oordt, 1979) demonstrated that it is these granules that at the same time 
contain the lytic enzyme acid phosphatase (Fig. 8). This may indicate the 
proteolytic cleavage of a prohormone preceding hormone extrusion, as has 
been described for p-cells in the endocrine pancreas by Novikoff and 
Novikoff (1977). Acid phosphatase is present in the globules in much smaller 
amounts than in the granules. This shows that, at least in the rainbow trout, 
the globules cannot be considered as lysosomes. Indeed, in teleost 
gonadotrops, lysosomes often are distinct organelles, different from the se- 
cretory globules (Kasuga and Takahashi, 1970). 

If the globules are not involved in the intracellular breakdown of excess 
hormone, then one must question their function. One might speculate that a 
second gonadotropin is formed in the globules. The contents of the globules 
are less basophilic and contain immunoreactive glycoprotein gonadotropin in 
lower concentration than the granules. That raises the possibility of a low 
glycoprotein gonadotropin, comparable to the vitellogenic gonadotropin, 
isolated by Idler and his associates from pituitaries of several teleosts (Chap- 
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ter 5, this volume). Such a situation would be comparable to that observed 
by Tougard et al. (1980) in the gonadotropic cells of rat pituitaries where the 
contents of some of the larger granules stained with anti-rat-P-LH and with 
anti-rat-P-FSH. However, it is just as likely that the two gonadotropins and 
the glycoprotein thyrotropin, which, as noted by Burton et al. (1981) in the 
winter flounder (Pseudopleuronectes americanus), are formed in the same 
cell types, are simultaneously present in the granules as well as in the 
globules. It should be realized that the granules and the globules are not 
indispensable for gonadotropin secretion, because strongly activated 
gonadotropic cells continue to secrete gonadotropin after the granules and 
globules have disappeared (see van Putten et al., 1981). 

At present one can only speculate about the specific functions of the 
granules and the globules. Further research is necessary regarding the 
chemical nature of the hormone or hormones secreted by the gonatotropic 
cells and their synthetic pathway before questions concerning the exact 
function of organelles often considered responsible for the storage of secreto- 
ry products can be answered. At the same time, it will be necessary to 
unravel the exact role of peripheral hormones and neurohormones in the 
regulation of the secretory activity of the gonadotropic cells. Present knowl- 
edge of this regulation is discussed in Chapter 3 of this volume. However, a 
very short survey of some peculiar morphological aspects regarding the 
central regulation of gonadotropin secretion is pertinent here. 

Fig. 7. Electron micrograph of a portion of a globular gonadotropic cell from the pituitary of 
an African catfish (Clar i~s  lazera), fixed in a 1:l mixture of 2% formaldehyde and 4% glutaralde- 
hyde, followed by a postfixation in 2% OsO4 in 0.2 M cacodylic buffer, and embedded in Epon 
(Ladd). The thin section was etched on a drop of 15% HzOz, and subsequently stained with anti- 
carp-P-GTH, using Sternberger’s double-antibody immunoenzyme technique. A positive reac- 
tion can be observed in the granules (gr) and the globules (gl), but not in the nucleus (n) and the 
cisternae (c) of the GER (magnification X 17,100). The technical assistance of M. G. A. de Mol 
Moncourt-de Bruyn and L. W. van Veenendaal is acknowledged. 

Fig. 8. Electron micrograph of aportion of a globular gonadotropic cell from a rainbow trout 
( S a l m  galrdneri) pituitary, fixed in 6.25% glutaraldehyde. An acid phosphatase reaction was 
conducted on 50+m thick cryosections, which were subsequently dehydrated and embedded 
in Epon (Ladd). A positive reaction is mainly visible in most of the granules, and to a much 
lesser extend in the globules (magnification x 13,300). The technical assistance of M. G. A. de 
Mol Moncourt-de Bruyn and L. W. van Veenendaal is acknowledged. 

Fig. 9. Electron micrograph of a portion of a globular gonadotropic cell from a pituitary of an 
African catfish (Clarias lazera). In the upper right-hand corner of the photograph nerve fibers 
approach the cell. A type A fiber (A) and a type B fiber (B) make synaptoid contact with the 
gonadotrop. Fixation and embedding are as in Fig. 7. Staining was done with uranylacetate and 
lead citrate (magnification x 16,200). The technical assistance of M. G. A. de Mol Moncourt-de 
Bruyn and L. W. van Veenendaal is acknowledged. 



170 P. G. W. J. VAN OORDT AND J. PEUTE 

VII. THE INNERVATION OF THE 
GONADOTROPIC CELLS 

In most groups of vertebrates, the pars distalis of the pituitary is con- 
nected with the neurohypophysis by blood vessels only; a capillary plexus in 
the median eminence leads to portal vessels that divide into a network of 
sinuses between the cell strands of the pars distalis. Teleosts have an “encap- 
sulated median eminence” (Kerr, 1968) in the anterior neurohypophysis, 
and centrifugal capillaries penetrate from there into the pars distalis of the 
adenohypophysis. These capillaries run in perivascular channels, and carry 
neurosecretory material from axon endings in the anterior neurohypophysis 
to the glandular cells in the pars distalis (see reviews by Ball and Baker, 
1969; Perks, 1969; Holmes and Ball, 1974). In eels (Knowles and Vollrath, 
1966a,b), tench (Tinca tinca, Vollrath, 1967) and salmonids (Fridberg and 
Ekengren, 1977), there are no other means of contact between the neu- 
rosecretory system and the endocrine cells in the pars distalis; however, in 
all other teleost studied, neurosecretory axons penetrate the basal laminae 
separating the adenohypophysis from the neurohypophysis, proceed into the 
endocrine parenchyma of the pars distalis, contact the hormone producing 
cells, and may terminate with synapses on these cells or on the basement 
membrane of the intravascular channel system. 

The neurosecretory fibers entering the pituitary from the hypothalamus 
differ in stainability of their secretory material and in the diameter of their 
granules. Knowles (1965) and Knowles and Vollrath (1966a,b) have de- 
scribed two fiber categories, the type A and type B fibers. Type A fibers are 
Gomori-positive, which means that their neurosecretory contents stain with 
Gomori’s chrome-alumhaematoxylin, AB, AF, and aldehyde thionin; they 
store “elementary neurosecretory granules” of 100-200 nm diameter. The 
type B fibers are Gomori-negative and contain “large granulated vesicles” of 
60-100 nm diameter, which have a clear halo between the electron-dense 
core and the bounding membrane. Sometimes subtypes can be recognized, 
especially among the type A fibers. For example, in the sailfin molly 
(Poecilia latipinna) Batten and Ball (1977) counted as many as five subtypes 
of type A fibers. 

Axon terminals and preterminal portions of the neurosecretory fibers 
have been seen both in direct contact with the gonadotropic cells and in 
indirect contact, i.e., separated from these cells by a basal lamina. Thus, 
in the threespined stickleback (Gasterosteus aculeatus), Leatherland 
(1970) and Folknius (1972) observed a direct nonsynaptic innervation by 
type B fibers; a similar arrangement has been described by Bern et al. (1971, 
1974) for Tilapia mossambica (Sarotherodon mossambicus), by Abraham 
(1974) for the mullet (Mugil cephalus), and by Ekengren et al. (1978a) for the 
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roach (Rutilus rutilus). Synaptoid contacts between type B fibers and 
gonadotrops have been demonstrated by Vollrath (1967) in the sea horse 
(Hippocampus cuda), by Kasuga and Takahashi (1970) in the medaka 
(Oryzias latipes), by Bern et al. (1971) and by Zambrano (1971) in Gillichthys 
mirabilis, by Jasinsky (1974) in the pond loach (Misgurnus fossilis), by Kaul 
and Vollrath (197413) in the goldfish (Carassius auratus), by Peute et al. 
(1976), and by Batten and Ball (1977) in the molly (Poecilia latipinnu), by 
Ekengren et al. (1978a) in the roach (Rutilis rutilus), and by Peute et al. 
(1982b) in the African catfish (Clarias lazera; Fig. 9). However, very often 
the gonadotrops are innervated by type A fibers also. This has been observed 
by Leatherland (1969) in Cymutogaster aggregata, by Kasuga and Takahashi 
(1970) in the medaka (Oryzias Zutipes), by Leatherland (1972) and by Kaul 
and Vollrath (1974b) in the goldfish (Carassius auratus), by Bern at al. (1974) 
in Tilapia mossambica (Sarotherodon mossambicus), by Abraham (1974) in 
the mullet (Mugil cephalus), by Peute et aE. (1976) and by Batten and Ball 
(1977) in the molly (Poecilia latipinnu), and by Peute et al. (1982b) in the 
African catfish (Clarias lazera; Fig. 9). However, these type A fibers seldom 
make synaptoid contacts with gonadotropic cells. 

A double innervation appears to be a general feature of the gonadotropic 
cells in the teleost pituitary. However, such an innervation is not necessarily 
the same for all cells and at all times of the reproductive cycle. In the roach 
(Rutilus rutilus), Ekengren et al. (1978a) observed that type B fibers inner- 
vate gonadotrops adjacent to the neurohypophysis only. Neuroendocrine 
fibers did not penetrate deeper layers of the PPD, leaving the majority of the 
gonadotropic cells without neuroglandular connections (BBge et al., 1974). 
Moreover, synaptoid contacts could be demonstrated with vesicular, but not 
with globular gonadotrops. Similarly, in Tilapia mossambica (Sarotherodon 
mossambicus), Bern et al. (1971) found an innervation by type B fibers of one 
of two types of gonadotropic cells; both were innervated by type A fibers. 
Abraham (1974) explained that in the mullet (Mugil cephalus) an innervation 
by type A fibers is particularly obvious during the spawning season, and 
suggested that when type A fibers are not observed between the gonado- 
trops, it may be attributable to the fact that the fish are not caught in the 
reproductive phase. Finally, Kaul and Vollrath (1974b) described a gradual 
decrease in the number of granules in type A and type B fibers innervating 
gonadotropic cells in the goldfish (Carassius auratus) pituitary during the 
spawning and postspawning seasons, and an increase in the amount of type B 
granules in fibers innervating gonadotropic cells after an estradiol treatment. 

Knowles and Vollrath (1966a, b) have postulated that the double innerva- 
tion of adenohypophysial cells reflects a separate regulation of synthesis and 
release of their secretory products. Morphological studies have not sup- 
ported this hypothesis; the problem is an uncertainty of the origin of the 
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neurosecretory axons and of the contents of their granules. It has been 
suggested that the type A fibers are peptidergic axons coming from the 
preoptic nucleus, and that the type B fibers are aminergic and originate in 
the nucleus lateralis tuberis (NLT; see reviews by Ball and Baker, 1969; 
Holmes and Ball, 1974). However, such a view does not take into account 
the complexity of these nuclei, which are composed of several sections and 
contain different types of perikarya. It, moreover, ignores the possibility of 
other neurosecretory centers innervating adenohypophysial cells. Indeed, 
cytochemical studies using the Falck-Hillarp technique have demonstrated 
that in salmonids, aminergic neurons are not present in the NLT (Ekengren 
and Terlou, 1978; Terlou and Ekengren, 1979), but are mainly concentrated 
in the nucleus recessus lateralis (NRL) and the nucleus recessus posterioris 
(NRP; Terlou et al.,  1978). A similar situation has been observed in Gillich- 
thys mirabilis (Swanson et al., 1975), the eel (Anguilla anguilia; Fremberg et 
al., 1977), and the sailfin molly (PoeciZia latipinna; Batten et al., 1979). Thus, 
aminergic fibers innervating gonadotropic and other cells in the ade- 
nohypophysis appear to originate in the NRL and NRP, and possibly also in 
scattered perikarya in the vicinity of these nuclei. However, as Ekengren 
(1975) has noted for the roach (Rutilus rutilus), only a small portion of the 
type B fibers is aminergic. Other type B fibers are axons of Gomori-negative 
peptidergic neurons, which in the roach (Ekengren, 1973) and the goldfish 
(Carassius auratus; Peter and Nagahama, 1976) have been thought to come 
from the NLT. According to Peute et al. (1976) in the black molly 
[ MolZienisia (Poecilia) latipinna] the Gomori-negative peptidergic neurons in 
the NLT pars lateralis have secretory vesicles with a diameter of more than 
100 nm. Axons of these type A fibers are presumed to innervate the 
gonadotropic cells in the pituitary. This conclusion is based on the fact that 
the diameter of the granules in axon endings near gonadotropic cells is about 
the same as the diameter of the secretory granules in the perikarya of the 
NLT pars lateralis, but is not based on observations of entire axons running 
from the NLT to the gonadotropic cells. The problem is that by definition 
these Gomori-negative peptidergic neurons of the NLT cannot be visualized 
with classical stains for neurosecretory material. However, recently Gielen 
et al. (1982c) and Gielen and Terlou (1982), applying Sternberger’s double- 
antibody immunoenzymecytochemical technique with an antiserum against 
glucagon as first antibody, succeeded in selectively staining almost all of the 
NLT pars lateralis neurons and their axons running toward the pituitary in 
the rainbow trout (Salmo gairdneri). It appears that the axons of these NLT 
neurons do not enter the rostra1 neurohypophysis, but do enter the neuroin- 
termediate lobe to terminate in the protrusions of the neurohypophysis in 
the PI. Therefore, it is unlikely that these NLT neurons have anything to do 
with the direct innervation of gonadotropic cells. However, Gomori-nega- 
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tive peptidergic neurons, situated behind the NLT pars ventromedialis, 
which react with antigastrin, do penetrate the protrusions of the neu- 
rohypophysis in the PPD (Notenboom et al., 1981), and on that ground 
cannot be excluded as a possible source of gonadotropin releasing hormone. 
Further, Schreibman et al. (1979) observed neurons staining with anti- 
LHRH in the NLT pars posterior of the platyfish (Xiphophorus macutatus), 
but no reaction with this antibody was observed in the caudal hypothalamus 
of the rainbow trout. However, in the latter species, neurons located in the 
area dorsalis pars medialis of the telencephalon and fiber tracts from this 
region toward the neurohypophysis can be visualized with anti-LHRH as first 
antibody in the double-antibody immunofluorescence technique (Goos and 
Murathanoglu, 1977). In the platyfish, neurons reacting with anti-LHRH are 
present in the ventral telencephalon (Schreibman et al., 1979). It is obvious 
that these neurons must also be considered as neurosecretory elements 
possibly directly innervating gonadotropic cells. It is beyond the scope of 
this discussion to review the experimental evidence in favor and against the 
role of various neurosecretory centers in the regulation of gonadotropin 
secretion in teleosts (See Chapter 3, this volume). However, it should be 
emphasized that the direct innervation of gonadotropic and other cell types 
in the adenohypophysis is a unique feature of the pituitary in many teleosts, 
and that this provides an extra dimension to the study of the central regula- 
tion of gonadotropin secretion. Cytochemical studies at the ultrastructural 
level may prove useful in tracing the neurosecretory cells involved in the 
regulation of production, storage, and release of gonadotropin, and in deter- 
mining some of the active principals secreted by these neurons. 

VIII. CONCLUSION 

In conclusion, it may be useful to outline the current knowledge of the 
gonadotropic cells in the pituitary of teleosts, and in doing so to note pos- 
sibilities for future research on this topic. 

Recently, Licht (1982) suggested that in most groups of vertebrates 
gonadotropic cells originate in the zona tuberalis of the adenohypophysis; 
good examples are the cartilagenous fishes, the amphibians and the reptiles. 
The primordium of the teleost adenohypophysis does not have a paired 
lateral lobe and does not develop a pars tuberalis and a zona tuberalis (Wing- 
strand, 1966). However, the ventral portion of the PPD may be homologous 
to a zona tuberalis, and is the place where, at least in some species, the first 
gonadotropic cells appear to develop. More evidence, based on pituitary 
ontogenesis in a number of teleost species, should verify this point. Very 
often the gonadotrops remain restricted to the ventral PPD, but they may 
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also spread out into other regions of the pars distalis mixing with other cell 
types, and may even reach the PI. 

As in all other gnathostomes, the gonadotrops in the teleost pituitary are 
as a rule relatively large, somewhat rounded cells. They are basophilic, 
which means that they contain PAS-positive glycoproteins. This secretory 
material is often AB-positive also, and as in other fishes, amphibians and 
reptiles (van Oordt, 1979), it is stored not only in granules but also in 
globules. At the electron microscopical level the dense-cored granules are 
round or oval and have an average diameter of 100-500 nm. The globules 
have more electron-translucent contents, have a round or irregular shape 
and measure 0.5-3.0 pm diameter. Moreover, the gonadotrops are charac- 
terized by the presence of irregular cisternae of the GER. Both types of 
dense-cored vesicles contain gonadotropin, but it is unlikely that storage of 
secretory material is their only function. The process of hormone synthesis, 
beginning in the GER and the Golgi system, may continue in the granules 
and globules. In fact, little is known of the processes of hormone synthesis 
and release in the gonadotropic cells. Research in this field is badly needed, 
if only to provide an answer to the question why these cells contain two types 
of secretory vesicles. 

It remains uncertain whether the teleost pituitary contains one or two 
types of gonadotropic cells. Some researchers have described two distinct 
morphological cell types, such as globular and cisternal gonadotrops. Others 
have found intermediate stages between these two. However, there is at 
present only one pubIication on the presence of two gonadotropic hormones 
in teleost pituitary cells, and that points to the possibility of two subtypes 
both involved in the secretion of the two hormones. If this observation is 
confirmed for several species, the situation would appear to resemble that 
found in tetrapods where two subtypes can produce two gonadotropic hor- 
mones both successively and simultaneously (van Oordt, 1979; van Oordt 
and Peute, 1983; Mikami, 1982). 

The gonadotropic cells are often found in close apposition with neuroen- 
docrine axons. The physiological significance of such a situation is unknown; 
all that can be said is that it appears to be unique among the vertebrates, and 
that the direct innervation of the gonadotropic cells appears to change with 
the secretory activity of these cells during the reproductive cycle. This 
aspect deserves further investigation. Some of the axons innervating 
gonadotropic cells consist of fibers with large granulated vesicles of less than 
100 nm diameter. These often make synaptoid contacts with the 
gonadotrops. Other axons in direct contact with gonadotrops contain ele- 
mentary granules larger than 100 nm diameter. There is a double direct 
innervation of gonadotropic cells. However, neurohormones may also reach 
the gonadotrops by the circulatory system, the intervascular channel system, 
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and the intercellular fluid. Moreover, gonadal hormones are known to influ- 
ence gonadotropic cells (Chapters 7 and 9, this volume, and Chapter 7, 
Volume 9B, this series). Therefore, the regulation of gonadotropin synthesis, 
storage, and release is a very complex process, and studying effects of one 
factor only, as is so often done, may give a false impression of its role in these 
processes. Studies on the influence of combinations of hormones on dis- 
persed pituitary cells, like those of Denef et al. (1980) in the rat, should be 
introduced in the study of the regulation of gonadotropin secretion in 
teleosts. 
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I. INTRODUCTION 

The paramount importance of the pituitary gland in the control of teleost 
reproduction has been extensively reviewed by Dodd (1960), Hoar (1969), 
Lam et al. (1978), and by Pickford and Atz (1957). Hypophysectomy leads to 
gonadal atrophy. Until 1975, data from chemical fractionation studies and 
bioassays supported the concept that the teleost pituitary elaborated a single 
gonadotropin which controlled all phases of the reproductive cycle including 
vitellogenesis, oocyte maturation, ovulation, spermatogenesis, androgen 
production, and spermiation (Burzawa-Gerard, 1974; Donaldson, 1973; Fon- 
taine, 1975). However, histological studies of the teleost pituitary revealed 
one type of gonadotrop in some fish and more than one type in other species. 
Reinboth (1972) stressed that histological findings should not be overlooked. 

187 
FISH PHYSIOLOGY. VOL. IXA Copyright 0 1983 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 
ISBN 0-12-350448-X 



188 DAVID R. IDLER AND T. BUN NG 

The lack of unanimity in the histological observations provided the impetus 
for continuing the search for more than one type of gonadotropin in teleost. 
Since 1975, reports on the isolation of gonadotropins from more teleostean 
species have appeared, and the results have shed some light on the contro- 
versial issue of the number of gonadotropins in this important class of 
vertebrates. 

In the various investigations reported, pituitary glands were collected 
fresh from fish whenever possible, or as soon as possible after death, to 
prevent postmortem degradation of hormones. This was done in the case of 
Pacific salmon (Breton et al., 1978; Donaldson et al., 1972; Idler et al . ,  
1975b; Yoneda and Yamazaki, 1976), winter flounder (Ng and Idler, 1979), 
Tilapia (Farmer and Papkoff, 1977; Hyder et al., 1979), and trout (Breton et 
al., 1976). Acetone powder of carp pituitaries was obtained from a commer- 
cial source (Burzawa-Gerard, 1971). Acetone powder from pike eel pitui- 
taries was similarly prepared (Huang et al. ,  1981). 

11. ISOLATION 

A. Methods 

The scope of this chapter is confined to teleosts (and chondrosteans); 
selachians and agnathans are discussed elsewhere (e. g., Fontaine and Bur- 
zawa-Gerard, 1978; Idler and Ng, 1980; Crim, 1982; and Ball, 1981). The 
action of mammalian hormones on fish has not been emphasized. 

1. SOLVENT FRACTIONATION 

Solvent fractionation and salting out was used as a preliminary purifica- 
tion step in the isolation of gonadotropins (GtH) from pituitaries of carp 
(Burzawa-Gerard, 1971), chinook salmon (Donaldson et al. ,  1972), sturgeon 
(Burzawa-Gerard et al., 1975a), chum salmon (Yoneda and Yamazaki, 1976), 
Tilapia (Farmer and Papkoff, 1977; Hyder et aE., 1979), and pike eel (Huang 
et al. ,  1981). The method of alcoholic percolation (Bates et al. ,  1959) and the 
method of extraction with ethanolic ammonium acetate buffer followed by 
precipitation with ethanol (Stockell Hartree, 1966) were employed in these 
studies. 

2. AFFINITY CHROMATOGRAPHY 

Idler and co-workers innovated the usage of affinity chromatography on 
Con A-Sepharose in their isolation of gonadotropins (Idler et al., 1975b; 
Campbell and Idler, 1976, 1977; Ng and Idler, 1978a,b, 1979; Idler and Ng, 
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1979; Idler and Hwang, 1978). The Con A-Sepharose chromatography was 
later adopted by other research groups (Pierce et al., 1976; Breton et al., 
1978). Fish pituitary extract yielded a broad peak unadsorbed on Con A- 
Sepharose (designated Con A1 fraction) and an adsorbed fraction (designated 
Con A11 fraction) which could be eluted as a sharp peak by inclusion of a- 
methyl-D-glucoside in the buffer (Idler et al., 1975b; Pierce et al., 1976). 
The protease inhibitor Trasylol and divalent cations including calcium, mag- 
nesium, and manganese were included in the elution buffer for better per- 
formance (Ng and Idler, 1978a). The immobilized lectin selectively adsorbs 
glycoproteins with a-D-glucopyranosyl end groups or internal 2-o-linked-~- 
mannopyranosyl residue (Goldstein et at., 1965), leaving behind in the unad- 
sorbed fraction proteins with either a low carbohydrate content or a lack of 
sugars requisite for binding to the lectin. Rechromatography of the Con A1 
fraction on Con A- Sepharose was always performed to minimize contamina- 
tion with Con A11 material. Idler and Hwang (1978) found that the inclusion 
of ethylene glycol (50% v/v) in the elution buffer optimized the recovery, 
from Con A-Sepharose, of maturational hormone which was contained in 
the Con A11 fraction. In the opinion of Idler and Ng, affinity chromatography 
on Con A-Sepharose has advantages over the conventional ethanolic ex- 
traction and precipitation method (Stockell Hartree, 1966) because it yields a 
glycoprotein Con A11 preparation minimally contaminated with Con A1 
material. 

The usefulness of other immobilized lectins with different carbohydrate 
binding specificities in the isolation of teleost gonadotropins has been tested 
(Idler and Ng, 1979). Lentil lectin-Sepharose has a carbohydrate specifcity 
similar to that of Con A-Sepharose (Allen et al . ,  1976), but it has a lower 
affinity (Stein et al., 1971). Wheat germ lectin-Sepharose and Helix 
pomutia lectin-Sepharose are specific for N-acetylglucosamine and N- 
acetylgalactosamine, respectively. It was found that the Con A11 fraction was 
adsorbed on lentil dectin-Sepharose, but the Con A1 fraction was unad- 
sorbed on lentil lectin-Sepharose, wheat germ lectin-Sepharose and Helix 
pomutia lectin- Sepharose. Breton (1981) demonstrated that wheat germ 
lectin adsorbed the gonadotropin which was also adsorbed on Con 
A-Sepharose. Unfortunately, he concluded “unlike Idler (Idler and Ng, 
1979) we found that salmon GtH can be retained on an immobilized lectin, 
such as wheat germ lectin.” This statement misquotes the reference. It was 
the gonadotropin in the Con A1 fraction (containing the carbohydrate poor or 
vitellogenic* GtH) that was not adsorbed on wheat germ lectin-Sepharose; 
the gonadotropin in the Con A11 fraction (containing the carbohydrate-rich 

*The term vitellogenic is used to describe that hormone which regulates the prematura- 
tional development of the ovary and does not refer to the process of vitellogenesis as it relates to 
liver synthesis of the glycolipophosphoprotein vitellogenin. 
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or maturation GtH) was adsorbed on Con A-Sepharose. Therefore, both 
groups found the same gonadotropin fraction to be adsorbed on the immo- 
bilized lectins. 

3. GEL FILTRATION 

Gel filtration was included as one of the steps of fractionation to separate 
proteins mainly on the basis of molecular size. Sephadex G-100 or G-75 was 
used by most researchers (Breton, 1968; Gronlund, 1969; Burzawa-Gerard, 
1971; Clemens et al., 1964; Donaldson et al., 1972; Sundararaj et al., 1972a,b; 
Burzawa-Gerard et al., 1975a; Idler et al., 1975b; Campbell and Idler, 1976; 
Yoneda and Yamazaki, 1976; Farmer and Papkoff, 1977) although some em- 
ployed Ultrogel AcA 54 or AcA 44 (Breton et al., 1976; Ng and Idler, 
1978a,b, 1979). In the case of a species such as flounder, where the peak 
following the void volume has a relatively high molecular weight (MW 
62,000), Ultrogel allows a better separation than Sephadex G-75 (Ng and 
Idler, 1978a). The buffer used was either the volatile NH4HC03 buffer 
(Donaldson et al., 1972; Farmer and Papkoff, 1977), or Tris-C1 at a near 
neutral pH (Idler et al., 1975a; Campbell and Idler, 1976, 1977; Ng and 
Idler, 1978a,b, 1979; Idler and Ng, 1979), or phosphate buffer (Breton, 
1968). 

4. ION-EXCHANGE CHROMATOGRAPHY 

Diethylaminoethyl (DEAE)-cellulose (Burzawa-Gerard, 1971; Breton et 
al., 1976; Donaldson et al., 1972; Pierce et al., 1976; Yoneda and Yamazaki, 
1976; Farmer and Papkoff, 1977; Huang et al., 1981) or a DEAE ion ex- 
changer such as DEAE-Bio-Gel A (Idler et al., 1975c; Breton et al., 1978; 
Idler and Ng, 1979; Ng and Idler, 1979) or DEAE-Sephadex A-50 (Burzawa- 
Gerard et al., 1975a) was used to purify teleost gonadotropins on the basis of 
charge properties. 

The buffer used was either NH4HC03 (Idler et al., 1975a; Farmer and 
Papkoff, 1977), Tris buffer (Breton et al., 1976), or sodium glycinate buffer 
(Donaldson et al., 1972; Burzawa-Gerard et al., 1975a). A concentration 
gradient was used to elute the adsorbed material. 

Carboxymethyl ion-exchanger chromatography was utilized by Pierce et 
al. (1976), by Idler and Ng (1979), and by Hyder et al. (1979). The buffer 
used was ammonium acetate buffer at an acidic pH. Amberlite CG-50 chro- 
matography was performed by Farmer and Papkoff (1977). 

5. PREPARATIVE POLYACRYLAMIDE GEL ELECTROPHORESIS 

Preparative polyacrylamide gel electrophoresis (PAGE) was included as 
one of the steps of the purification scheme by Burzawa-Gerard (1971) and by 
Huang et al. (1981). 
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B. Species 

1. SALMONIDS 

Early attempts to isolate gonadotropin from salmon pituitaries have been 
described by Donaldson et a2. (1972). Otsuka (1956) extracted the pituitaries 
with 40% ethanol and then further fractionated the extract with rivanol and 
acetone. He claimed to have isolated fractions with biological activities simi- 
lar to those of mammalian follicle stimulating hormone (FSH) and luteinizing 
hormone (LH). Robertson and Rinfret (1957) extracted the pituitaries with a 
solution of acetic acid and acetone, and precipitated gonadotropin with 
acetone. Using a similar method Schmidt et al. (1965) obtained a partially 
purified preparation of salmon gonadotropin. Gronlund (1969) extracted the 
pituitaries with phosphate-buffer saline and chromatographed the extract on 
Sephadex G-25. Gonadotropic activity was located in the retarded peak. A 
partially purified gonadotropin preparation from the chinook salmon On- 
corhynchus tshawytscha, designated SG-G100, was obtained by Donaldson 
et al. (1972). Following an initial extraction of the pituitaries with an eth- 
anolic ammonium acetate buffer and subsequent precipitation with ethanol, 
the crude gonadotropin precipitate was dissolved in buffer and chro- 
matographed on Sephadex G-100. Activity was located in the ascending one- 
half of the second peak and the pooled fractions after lyophilization con- 
stituted SG-(3100. The SG-G100 was further purified on DEAE-cellulose 
using sodium glycinate buffer (pH 9.2) to yield a retarded fraction containing 
gonadotropic activity designated SG-DEAE3. Pierce et al. (1976) further 
purified SG-G100 by another method. The SG-G100 was subjected to af- 
finity chromatography on Con A-Sepharose to remove Con A1 material 
which accounted for about one-third of the protein content of SG-G100. The 
Con A11 fraction was next subjected to ion-exchange chromatography on CM 
cellulose and then on DEAE cellulose. Pierce and co-workers found two 
related fractions termed SG-DEAE I and SG-DEAE I1 which gave similar 
tryptic peptide maps and amino-acid compositions. Based on the finding of 
cross-reactivity between the S-carboxymethylated salmon gonadotropin frac- 
tions and an antiserum raised against reduced, S-carboxymethylated bovine 
a-LH subunit, they suggested that salmon maturational hormone (the 
gonadotropin isolated from the Con A11 fraction) contained a sequence relat- 
ed to the a subunit of mammalian pituitary glycoprotein hormones. The 
homology became discernible only after unfolding of the polypeptide chain 
because there was no cross-reaction against an antiserum to bovine LH, an 
antiserum to bovine thyroid stimulating hormone (TSH), or antisera to the 
subunits of LH and TSH. Despite the high degree of purification, the 
gonadotropic fractions had very low biological activity presumably because 
of denaturation. 
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Yoneda and Yamazaki (1976) utilized a mkthod similar to that of Donald- 
son et al. (1972) to purlfy gonadotropin from the pituitaries of the chum 
salmon Oncorhynchus keta. The pituitaries were extracted with 40% eth- 
anol, and ethanol was then added to the extract to give a final concentration 
of 85%. The precipitate thus obtained was dried with acetone, dissolved in 
buffer, and chromatographed on Sephadex G-100 using 0.1 M NH,HCO, at 
pH 8.3. Gonadotropic activity was located in the second peak, which was 
then chromatographed on DEAE-cellulose equilibrated and eluted with 
Tris-C1 buffer. The column was eluted either with a linear or with a stepwise 
concentration gradient of NaCl. The purified material was found in an ad- 
sorbed fraction. 

Breton et al. (1976) prepared a gonadotropin preparation from the pitui- 
taries of the rainbow trout Salmo gairdneri using gel filtration and DEAE- 
cellulose chromatography followed by rechromatography on Sephadex. 

Idler and co-workers were the first group to present evidence of the 
existence of more than one type of gonadotropin in the chum salmon pitui- 
tary using teleost assays. After an initial fractionation of the pituitary extract 
on Con A-Sepharose into a Con A1 fraction and a Con A11 fraction, the Con 
A11 fraction was subjected to gel filtration on Sephadex G-75. Gonadotropic 
activity resided in the ascending portion of the retarded peak designated 
G-75 fraction I1 (Idler et aZ., 1975b). The G-75 fraction I1 was resolved by 
DEAE-Bio-Gel A chromatography into two gonadotropic fractions with 
identical molecular weight which exhibited distinct behavior in isoelectric 
focusing and which were sex specific in stimulating cyclic adenosine 5’ mo- 
nophosphate (CAMP) production by trout gonadal tissue. 

Subsequently, Campbell (1978) demonstrated that the Con A1 fraction 
from chinook salmon pituitaries stimulated incorporation of vitellogenin into 
trout oocytes in uitro. Ng and Idler (1978b) and Idler and Ng (1979) isolated 
two forms of vitellogenic hormone from the Con A1 fraction of chum salmon 
pituitaries, from two chromatographic fractions with MW 25,000 and 45,000, 
respectively. Salmon vitellogenic hormone was adsorbed on DEAE-Bio-Gel 
A in 5 mM NH,HCO, at pH 9, and unadsorbed on CM-Bio-Gel A in 3 mM 
ammonium acetate at pH 6. 

Breton et al. (1978), employing chromatographic procedures similar to 
those utilized by Idler et al. (1975b,c), found that the male chinook salmon 
pituitary Con AII fraction contained a maturational hormone which differed 
from its female counterpart in biological specific activity of stimulating 
oocyte maturation in female trout. There also may be a sex-specific gonado- 
tropin in sturgeon (Goncharov et aZ., 1980). 

2. PLAICE AND FLOUNDER 

Campbell and Idler (1976, 1977) were the first to report the purification 
of two distinct gonadotropic fractions, with vitellogenic and maturational 
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ovulatory activities, respectively, from pituitaries of the American plaice 
Hippoglossoides platessoides. The pituitary extract was initially fractionated 
on Con A-Sepharose into a Con A1 fraction and a Con A11 fraction. The Con 
A1 fraction was further purified on Sephadex G-75 and vitellogenic activity 
was located in tubes with the range of MW 25,000-35,000. Ng and Idler 
(1978a, 1979) conducted the purification further and detected vitellogenic 
activity in a large MW fraction (MW 62,000) and a small MW fraction (MW 
28,000). The two fractions had comparable vitellogenic activities. They were 
both adsorbed on DEAE-Bio-Gel A in 5 mM ammonium bicarbonate at pH 
9, and were eluted at comparable NH,HCO, concentrations. Further pu- 
rification could be achieved by chromatography on carboxymethyl cellulose. 
Vitellogenic activity was located in the fraction unadsorbed on the ion ex- 
changer in 3 mM ammonium acetate at pH 5.5. 

Plaice pituitary Con A11 fraction with maturational ovulatory activity was 
purified successively by gel filtration and ion-exchange chromatography on 
DEAE-Bio-Gel A and CM-Bio-Gel A. Gonadotropic activity was detected in 
a large MW fraction (MW 62,000) and a small MW fraction (MW 28,000) 
which were subsequently adsorbed on DEAE-Bio-Gel A and unadsorbed on 
CM-Bio-Gel A. 

Vitellogenic and maturational hormones were isolated from pituitaries of 
the winter flounder Pseudopleuronectes americanus with similar procedures 
(Ng and Idler, 1978b, 1979). The hormones existed in a big and a small 
molecular-weight form with chromatographic characteristics similar to those 
of the corresponding plaice gonadotropin. 

3. CYPRINIDS 

A partially purified gonadotropin preparation was prepared from 
acetone-dried pituitaries of the carp Cyprinus curpio by Clemens et ul. 
(1964). An aqueous extract of the pituitary powder was chromatographed on 
Sephadex G-75 and the gonadotropic preparation had a molecular weight of 
50,000. 

Carp gonadotropin has also been prepared by Burzawa-Gerard (1971). 
The methodology employed involved alcoholic percolation, gel filtration on 
Sephadex G-50 to remove low-molecular-weight material, ion-exchange 
chromatography on DEAE-cellulose, gel filtration on Sephadex G-100, and 
preparative electrophoresis. 

Haider and Blum (1977) presented evidence for the existence of two 
gonadotropins in the goldfish Carussius auratus. One electrophoretic band 
obtained by electrophoresing the pituitary extract stimulated only sper- 
matogenesis while another band stimulated both spermatogenetic and in- 
terstitial tissue activities. Both bands stimulated 32P uptake into the fish 
testis. Interestingly, Haider and Blum could find only one electrophoretic 
band possessing gonadotropic activity when they subjected the carp pitui- 
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tary extract to electrophoresis. Two types of gonadotropins, vitellogenic 
hormone and maturational hormone, were isolated from the carp pituitary 
by Idler and Ng (1979) with the same procedure they used to isolate 
vitellogenic hormone and maturational hormone from the pituitaries of salm- 
on, plaice, and flounder (Idler and Ng, 1979). 

A saline extract of punctius carp pituitary, on chromatography on a gel- 
filtration column, yielded several peaks, one of which possessed ovulatory 
activity (Sinha, 1971; Sundararaj and Samy, 1974). 

4. STURGEON 

Sturgeon (Acipenser stellatus) gonadotropin was prepared by Burzawa- 
Gerard et al. (1975a) using a protocol similar to that used in the isolation of 
carp gonadotropin (Burzawa-Gerard, 1971) involving alcoholic percolation, 
gel filtration on Sephadex G-100, and ion-exchange chromatography on 
DEAE-cellulose. The only difference in methodology is that DEAE-cel- 
lulose chromatography was conducted at pH 9.4 instead of pH 7.7 in view of 
the finding that sturgeon gonadotropin was less acidic than carp gonadotro- 
pin and less stable at high ionic strength (Burzawa-Gerard et aZ., 1976). 
Sturgeon gonadotropin was active in eliciting frog spermiation and also am- 
phibian and sturgeon oocyte maturation. It is noteworthy that sturgeon 
gonadotropin was more active in amphibian spermiation and ovulation assays 
than in the goldfish assay. 

5. OTHER TELEOSTS 

a. Catfish. Sundararaj and Samy (1974) subjected a saline extract of 
catfish pituitaries to gel filtration on Sephadex G-100. Maturational ovulato- 
ry  activity was detected in the second peak. A more highly purified prepara- 
tion was obtained by Burzawa-Gerard et  al. (1980) using the procedure 
described for carp gonadotropin (Burzawa-Gerard, 1971). 

b. Whitefish. Breton (1968) extracted an acetone powder of Coregonus 
lavaretus pituitaries with saline at pH 7. The extract was dialyzed prior to 
chromatography on Sephadex G-100 in 0.1 M phosphate buffer at pH 6.3. 
Gonadotropic activity (measured in the ability to induce spermiation) was 
located in the ascending portion of the second peak. 

c. Mudfish. A mudfish pituitary extract was fractionated by either pre- 
parative polyacrylamide gel electrophoresis or DEAE-cellulose chro- 
matography followed by gel filtration on Sephadex G-50 (Hattingh and Du- 
Toit, 1973). Two fractions obtained from preparative electrophoresis pos- 
sessed both gonadotropic and exophthalmic activities. A fraction retarded on 



5. TELEOST GONADOTROPINS 195 

DEAE-cellulose, when analyzed by polyacrylamide gel electrophoresis, was 
shown to contain these two gonadotropic and exophthalmic fractions. 

d.  Tilupia. Farmer and Papkoff (1977) employed an alkaline extraction 
procedure for Tikpia pituitaries. The extract was chromatographed suc- 
cessively on Amberlite CG-50 and DEAE-cellulose. The gonadotropic mate- 
rial was adsorbed on Amberlite CG-50 and unadsorbed on DEAE-cellulose. 
After precipitation of inert material with 0.2 M metaphosphoric acid, the 
material was purified on Sephadex G-100 as the final step. NQ distinct peak 
was observed. Tubes with gonadotropic activity were pooled and lyophi- 
lized. It is interesting to note that Tilupiu gonadotropin resembled LH in 
both its biological activity and chromatographic behavior. One fraction 
which resembled FSH in its chromatographic behavior had not been assayed 
for biological activities. 

Hyder et al. (1979) applied the scheme of pituitary hormone fractionation 
developed by Stockell Hartree for mammalian (Stockell Hartree, 1966) and 
avian (Stockell Hartree and Cunningham, 1969) gonadotropins to purify 
Tilapia gonadotropin. An initial extraction of the pituitaries with 6% am- 
monium acetate at pH 5.1 was followed by precipitation with ethanol. The 
precipitate was redissolved and chromatographed on carboxymethyl cel- 
lulose at pH 5.5 in 4 mM ammonium acetate. Gonadotropic activity, assayed 
by the ability to stimulate spermatogenesis and interstitial cell size and 
nuclear size, was concentrated in the unadsorbed fraction (CM I) although 
the adsorbed fraction (CM 11) also had some gonadotropic activity. As far as 
chromatographic characteristic on carboxymethyl cellulose is concerned, the 
gonadotropic fraction resembled mammalian FSH. However, steroidogenic 
activity reflected in stimulation of interstitial tissue also concentrated in this 
fraction. Hyder (1970) noticed a temporal separation between sper- 
matogenetic and interstitial cell activities in the pond specimens of Tilapia 
that he collected, and proposed on the basis of this observation distinct 
gonadotropins regulating the two events of spermatogenesis and interstitial 
cell activity. The chromatographic evidence is, therefore, apparently not in 
line with his earlier hypothesis. 

e.  Pike Eel. Huang et al. (1981) extracted pike eel (Maraenesox cinereus) 
pituitaries with 40% ethanol-6% amonium acetate at pH 5.1 according to 
the method of Stockell Hartree (1966). A crude glycoprotein precipitate was 
obtained by adjusting the ethanol concentration to 80%. After desalting on 
Sephadex G-25, the proteins were subjected to preparative polyacrylamide 
gel electrophoresis. The bands were sliced and eluted. Bioassay revealed 
that the proteins differed in biological potency although they had similar 
sodium dodecyl sulfate (SDS) electrophoretic patterns and amino-acid com- 
positions. Chromatography on DEAE-cellulose instead of preparative poly- 



196 DAVID R.  IDLER A N D  T. BUN NG 

acrylamide gel electrophoresis yielded a peak unadsorbed in 5 mM am- 
monium bicarbonate with no gonadotropic activity, and adsorbed proteins 
could be eluted with stepwise increasing concentrations of 30, 50, 80, and 
120 mM ammonium bicarbonate. These peaks, when analyzed by poly- 
acrylamide gel electrophoresis, were observed to comprise combinations of 
the isohormones which could be obtained by preparative electrophoresis. 
The peak eluted by 80 mM NH,HCO, had the highest biological activity. It 
was speculated that the isohormones arose as a result of differences in the 
carbohydrate content and/or microheterogeneity of amino acids as in the 
case of mammalian pituitary glycoprotein hormones (Huang et al., 1981). 

III. BIOLOGICAL ACTION 

A. Bioassays 

A variety of bioassays have been utilized to monitor gonadotropic activity 
during isolation. Testosterone output by rat Leydig cells in uitro was em- 
ployed as an assay for Tilapia gonadotropin (Farmer and Papkoff, 1977). Pike 
eel gonadotropin was also active in this assay but much less so than the 
Tilapia hormone (Huang et al., 1981). The l-day-old cockerel testicular 
radiophosphate-uptake assay was used in the isolation of salmon gonadotro- 
pin by Donaldson et al. (1972), Idler et al. (1975b), and Pierce et al. (1976). 
The pike eel gonadotropin was also active in this avian assay (Huang et al . ,  
1981). However, Ishii and Yamamoto (1976) found that a salmon pituitary 
extract was inactive in stimulating hypertrophy of chick Sertoli cells. The 
discrepancy in their findings may have been attributable to the dosage or to 
the assay parameters employed. 

Amphibian assays involving spermiation and oocyte maturation were 
used to monitor gonadotropic activity during isolation of carp and sturgeon 
gonadotropins (Burzawa-Gerard, 1971; Burzawa-Gerard et al.,  1975a, b). 

There was also a variety of isolation procedures utilizing teleost assays. 
Yoneda and Yamazaki (1976) purified chum salmon gonadotropin with the 
goldfish spermiation assay (Yamazaki and Donaldson, 1968a). Stimulation of 
testicular growth (Schmidt et al., 1965) and gonadal CAMP (Idler et al.,  
1975b) in immature trout, stimulation of lipovitellin production (Gronlund, 
1969), oocyte maturation in uitro (Breton et al.,  1978; Hirose, 1980) and in 
uiuo (Ng and Idler, 1978b, 1979; Idler and Ng, 1979; Sundararaj and Nayyar, 
1976), testicular interlobular and intralobular histology (Hyder et al.,  1979), 
testicular steroidogenesis (Huang et al., 1981), and vitellogenesis (Sun- 
dararaj et al.,  1972a,b; Campbell and Idler, 1976; Campbell, 1978; Ng and 
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Idler, 1978a) have all been used. Mukherjee and Bhattacharya (1981) found 
gonadotropin induced a depletion of free cholesterol in the mature ovary of 
murrel ( C .  punctatus) and this formed the basis of an assay in the range of 
1-10 p,g. 

Despite the finding of Donaldson (1973) that salmon-gonadotropin prep- 
aration SG-G100 was active in a variety of species, it is advisable to use, 
wherever possible, the same or a closely related species in biological studies, 
to circumvent the problem of biological specificity. When Fontaine et al. 
(1972) compared the potencies of their carp-gonadotropic preparation (Bur- 
zawa-Gerard, 1971) with salmon-gonadotropin SG-G100 (Donaldson et al . ,  
1972) in stimulating adenylate cyclase activity in the goldfish, he found that 
the carp gonadotropin was 36-fold more potent than SG-G100. Therefore, 
the discrepancy in potencies is attributable to the fact that the goldfish is 
taxonomically closer to carp than to salmon. The possibility must be taken 
into account that the carp-gonadotropic preparation and SG-G100 may be of 
different degrees of purity, but it is very likely that the same result would 
obtain after the differences in the extent of purification have been allowed 
for. Thus carp (Cyprinus carpio) maturational hormone was about 5 times 
more active than salmon maturational hormone in stimulating cAMP pro- 
duction by grass carp (Ctenopharynogodon idellus) ovaries in vitro (Idler and 
Ng, 1979). Carp gonadotropin was more active than catfish gonadotropin in 
stimulating the production of cAMP in eel ovary and both were much more 
active than was sturegon gonadotropin (Dufour et a l . ,  1979). It has been the 
interest of many comparative endocrinologists to test the effect of mam- 
malian gonadotropins on fish reproduction. There is a discrepancy between 
the actions of mammalian and teleost gonadotropins on vitellogenesis in the 
catfish. Induction of vitellogenin into the circulation was achieved by mam- 
malian gonadotropins, but no incorporation of the yolk precursor into the 
oocytes resulted (Nath and Sundararaj, 1981). This phenomenon again illus- 
trates the principle of zoological specificity of gonadotropins. In the assay of 
maturational activity using the germinal vesicle breakdown of Oryzias Zati- 
pes oocytes in vitro as the assay parameter, it was found that ovine LH was 
less potent than SG-G100 and the slopes of the dose-response curves were 
different (Hirose, 1980). Carp gonadotropin and mammalian LH differed in 
their actions in stimulating eel ovarian cAMP (Fontaine et al . ,  1981). Carp 
gonadotropin produced a 30-fold stimulation, but mammalian LH achieved 
maximal two- and-one-half-fold stimulation, and the assay was much more 
sensitive to carp gonadotropin than to LH. Pike eel gonadotropin was much 
more active in stimulating testosterone production by carp testis in vitro 
than by rat Leydig cells (Huang et al . ,  1981). Although it is generally accept- 
ed that mammalian LH and human chorionic gonadotropin (HCG) are active 
in teleost (Anand and Sundararaj, 1974; Sundararaj and Goswami, 1966), yet 
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spermatogenesis in the goldfish could not be stimulated by mammalian LH 
(Billard et al., 1970). Luteinizing hormone and HCG were inactive in induc- 
ing in vitro oocyte maturation in the Indian carp Labeo rohita and Cirrhina 
mrigala (Sundararaj et al., 1981). The HCG was also not able to enhance 
vitellogenesis in the goldfish (Yamazaki, 1965) or to increase estradiol output 
from plaice ovaries in vitro (Yaron and Barton, 1980). None of the mam- 
malian gonadotropins tested by Idler et al. (19758) elevated CAMP produc- 
tion by the trout gonad. 

In contrast to the previously held consensus that mammalian FSH was 
inactive in the teleost and that any activity observed was attributable to 
contamination with LH, Bona-Gallo and Licht (1981) found that ovine FSH 
was active in stimulating testosterone secretion in vitro by testicular prepa- 
rations of Salmo gairdneri, Cichlasomu citrinellum, and Sarotherodon 
mossambica, and in the case of Salmo, ovine FSH was even more active than 
LH. Mammalian FSH was also found to stimulate hepatic vitellogenin pro- 
duction in the catfish Heteropneustes fossilis (Nath and Sundararaj, 1981). 

Salmon gonadotropin SG-G100 had no effect on the processes of lutei- 
nization and progesterone secretion in cultured monkey granulosa cells 
(Channing et al., 1974). Carp gonadotropin was not active in the rat HCG 
augmentation test for mammalian FSH and the rat ovarian ascorbic acid 
depletion test for mammalian LH (Burzawa-Gerard, 1974). Therefore, mam- 
malian bioassays could seldom be utilized to monitor gonadotropic activities 
during the isolation of teleost gonadotropins. 

B. Biological Activities 

1. SPERMATOGENESIS 

Both SG-G100 and carp gonadotropin have been shown to stimulate 
spermatogenesis in the teleost (Sundararaj et al., 1971; Burzawa-Gerard, 
1974; Leloup-Hatey et al., 1981). An effective photothermal period to ele- 
vate plasma GtH and induce spermatogenesis in rainbow trout is a gradually 
decreasing photoperiod from 16 hr to 8 hr at about 16" C (Breton and Billard, 
1977). Salmon maturational hormone reinitiated spermatogenesis in the hy- 
pophysectomized flounder (Ng et al., 1980b) and induced spermatogenesis 
in the rainbow trout (Upadhyay, 1977). Tilupia gonadotropin stimulated 
spermatogenesis in hypophysectomized Tilapia (Hyder et al., 1979). Matu- 
rational hormone stimulated 11-ketotestosterone and testosterone produc- 
tion in the male (Ng and Idler, 1980). The high concentration of ll-ket- 
otestosterone in males and barely detectable levels in females suggests that 
it plays an important role in regulating testicular activities (Campbell et al., 
1980). A probable role of maturational hormone and 11-ketotestosterone in 
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spermatogenesis was suggested by high levels of the hormones coincident 
with precocious gonadal development in male Atlantic salmon (Dodd et al., 
1978). It has been reported that androgens stimulate spermatogenesis in the 
teleost (Billard, 1974; Lofts et al., 1966; Nayyar et d., 1976; Remacle, 1976). 
However, in other cases androgens are inactive. Intraperitoneally admin- 
istered testosterone did not stimulate gonadal growth in juvenile male rain- 
bow trout (Crim and Evans, 1979) and a similar observation was made by 
Upadhyay (1977). Probably a local concentration of androgens in the testis, 
produced in response to maturational hormone, is much more effective in 
stimulating spermatogenesis than exogenous androgens. 

2. SPERMIATION 

In the hypophysectomized goldfish, spermiation could be induced by 
SG-G100, and androgens mimicked the stimulatory action of SG-(2100 on 
spermiation (Yamazaki and Donaldson, 1968b, 1969). The advent of spermia- 
tion in trout was accompanied by an increase in the circulating titer of 
androgens (Sanchez-Rodriguez et aZ., 1978). Therefore the action of teleost 
gonadotropin in inducing spermiation may be linked to the hormonal effect 
on testicular steroidogenesis. This may be true in the case of salmon matura- 
tional hormone which induced spermiation as well as testicular steroidogen- 
esis in the hypophysectomized flounder (Ng et al., 1980b). 

Carp gonadotropin was capable of eliciting spermiation in the amphibian 
(Burzawa-Gerard, 1974). 

3. TESTICULAR STEROIDOGENESIS 

Tilapia gonadotropin was found to be quite active in stimulating testos- 
terone output from rat Leydig cells (Farmer and Papkoff, 1977). Pike eel 
gonadotropin was less so (Huang et al.,  1981). When compared with mam- 
malian LH, both carp gonadotropin and SG-G100 had a much lower potency 
in stimulating androgen release from isolated quail testicular cells (Jenkins et 
al., 1978). The SG-G100 was not steroidogenic in the male turtle Chrysemys 
picta (Lance et al., 1977). 

The SG-G100 caused an increase in the activity of 3f3-hydroxysteroid 
dehydrogenase in the goldfish testis (Yamazaki and Donaldson, 1969). Carp 
gonadotropin stimulated testicular steroidogenesis in the immature eel An- 
guilla anguilla (Leloup-Hatey et al., 1981). Pike eel gonadotropin enhanced 
in uitro testosterone production by carp testis (Huang et al., 1981). 

Administration of maturational hormones from plaice, flounder, salmon, 
and carp restored testicular steroidogenesis in the hypophysectomized 
flounder. The plasma levels of both 11-ketotestosterone and testosterone 
were elevated. Administration of vitellogenic hormones produced no 
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steroidogenic effect (Ng and Idler, 1980). Salmon maturational hormone 
greatly enhanced 11-ketotestosterone production in immature trout. The 
regulatory role of maturational hormone in testicular steroidogenesis was 
further demonstrated by the inhibitory effect of an antiserum to maturational 
hormone on the process (Ng and Idler, 1980). 

Teleost maturational hormone did not alter the ratio of free androgen to 
its bound form (Ng and Idler, 1980). Likewise Leloup-Hatey et al. (1981) 
found that both the free form of testosterone and its glucuronoconjugate 
increased under stimulation of SG-G100. 

4. VITELLOGENESIS AND OVARIAN ESTROGEN 
SECRETION 

Hormonal control of the vitellogenic process and ovarian estrogen secre- 
tion has been covered in detail in Chapter 8, this volume. 

5. OOCYTE MATURATION AND OVULATION 

Various teleost gonadotropin preparations induced oocyte maturation 
and ovulation in teleost, e.g., SG-G100 (Sundararaj et al., 1972a,c), carp 
gonadotropin (Burzawa-Gerard, 1974), and pike eel gonadotropin (Huang et 
al., 1981). Maturational hormones from salmon (Breton et al . ,  1978; Idler 
and Ng, 1979), carp (Idler and Ng, 1979), plaice (Ng and Idler, 1978a), and 
flounder (Ng and Idler, 1979) pituitaries but not the vitellogenic hormones 
(Ng and Idler, 1978a, 1979; Idler and Ng, 1979) accelerated the process of 
oocyte maturation and ovulation. Antisera to maturational hormones inhib- 
ited the process in salmon and flounder (Ng et al., 1980a). 

In view of the numerous reports of isohormones among mammalian and 
even teleost gonadotropins (Huang et al . ,  1981), it is surprising that only one 
band showed ovulatory activity when pituitary proteins of two cyprinids, two 
salmonids, and two sturgeons, were separated by polyacrylamide gel elec- 
trophoresis and tested for their ability to stimulate ovulation of a loach 
(Burlakov and Labedeva, 1976). 

Precocious induction of oocyte maturation and ovulation with SG-G100, 
followed by successful fertilization of the ova was achieved in the coho 
salmon Oncorhynchus kisutch (Jalabert et al., 1978). There was a latent 
period between the initial sharp rise in plasma maturational hormone and 
the time of ovulation in the goldfish Carassius auratus (Stacey et aZ., 1979). 

Gonadotropin was active in uitro in trout (Jalabert et al., 1974; Breton et 
al . ,  1976), medaka O y z i a s  Zatipes (Hirose, 1971; Hirose and Donaldson, 
1972), but not in the catfish Heteropneustes fossilis (Sundararaj and Gos- 
wami, 1977) and not in the yellow perch Perca flauescens (Goetz, 1976). 

Gonadotropins exhibit species specifcity which may be reflected in a 
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time delay in response or in failure to bring about a response. Therefore, 
ovulation of loach (Misgurnus fossilis L.) was induced 24 hr after the injec- 
tion of GtH from two cyprinids, 48 hr after GtH from two salmonids was 
administered, and there was no ovulation when the pituitary proteins of pike 
and pike-perch were given (Burlakov and Labedeva, 1976). The in uitro 
maturation of carp oocytes was induced by pituitary homogenates from six 
teleosts in addition to carp. Within the confines of a 24-hr period, trout and 
pike were less effective than the other species tested, but no statistical 
treatment of the data was given (Epler et al., 1979). Partially purified salmon 
and carp GtH induced migration and breakdown of the germinal vesicle 
(GVBD) in walleye oocytes, but were relatively ineffective on closely related 
yellow perch (Goetz and Bergman, 1978). 

The mechanism of gonadotropic action on the maturing oocyte has been 
elucidated mainly by using SG-G100. Maturation of trout oocytes treated 
with maturational gonadotropin requires the presence of the follicle whereas 
appropriate steroids can mature the naked oocyte (Jalabert, 1976). This was 
confirmed for the medaka, Oryzias latipes, and the presence of granulosa 
cells of large pre- and postovulatory follicles were implicated in oocyte matu- 
ration. Removal of the follicle cells did not prevent the action of steroids on 
the oocyte (Iwamatsu, 1980), in contrast to another report on the same 
species (Hirose, 1972); the differences appear to be attributable to a dif- 
ference in technique for removal of the follicle. Progestogens including 1701- 
hydroxyprogesterone and especially 17aOH, 20P-dihydroprogesterone have 
been implicated as the maturational steroids by in uitro and in uiuo studies 
on a number of teleost species including trout, goldfish, carp, salmon, and 
flounder (Fostier et al., 1973; Campbell, 1975; Jalabert et al., 1978; Ng and 
Idler, 1980; Nagahama et al.,  1980). 

In retrospect, perhaps it is not surprizing that 17aOH, 20P-dihydropro- 
gesterone plays an important role in the spawning female because the first 
natural product from which it was isolated was the blood of spawning female 
Pacific salmon (Idler et al., 1960). Although the quantity is larger in the 
female, this steroid has been reported in mature males (Schmidt and Idler, 
1962), and no one seems to have looked for a possible function. It was found 
that 17aOH, 2OP-dihydroprogesterone administered alone induced oocyte 
maturation, but induced only partial ovulation or no ovulation. There was a 
synergistic action between the pituitary and either 17a-hydroxyprogester- 
one or 17aOH,20P-dihydroprogesterone on ovulation (De Montalambert et 
al.,  1978; Jalabert et al.,  1978). These steroids were shown to be present in 
circulation in trout undergoing oocyte maturation and their presence 
seemed to be correlated with the maturational process (Campbell et al., 
1980). Incubation of Ayu (Pkcoglossus altiuelis) oocytes with SG-G100 led to 
an enhanced production of 17aOH,20P-dihydroprogesterone (Suzuki et al . ,  
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1981). In vitro production of the maturational steroid by amago salmon 
(Oncorhynchus rhodurus) ovaries was demonstrated by Tamaoki et al. 
(1981). 

However, in other species, such as the catfish Heteropneustes fossilis and 
the yellow perch, another mechanism of gonadotropic action operates. In- 
duction of oocyte maturation could not be achieved by incubation of the 
oocytes with gonadotropin. Presence of interrenal tissue in the culture was 
necessary before gonadotropin could exert its action. Sundararaj and Gos- 
wami (1977) have postulated a mechanism by which gonadotropin stimulates 
the interrenal to produce a maturational steroid, which is probably .cortisol 
in the Indian cadish. The finding of Truscott et al. (1978) is consistent with 
the foregoing hypothesis. Plasma cortisol in the catfish could be elevated by 
gonadotropin (SG-G100) treatment in both sexually regressed and gravid 
catfish. The interrenal origin of cortisol was demonstrated by the finding that 
ovariectomy in sexually regressed fish could not inhibit the action of mam- 
malian LH on plasma cortisol. Another possible role of corticosteroids in- 
cluding cortisol is to render the oocytes more sensitive to gonadotropin in 
those species having progestational maturational steroids (Jalabert, 1976). 

In the sturgeon Acipenser stellatus, triiodothyronine restored the ability 
of the follicular epithelial cells, lost after exposure to unfavorable conditions, 
to respond to gonadotropin by stimulating oocyte maturation (Dettlaff and 
Davydova, 1979). 

C. Gonadal Receptors 

The presence of binding sites in the flounder ovary for vitellogenic hor- 
mone and maturational hormone was demonstrated with the immunofluor- 
escence technique (Ng et al., 1980b). Vitellogenic oocytes, which have 
follicular envelopes, and the large immature oocytes due to become 
vitellogenic in the following year both bound vitellogenic hormone. Binding 
sites for maturational hormone were located in the perinuclear region and 
the follicular envelope of vitellogenic oocytes. Binding sites also existed in 
the interstitial tissue between oocytes. The locations of the binding sites 
correlated well with the physiological actions of the hormones. 

Aida and Ishii (1981) demonstrated a specific binding of radioiodinated 
salmon gonadotropin to testicular receptor preparations of salmon, rainbow 
trout, and goby. However, specific binding to testicular preparations of 
flounder, Tilapia, goldfish, and carp was low. The specific binding was de- 
pendent on temperature, pH and tissue concentration, and was favored at a 
high temperature and a pH of 7.4. Mammalian FSH had no inhibitory effect 
on the binding, but huge doses of mammalian LH and HCG were needed to 
displace radioiodinated salmon gonadotropin from binding to the testicular 
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preparation. The presence of multiple binding sites with different affinities, 
or a negative cooperativity between binding sites, was indicated by a cur- 
vilinear Scatchard plot of the binding data. 

Radioiodinated carp gonadotropin, after being purified on Con A-Seph- 
arose, was used for studies of binding to ovarian receptors in the goldfish 
(Cook and Peter, 1980~).  Autoradiography localized the hormone in the 
thecal region surrounding mature oocytes. The radioiodinated hormone and 
the cold hormone competed for the same binding sites. 

IV. CHEMISTRY 

A. Hormones 

Vitellogenic hormones existing in a high- and a low-molecular-weight 
form were isolated from plaice, flounder, and salmon pituitaries. Large and 
small forms of maturational hormone were also isolated from plaice and 
flounder pituitaries. The small forms all were MW 25,000-28,000, but the 
molecular weights of the large form ranged from 45,000-62,000. All the 
teleost gonadotropins isolated to date have a molecular weight around 
25,000-35,000, but it should be borne in mind that the carbohydrate 
moieties of these gonadotropic glycoprotein hormones may affect the value 
of the molecular weight as determined by gel filtration. The gonadotropins 
whose molecular weight were thus determined include those of trout 
(Breton et al., 1976), salmon (Donaldson et al., 1972; Pierce et al., 1976), 
sturgeon (Burzawa-Gerard et al., 1975a), carp (Burzawa-Gerard, 1971), 
Tilapia (Farmer and Papkoff, 1977), and whitefish (Breton, 1968). Salmon 
maturational hormone had a MW 42,000 as determined by gel filtration 
(Idler et al., 1975b,c). Idler et al. (1975a) discovered in chum salmon pitui- 
taries two forms of maturational hormone with distinct behavior in iso- 
electric focusing and sex specificity in stimulating CAMP by trout gonadal 
tissue. Maturational hormone isolated from male chinook salmon pituitaries 
was shown by Breton et al. (1978) to be different from the hormone from 
female glands in biological specific activity of stimulating oocyte maturation 
in the female trout. Recently Huang et al. (1981) obtained four types of 
gonadotropin from pike eel pituitaries with the same amino-acid composition 
and SDS electrophoretic pattern. The carp gonadotropic preparation of Bur- 
zawa-Gerard (1971), after adsorption to Con A-Sepharose, could be eluted 
as several fractions by applying a gradient of a-methyl-D-glucoside (Bur- 
zawa-Gerard, 1982). The isolated sturgeon gonadotropin (Burzawa-Gerard et 
al., 1975a, b) existed as a mixture of several components with similar biolog- 
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ical activities and chemical characteristics including molecular weight, sialic 
acid content, and the NH,-terminal amino acid, but with different isoelectric 
points (Burzawa-Gerard, 1982). 

The inclusion of dithiothreitol in the buffer (Idler et al., 1975b,c) mini- 
mized oxidation and may have contributed to preserve the biological activity 
of salmon maturational hormone (Pierce et al., 1976). Ethylenediaminetetra- 
acetic acid (EDTA) in the buffer functioned to minimize conversion to larger 
molecular species. However, sodium chloride and dithiothreitol did not 
reduce the extent of aggregation at the concentrations tested (Ng and Idler, 
1978a). 

The total hexose content of maturational hormone preparations from 
various species including plaice, flounder, salmon, and carp ranged from 6% 
to 15%, compared with the content of 1-2% for vitellogenic hormones from 
the same species. The amino sugar and sialic acid contents were also higher 
for maturational hormones than for vitellogenic hormones (Idler and Ng, 
1979; Ng and Idler, 1979). The sugar content reported for carp gonadotropin 
(Burzawa-Gerard and Fontaine, 19721, salmon gonadotropin (Yoneda et al., 
1977), Tilapia gonadotropin (Farmer and Papkoff, 1977), and pike eel 
gonadotropin fell in the range of values reported for maturational hormones 
(Idler and Ng, 1979; Ng and Idler, 1979). 

Vitellogenic hormone was unadsorbed on wheat germ lectin-Sepharose 
and Helix pomutia lectin-Sepharose in accordance with its low hexosamine 
content (Idler and Ng, 1979). Differences in hexose contents account for the 
distinct chromatographic behavior of vitellogenic hormone and maturational 
hormone on Con A-Sepharose and lentil lectin-Sepharose. 

The elution profiles of pituitary Con A1 fractions from various species 
from DEAE-Bio-Gel A were similar. Vitellogenic hormone was eluted in 
approximately the same position in each profile (Idler and Ng, 1979; Ng and 
Idler, 1979). The same gonadotropic preparations of Donaldson et al. (1972), 
Pierce et al. (1976), and Yoneda and Yamazaki (1976) were all adsorbed on 
DEAE-cellulose. Similarly trout gonadotropin (Breton et al., 1976), carp 
gonadotropin (Burzawa-Gerard, 1971), sturgeon gonadotropin (Burzawa- 
Gerard et al., 1975a), and pike eel gonadotropin (Huang et d., 1981) were 
adsorbed on DEAE-cellulose. Maturational hormones from salmon, carp, 
plaice, and flounder pituitaries were all adsorbed on DEAE-Bio-Gel A (Idler 
and Ng, 1979; Ng and Idler, 1979). The preparation of Tilapia gonadotropin 
of Farmer and Papkoff (1977) were unadsorbed on DEAE-cellulose in 30 
mM ammonium bicarbonate at pH 9. 

The amino acid compositions of gonadotropic preparations from Tilapia 
(Farmer and Papkoff, 1977), carp (Burzawa-Gerard, 1971), salmon (Yoneda 
et al., 1977), pike eel (Huang et al., 1981), and trout (Breton et al., 1976) 
have been reported. Amino acid compositions of chum salmon, carp, and 
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American plaice maturational and vitellogenic hormones were reported by 
Idler and Ng (1979) and Ng and Idler (1979), and that of chinook salmon 
maturational hormone by Pierce et al. (1976). Both vitellogenic hormone and 
maturational hormone were rich in aspartic acid, glutamic acid, serine, and 
leucine. Generally speaking, vitellogenic hormones had more glutamic acid 
than maturational hormones, but maturational hormones were richer in 
their threonine contents. 

The vitellogenic pituitary fractions did not cross-react to any significant 
extent in radioimmunoassays for the maturational fractions and vice versa, 
and the vitellogenic fractions were unable to stimulate oocyte maturation, 
indicating minimal cross-reaction. Incubation of maturational hormone with 
a massive dose of carbohydrate-splitting enzymes did not appear to affect its 
immunological potency, indicating that the immunological difference be- 
tween the two gonadotropins was attributable to differences in their protein 
moieties. An antiserum to flounder maturational hormone and an antiserum 
to flounder vitellogenic hormone was localized in regions of the flounder 
pituitary which did not show considerable overlap. Flounder collected after 
initiation of the vitellogenic season had many active vitellogenic gonadotrops 
and few maturational gonadotrops; however, flounder caught near spawning 
had active maturational gonadotrops (Burton et al.,  1981). 

The yields of gonadotropins from various fish pituitaries, including those 
of carp, sturgeon, pike eel (see Huang et al., 1981), salmon (Idler et al., 
1975b), plaice, and flounder (Ng and Idler, 1979), were high compared with 
those of mammalian LH and FSH, which have been quoted by Huang et al. 
(1981) to be 0.6 and 0.003%, respectively. 

B. Subunits 

Preparations of carp gonadotropin contained as much as 20% subunits 
(Fontaine and Burzawa-Gerard, 1978). Carp gonadotropin could be dissoci- 
ated into its subunits by denaturing agents such as 8 M urea and propionic 
acid. The subunits could be separated by chromatography on DEAE-Sepha- 
dex. Each subunit retained only a very small percentage of the biological 
activity of the intact hormone. The subunit I unadsorbed on 
DEAE-Sephadex had MW 14,000, the subunit I1 adsorbed on the ion ex- 
changer had MW 17,000. Recombination of the subunits led to a restoration 
of a significant portion of the original biological activity (Burzawa-Gerard et 
al., 1976; Jolks et al., 1977). 

Partial sequencing of the first 26 amino acids from the NH,-terminal of 
subunit I1 of carp gonadotropin revealed a homology between the subunit 
and the p subunits of various mammalian LHs and FSH. Two forms of 
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subunit I of carp gonadotropin existed, differing by the presence or absence 
of a nonpeptide at the NH,-terminal. Partial sequencing of the first 33 NH,- 
terminal amino acids of the longer form revealed homology with the a 
subunits of mammalian FSH and LH. Radioimmunoassays specific for sub- 
unit I and subunit 11, respectively, have been developed. Intact carp 
gonadotropin was found to cross-react in both assays (Fontaine and Burzawa- 
Gerard, 1978; Burzawa-Gerard, 1982). 

Hybrid molecules could be formed by combination of p subunit of carp 
gonadotropin with the a subunit of mammalian LH, mammalian TSH, or 
sturgeon gonadotropin, and by combination of the (Y subunit of carp 
gonadotropin with the p subunit of sturgeon gonadotropin, but there was no 
association of the a subunit of carp gonadotropin with the p subunit of 
mammalian gonadotropin (Fontaine and Burzawa-Gerard, 1978). 

It is generally agreed that the p subunit of teleost gonadotropins contri- 
butes to zoological specificity and that the a subunit contains the antigenic 
determinant common to both teleost and mammalian gonadotropins (Dufour 
and Burzawa-Gerard, 1978; Burzawa-Gerard and Kerdelhue, 1978; Breton, 
1981). 

Fontaine et al. (1981) proposed that the a subunit of carp gonadotropin 
possessed the intrinsic characteristic of enhancing adenylate cyclase activity 
and that the p subunit determined the characteristic of the interaction be- 
tween the intact hormone and the adenylate cyclase receptor system. 

Fontaine and Burzawa-Gerard (1977) hypothesized that a common an- 
cestral molecule gave rise by gene duplication to an a subunit and a (3 
subunit. Combination of the subunits yielded a molecule which initially 
possessed only gonadotropic activity, but later acquired thyroid stimulating 
activity. Subsequent duplication of the p gene produced a p1 subunit which 
later evolved into LH and a p, subunit which later evolved into thyroid 
stimulating hormone (TSH). Duplication of the p2 subunit gave rise to FSH. 
Burzawa-Gerard et al. (1980) further proposed a homology between their 
carp gonadotropic preparation and mammalain LH based on the finding of 
cross-reactivity from bovine LH and its p subunit in a radioimmunoassay for 
the p subunit of carp gonadotropin, and binding of the bovine LH p subunit 
by antisera to carp gonadotropin and its p subunit. However, there was only 
a very low degree of cross-reaction which was not parallel to the standard 
curve. 

Schreibman and Margolis-Kazan (1979) used the immunoperoxidase 
method to localize cells producing gonadotropin and thyrotropin in the pitui- 
tary of Xiphophorus maculatus. Both types of cells could be localized using 
an antiserum to carp gonadotropin (Burzawa-Gerard, 1971). An antiserum 
raised against the a subunit also localized in both cell types whereas an 
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antiserum to the p subunit localized only in the gonadotrops. The results 
imply that in Xiphophorus, the 01 subunits of gonadotropin and thyrotropin 
are structurally similar. 

A study conducted on sturgeon gonadotropin showed that although it 
could be dissociated into its subunits by methods similar to those employed 
for carp gonadotropin, the characteristics of the equilibrium between the 
hormone and its subunits were found to be dissimilar to those for the carp 
hormone and subunits (Burzawa-Gerard et al., 1976). 

Subunits of the pike eel gonadotropin were prepared by dissociation of 
the intact molecule in propionic acid and then separation by hydrophobic 
interaction chromatography on phenyl-Sepharose CL-4B (Lo et al., 1981). 
Subunit I had MW 10,500 and tyrosine as the N-terminal amino-acid resi- 
due; subunit I1 had MW 15,000 and serine as the N-terminal amino-acid 
residue. By itself, subunit I had no biological activity. Subunit I1 had a slight 
2.8% activity of the intact molecule. Recombination of subunits I and I1 in 
0.05 M phosphate buffer (pH 7.4) led to a restoration of 75% of the activity. 
It was proposed that subunit I corresponded to the a subunit of mammalian 
gonadotropins, and subunit I1 corresponded to the p subunit. 

Salmon gonadotropin was quite stable in solution: biological activity was 
retained after 6 months (Donaldson et d., 1978). 

The subunit nature of salmon maturational hormone was demonstrated 
by Donaldson et al. (1972), Idler et al. (1975c), and by Pierce et at. (1976). 
The hormone was separated into its subunits by incubating the hormone 
with 8 M urea at room temperature for 24 hr and then chromatographing the 
reaction mixture on DEAE-Bio-GeI A using Tris-C1 buffer at pH 7.8 
(Breton, 1981). The subunit unadsorbed under such conditions had a smaller 
molecular weight (12,500) than the adsorbed subunit (17,000). By compari- 
son with the characteristics of the subunits of mammalian gonadotropin, the 
unretarded subunit was noted to correspond to the a subunit and the re- 
tarded subunit to the p subunit. The individual subunits had very low matu- 
rational activity (5.8% of that of the intact hormone). Reassociation of the 
subunits did not bring about a full restoration of biological activity because of 
incomplete recombination in too short a time period allowed. 

Carp gonadotropin and salmon maturational hormone had reassociation 
constants which were, respectively, 160 and 5 to 10 times higher than that of 
mammalian LH (Marchelidon et al., 1978, 1979; Salesse et aZ., 1978). The p 
subunit of salmon maturational hormone and a recombination of a and p 
subunits, had approximately the same radioimmunological potency as the 
intact hormone, whereas the a subunit gave a nonparallel inhibition curve 
and its potency was considerably lower than that of the intact hormone 
(Breton, 1981). 
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V. RHYTHMS AND REGULATION 

Immunological specificity of teleost maturational hormone was demon- 
strated by Tan and Dodd (1978), by Ng and Idler (1979), by Bye et al. (1980), 
and by Breton (1981). Radioimmunological determination of pituitary and 
plasma gonadotropin content can generally be made only in closely related 
species and at this time there is no radioimmunoassay for the vitellogenic 
gonadotropin. 

The availability of radioimmunoassays for salmon and carp maturational 
hormones (Crim et al., 1973, 1975; Breton et al., 1972) has made possible 
investigations of the variation in plasma and pituitary gonadotropin levels in 
salmonid and cyprinid fish throughout the annual reproductive cycle. The 
salmonid was chosen as a model that lays large yolky eggs and whose spawn- 
ing is not too environmentally dependent; the cyprinid lays small eggs and 
spawns when environmental conditions are favorable. In the trout, an in- 
crease in pituitary and plasma concentrations of maturational hormone 
marked the beginning of spermatogenesis when androgens were barely de- 
tectable. As spermatogenesis progressed, there was a parallel increase in 
pituitary and plasma maturational hormone levels, although changes in the 
pituitary were not as pronounced. Plasma maturational hormone level in- 
creased with precocious gonadal development in the male Atlantic salmon 
parr (Crim and Evans, 1978). During vitellogenesis in the female salmonid 
there was not much change in the plasma level of maturational hormone. 
The plasma hormone level peaked around spawning but there was a big 
difference between the level attained by trout and coho salmon and that 
attained by pink salmon which was probably attributable to the degree of 
domestication and reproductive behavior of the particular species (see Bill- 
ard et al , 1978). The high level of maturational hormone that persisted in the 
circulation after ovulation might be important in maintaining the fecundity 
of the oocytes retained in the body cavity (Jalabert and Breton, 1980) or it 
may prime the immature ovary for the next cycle. In the cyprinids a gener- 
ally similar profile of seasonal variation in plasma gonadotropin level oc- 
curred (see Biliard et al., 1978). The circadian cycles in serum maturational 
hormone levels in the goldfish and the effects of photoperiod, temperature, 
and sexual conditions were investigated by Hontela and Peter (1978). The 
periovulatory changes in circulatory maturational hormone level were exam- 
ined in detail by Stacey et al. (1979). It was found that the gonadotropin level 
rose during the day toa,maximum value which lasted for about 8 hr during 
the night, and then declined in the morning after ovulation to a level which 
was still higher than that in the nonovulating fish. 

Plasma and pituitary concentrations of maturational hormone in salmo- 
nids were demonstrated by Crim and Evans (1978) to be well correlated. 
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Gillet and co-workers (1977) showed that plasma GtH was temperature de- 
pendent in goldfish. Cook and Peter (1980b) investigated the dynamics of 
goldfish maturational hormone in the circulation. The pituitary maturational 
hormone content was studied in fish at different stages of sexual maturation 
in the annual reproductive cycle. The variation of plasma titer of the gonado- 
tropin was studied with respect to changes in both the reproductive status of 
the fish and the ambient temperature. Whereas the pituitary content of 
maturational hormone increased with the progress of sexual maturation, the 
plasma level was contingent on both the sexual status and the ambient 
temperature, with gonadal maturation and high temperature favoring a high 
plasma level. 

The rate of utilization of maturational hormone by its target tissue, re- 
flected in ovarian uptake and the metabolic clearance rate, was enhanced, 
and therefore the initial disappearance half-time was lower in sexually matu- 
ring and matured fish than in regressed fish, indicating that maturational 
hormone had greater physiological significance to the sexually maturing and 
matured fish than to the sexually regressed fish. 

The plasrha level is thus a result of the effects of temperature, pituitary 
secretion rate, gonadal uptake rate, and metabolic clearance rate. It is in a 
dynamic equilibrium with the aforementioned forces rather than staying at a 
static level. The sialic acid content of the gonadotropin is a possible determi- 
nant of its metabolic clearance rate. 

Regressed female goldfish did not exhibit daily fluctuation in the circulat- 
ing maturational hormone level or showed a daily fluctuation which was 
smaller in magnitude than those exhibited by maturing and matured fish 
(Hontela and Peter, 1978). Peter and Crim (1979) hold the opinion that daily 
fluctuations in circulating gonadotropin level play a role in stimulating and 
maintaining gonadal development; merely high plasma concentrations of 
gonadotropin do not always elicit gonadal stimulation. 

The temporal variation in gonadal responsiveness to maturational 
gonadotropin is indicative of a daily fluctuation in the number of gonadal 
receptors (Peter, 1981). Intraperitoneal administration of testosterone into 
juvenile rainbow trout led to an increase in the pituitary storage of matura- 
tional hormone (Crim and Evans, 1979), but it is not known if this phe- 
monenon is related to the normal maturation process. Nonaromatizable an- 
drogens were not effective in stimulating pituitary maturational hormone 
accumulation, but 1,4,6-androstatriene-3,17-dione, an aromatase inhibitor, 
decreased the response to testosterone. All three estrogens, estradiol, es- 
trone, and estriol, caused an accumulation of the pituitary gonadotropin by a 
positive-feedback mechanism (Crim et al., 1981). 

The combined effects of pinealectomy, and various photoperiod and tem- 
perature regimes on pituitary and plasma gonadotropin levels in the gold- 
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fish, were studied by de Vlaming and Vodicnik (1977), Vodicnik et al. (1978), 
and by Hontela and Peter (1980). Pinealectomy of goldfish exposed to a long 
photoperiod and warm temperature brought about x reduction in plasma 
maturational gonadotropin level and gonadal regression. Peter (1981) found 
that such treatment abolished the normal daily peak in serum maturational 
gonadotropin level. A daily peak in serum maturational gonadotropin level, 
which was normally absent in goldfish exposed to a short photoperiod and 
warm temperature, appeared after pinealectomy . The aforementioned find- 
ings suggest that the pineal regulates pituitary gonadotropin secretion prob- 
ably by relaying photic information to the hypothalamus which then adjusts 
its secretion of gonadotropin releasing hormone. 

Hypothalamic control of pituitary gonadotropin secretion has been stud- 
ied by various investigators. Crim and Cluett (1974) found that mammalian 
LHRH elevated plasma maturational hormone in brown trout. Crim et al. 
(1976) discovered, in the goldfish, that intraventricular injection of hypothal- 
amic extract stimulated maturational hormone secretion from the pituitary. 
Carp gonadotropin was more active than catfish gonadotropin in stimulating 
the production of CAMP in eel ovary. Both were much more active than was 
sturgeon gonadotropin (Dufour et al., 1979). Dibutyryl CAMP, procine 
LHRH, and carp hypothalamic extract stimulated maturational hormone 
release from the carp pituitary (Yu et al., 1981). The release of pituitary 
maturational hormone in the goldfish in response to a superactive LHRH 
analog D-Ala6des-gly1* LHRH ethylamide (Peter, 1980) varied with the re- 
productive status of the fish; maturing and mature fish were more responsive 
than sexually regressed fish (Lin et al., 1981). Similarly Crim (1981) found 
that castration produced an effect on pituitary maturational hormone level in 
maturing fish but not in postspawned fish, indicating that the hypothala- 
mic-pituitary-gonadal axis operated at its optimal capacity when the fish 
were undergoing maturation. The existence of a gonadotropin releasing hor- 
mone as well as a gonadotropin release-inhibiting hormone in goldfish was 
indicated by measurement of plasma gonadotropin level after lesioning of 
appropriate areas of the brain. Dopamine mimicked the actions of this 
gonadotropin release inhibiting hormone (Peter et al., 1981; Peter, 1982). A 
gonadotropin releasing hormone was demonstrated by radioimmunoassay 
(RIA) and high-pressure liquid chromatography (HPLC) in Tilapia by King 
and Millar (1980) and isolated from flounder hypothalami by Idler and Crim 
(1981) using as assay parameter the in uitro stimulation of gonadotropin 
release from trout pituitary and an RIA. 

Breton and Billard (1980) have presented preliminary evidence for an 
inhibinlike factor in seminal plasma of rainbow trout. Administration of char- 
coal-treated seminal fluid partially diminished the increase in gonadotropin 
which followed castration between 2 and 4 hr. 
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The uptake and clearance of carp and salmon GtH, administered intra- 
peritoneally, has been followed by RIA of plasma in goldfish and rainbow 
trout (Cook and Peter, 1980a; Crim and Evans, 1976). In both instances 
clearance was accelerated at higher temperatures. 

VI. CONCLUDING REMARKS 

Reports on purification of a single gonadotropin from various teleost 
species appear to be in contrast to the discovery of vitellogenic hormone and 
maturational hormone by Idler, Campbell, and Ng. The difference stems 
from the use of or lack of affinity chromatography (Con A-Sepharose) as one 
of the purification procedures and the fact that most workers did not monitor 
vitellogenic activity during the course of purification. The gonadotropins 
that were isolated, as judged from the spectrum of biological activities, 
correspond to maturational hormones. Some of the gonadotropin prepara- 
tions (e.g., SG-G100) are known to consist of maturational hormone contami- 
nated to some extent with vitellogenic hormone (Pierce et al., 1976). A carp 
gonadotropin preparation of Burzawa-Gerard (1971) also contained 5% Con 
A1 material (Burzawa-Gerard, 1982). 

Maturational gonadotropin levels in plasma do not appear to correlate 
well with the reproductive processes. For example, levels of this hormone 
did not increase when pituitary levels increased and when plasma ll-ket- 
otestosterone levels rose in precocious male salmon parr (Stuart-Kregor et 
al., 1981). There was no substantial increase to correlate with other than the 
terminal phase of maturation in females. At this time it is not possible to 
define the relative importance of other gonadotropins and receptors. 

Substantial evidence has been collected for the existence of two gonado- 
tropins, vitellogenic hormone and maturational hormone, in teleost (Idler, 
1982). The two hormones manifest distinctive chromatographic, composi- 
tional, immunological, and biological characteristics. Antiserum to each of 
these two hormones produces inhibitory effects on those aspects of fish 
reproduction which are consistent with the biological activities of the hor- 
mone. Immunofluorescent investigation into the pituitary gonadotropic cell 
types in the flounder, using antisera raised against flounder vitellogenic and 
maturational hormones, revealed differential spatial and temporal distribu- 
tions of the vitellogenic and the maturational gonadotrops which correlated 
well with the physiological roles of the hormones in the reproductive cycle. 

Efforts to equate mammalian with teleost gonadotropins have not been 
too successful. Some teleost gonadotropins have been found to resemble 
both mammalian FSH and LH in their amino acid compositions (Farmer and 
Papkoff, 1977; Yoneda et al., 1977) and mammalian FSH (Hyder et al., 1979) 
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and LH (Farmer and PapkoE, 1977) in chromatographic behavior. Certain 
teleost gonadotropins possessed luteinizing hormonelike biological activities 
(Farmer and Papkoff, 1977; Huang et aZ., 1981), but in others separation of 
follicle stimulating hormonelike and luteinizing hormonelike biological ac- 
tivities were not clearcut (Hyder et al., 1979). Although maturational hor- 
mone may be likened to mammalian LH in its ability to stimulate oocyte 
maturation and steroidogenesis, vitellogenic hormone is not comparable to 
mammalian FS H because mammalian gonadotropins are ineffective in stim- 
ulating vitellogenin incorporation into the teleost gonad (Nath and Sun- 
dararaj, 1981). Furthermore, vitellogenesis is absent from the process of 
ovarian growth and maturation in the mammal. Therefore, it is more appro- 
priate to refer to teleost gonadotropins as vitellogenic* hormone and matura- 
tional hormone, names that reflect the physiological roles of the hormones in 
the teleost, rather than attempting to establish a resemblance between tele- 
ost and mammalian gonadotropins. 
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I. INTRODUCTION 

Reproduction in teleost fishes is diverse. The teleosts are predominantly 
dioecious, but hermaphroditism, including juvenile hermaphroditism, and 
gynogenesis occur in some species (e.g., Hoar, 1969; Dodd, 1977; Lepori, 
1980). Although this complexity of reproduction in teleosts is reflected in 
their wide range of gonadal structures, their fundamental structures (i. e., 
the morphology of germ cells and various somatic cell elements constituting 
the gonadal tissue) are similar. The basic and complementary tasks of the 
gonads of teleosts, like those of higher vertebrates, are to produce fertiliza- 
ble gametes (i.e., eggs and sperm) necessary for successful reproduction and 
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the pituitary-dependent synthesis and secretion of a variety of steroid hor- 
mones which regulate the development of germ cells. During the past 10 
years, there has been a marked expansion in the knowledge of the morphol- 
ogy of the teleost gonads associated with these two fundamental functions. 
The processes involved in the formation of gametes have been extensively 
investigated by the use of improved techniques of histochemistry and elec- 
tron microscopy. Some recent reviews on this subject are available (Dodd, 
1977; Grier, 1981; Wallace and Selman, 1981; Billard et aZ., 1982; de Vlam- 
ing, 1982). The sites of steroid production in the teleost gonads have also 
been studied using similar techniques (Guraya, 1976a,b; Nagahama et al.,  
1982). More recently, the advent of in vitro techniques combined with 
improved technology in the area of hormone measurement has permitted 
the investigation of the contribution of various somatic components of the 
gonads in the production of steroid hormones. The discussion in this chapter 
is mainly concerned with some of the new information concerning the func- 
tional morphology of the teleost gonads. Some emphasis is placed on ultra- 
structural studies and on the role of the follicle layers in relation to follicular 
steroidogenesis. Discussion of much of the histological background and early 
publications has been omitted, because most of them have been reviewed in 
a previous volume of this treatise (e.g., Hoar, 1969). 

II. MORPHOLOGY OF THE REPRODUCTIVE 
SYSTEM 

A. Primordial Germ Cells and Sex Differentiation 

The primordial germ cells in teleosts, as in other vertebrates, originate 
extragonadally and migrate to the gonadal region. The origin and the migra- 
tion of the primordial germ cells in teleosts have been studied largely by 
standard histological methods. The pertinent literature is not reviewed here 
(see Hardisty, 1978). Most of the studies on the identification of germ cells 
during the early phases of gonadal development have been based on cell size 
and staining affinity using the light microscope; these criteria may not be 
completely reliable. Recent advances in electron microscopy have made it 
possible to determine some ultrastructural markers specific for the identifi- 
cation of the teleost primordial germ cells (Satoh, 1974; Brusk and Brusle, 
1978a,b; BruslB, 1980). Hogan (1978), who studied the ultrastructure of 
germ cells of the medaka, Oyzias latipes, determined two cytoplasmic 
markers for primordial germ cells and germ cells in the subsequent matura- 
tion stages. One of these markers is a fenestrated sheet of distinctive endo- 
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plasmic reticulum which usually follows the curvature of the nucleus. The 
second marker is the clump of granular material closely associated with 
mitochondria (mitochondria-associated granular material). 

Gonads of cyclostomes and teleosts, unlike those of other vertebrates, 
lack medullary tissue. Therefore, the gonads of teleosts correspond only to 
the cortex of other vertebrates, and it has been suggested that the absence of 
a dual origin of the gonad accounts for the more wide-spread occurrence of 
intersexuality among the teleosts (e.g., Hoar, 1969). The onset of gonadal sex 
differentiation has been studied in several teleosts, and its timing varies 
according to species and sex. In general, using meiosis of germ cells as a 
criterion, gonadal differentiation becomes apparent earlier in females. In the 
medaka, it is signalled by differences in germ cell number. Because an 
earlier and more rapid proliferation of primordial germ cells occurs in female 
embryos (Satoh and Egami, 1972), differentiation of the gonad takes place at 
the time of hatching. In addition to germ cell morphology, associated soma- 
tic cell development such as the formation of the ovarian cavity or the 
testicular lumen (efferent duct) can also be used to recognize early sex 
differentiation in some species. For example, in Tilapia mossambica 
(Sarotherodon mossambicus) in which ovarian differentiation occurs about 
20 days after hatching (rearing temperature 20" C ) ,  its onset is marked by 
both the meiotic activity of germ cells and the formation of the ovarian 
cavity. Early testicular differentiation first becomes apparent at the time of 
formation of the efferent duct; meiosis of germ cells does not occur until 
50-60 days of age (Nakamura and Takahashi, 1973). Various aspects of sex 
differentiation in teleosts have been extensively reviewed (Yamamoto, 1969; 
Harrington, 1974; Reinboth, 1975; H a e n ,  1977; Merchant-Larios, 1978; 
Lepori, 1980). 

B. Male 

1. TESTIS 

In most teleosts, the testes are elongated paired organs attached to the 
dorsal body wall; in some species (e.g., poeciliids) they are combined into a 
single sac. A main sperm duct (vas deferens) arises from the posterior meso- 
dorsal surface of each elongated testis and leads to the urogenital papilla 
located between the rectum and the urinary ducts. Testicular structure in 
teleosts is variable from species to species, although two basic types, lobular 
and tubular, can be identified according to the differentiation of the germinal 
tissue (Billard et al., 1982). 

The testis of the lobular type, which is typical of most teleosts, is com- 
posed of numerous lobules which are separated from each other by a thin 
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A B 
Fig. 1. Diagramatic representation of testis structure in teleosts: (A) Lobular type. (B) 

Tubular type. 

layer of fibrous connective tissue (Fig. 1A); the arrangement of the lobules 
varies considerably (Roosen-Runge, 1977). Within the lobules, primary 
spermatogonia undergo numerous mitotic divisions to produce cysts contain- 
ing several spermatogonial cells. During maturation, all of the germ cells 
within one cyst are at approximately the same stage of development. As 
spermatogenesis, and then spermiogenesis proceed, the cysts expand and 
eventually rupture, liberating sperm into the lobular lumen which is contin- 
uous with the sperm duct. 

The other type of testicular structure, the tubular type, is restricted to 
the atheriniform group, such as the guppy, Poecilia reticulata (Billard et al., 
1982). The tubules are regularly oriented between the external tunica pro- 
pria (blind end) and a central cavity into which the spermatozoa are released 
(Fig. 1B). Primary spermatogonia are located only at the blind end of the 
tubule. As spermatogenesis and spermiogenesis proceed, the germinal cyst 
moves centrally within the testis toward the vas efferens (efferent duct); 
there is no structure corresponding to the lobular lumen in this type (Roos- 
en-Runge, 1977; Pilsworth and Setchell, 1981; Billard et al . ,  1982). More 
recently, Grier et al. (1980) examined the testes of four orders of teleosts 
(Salmoniformes, Perciformes, Cypriniformes, and Atheriniformes) using 
conventional light microscopy and scanning and transmission electron mi- 
croscopy, and classified testicular structure into two basic tubular types, 
unrestricted spermatogonial testis and restricted spermatogonial testis, ac- 
cording to the distribution of spermatogonia. The former type is common to 
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most teleosts, and the latter type, in which spermatogonia are totally re- 
stricted to the distal terminus of the tubule immediately beneath the tunica 
albuginea, is restricted to the Atheriniformes (Grier, 1981; cf. Billard et al., 
1982). 

The teleost testis, as in mammals, is composed of interstitial and lobular 
(tubular) compartments (Fig. 2). The interstitium between lobules consists 
of interstitial cells, fibroblasts, and blood and lymph vessels. The lobular 
(tubular) component of the teleost testis contains two cell types: germ cells 
and distinct somatic cells lining the periphery of the lobule. The terminology 
of these interlobular somatic cells has long been confused (see Section IV,A). 
The term lobule boundary cells was first introduced by Marshall and Lofts 
(1956) in their work on the testis of the pike, Esox lucius, char, Salvelinus 
willughbii, and Lebeo (sp?). These cells arise not in the interstices, but 
within the walls of the lobule, and they stain positively for lipids and choles- 
terol. Marshall and Lofts considered that the lobule boundary cells were 
homologous with mammalian Leydig cells. Similarly, O’Halloran and Idler 
(1970) reported homology of the lobule boundary cells with mammalian 
Leydig cells in the testis of Atlantic salmon, Salmo salar. The term lobule 
boundary cell may be acceptable from an anatomical point of view, but the 
proposed functional homology of these cells with steroidogenic Leydig cells 
is now doubtful. The presence of cholesterol-positive lipids is not a sufficient 
criterion for the identification of steroid-producing cells. Furthermore, the 
lobule boundary cells, according to Marshall and Lofts (1956), generally 
occur in fish testes that do not possess typical interstitial cells. However, 

Fig. 2. Diagramatic representation of a portion of a testis of the tubular type demonstrating a 
close relationship between germ cells at various stages of development and Sertoli cells. In- 
terstitial cells are located in the interstitium. 
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recent electron microscopical observations clearly indicate that there are 
some teleost species whose testes appear to have both interstitial cells and 
lobule boundary cells (Guraya, 1976b; Nagahama et al., 1982). 

In some teleost species, the lobule boundary cells are considered more 
accurately to be homologous with the Sertoli cells. In these species, lobule 
boundary cells are separated from the interlobular space by a thin but dis- 
tinct basal lamina; these cells often occur in close proximity to spermatids 
and developing sperm (see Section III,A, l), and possess some ultrastructural 
features suggesting phagocytosis of residual bodies and degenerating germ 
cells and an involvement in the transport of metabolites (e.g., Billard, 1970b; 
Billard et al . ,  1972; Gresik et al., 1973b; Grier, 1975). Grier and Linton 
(1977), using histochemical and electron microscopical techniques, rein- 
vestigated the testis of the northern pike, and found that the sudanophilic 
material was localized in the Sertoli-homologous cells which lay within the 
basement membrane. However, they could not identify interstitial Leydig 
cells within the interstitium, thus supporting the observation by Marshall 
and Lofts (1956); the cell organization of the pike testis may be atypical of 
teleosts as a whole (Grier, 1981). In conclusion, the term lobule boundary 
cell (with its implied steroidogenic role) for the intralobular somatic cells is 
misleading, because it is not justified on functional grounds and should 
therefore be regarded as having outlived its usefulness. Although the alter- 
native terminology presently in use, Sertoli cell, and, more recently, cyst 
cell (Roosen-Runge, 1977; Billard et al., 1982) are not totally satisfactory, the 
wide use of the term Sertoli cell in invertebrates and vertebrates is perhaps 
reasonable justification for its continued usage in teleosts, at least until the 
function of the intralobular somatic cells is established. The terminology in 
use for teleost testicular components has been discussed in detail by Grier 
(1 981). 

2. SPERM DUCT 

During the course of testicular morphogenesis, teleost sperm ducts (vas 
deferens) are formed by somatic cells derived from the coelomic wall. These 
structures, unlike those of most vertebrates, are in no way a part of the 
nephric duct or Wolfian duct. An ultrastructural study has demonstrated 
that the epithelial cells of the main duct of the black molly, Mollienisia 
latipinna, possess numerous microvilli with alkaline phosphatase activity at 
their apical surface and abundant mitochondria (van den Hurk et al., 1974a). 
These observations suggest that these cells are involved in the transport of 
substances of low molecular weight, and therefore regulate the ionic com- 
position and osmotic pressure of the seminal fluid. The sperm duct system of 
species with tubule type testes consists of two parts, efferent duct (vasa 
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efferentia) and main sperm duct (vasa defferentia). It has been suggested that 
the epithelial cells lining the efferent duct are derived from Sertoli cells 
during spermiation (e.g., Pandey, 1969; van den Hurk et al., 1974b; Gar- 
diner, 1978a; Grier et al., 1978; Grier, 1981). A secretory nature of these 
cells has been suggested by electron microscopical studies (e.g., van den 
Hurk et al., 1974a). Although the exact nature and function of this secretory 
substance is unknown, it may be involved in the immobilization of the sperm 
cells or the formation of sperm packets (spermatozeugmata). 

3. SEMINAL VESICLE 

Specific glandular structures, often referred to as seminal vesicles, which 
are composed of bilateral outgrowth of the common sperm ducts, are found 
in some teleosts. The seminal vesicles of Gillichthys have the appearance of 
greatly enlarged lobules, which contain a bright yellow fluid rather than the 
milky substance of the testes (Weisel, 1949). These seminal vesicles proba- 
bly do not store sperm and are not part of the Wolffian-duct system; there- 
fore, they are not homologous with the structures of the same name in 
higher vertebrates. They are probably responsible for the fluid which is of 
importance in sperm transfer or other breeding activities. However, a spe- 
cialized structure comprising inconspicuous protrusions along the medial 
ventral wall of the sperm duct of goldfish has been reported. It is considered 
to be homologous with the seminal vesicle, serving essentially as a sperm 
reservoir but not as a glandular organ (Takahashi and Takano, 1972). 

C. Female 

1. OVARY 

The female reproductive system of teleosts, unlike that of mammals, is 
highly variable, reflecting the wide range of reproductive patterns, including 
viviparity. In most teleosts, the ovary is a hollow paired organ; however, in 
some species, paired structures become fused into one solid, single organ 
during their early development. The ovary consists of oogonia, oocytes, and 
their surrounding follicle cells, supporting tissue or stroma, and vascular and 
nervous tissue (Fig. 3). Most teleosts are cyclical breeders and the ovary 
varies greatly in appearance at different times in the cycle. Three ovarian 
types have been classified according to the pattern of oocyte development 
(e.g., Wallace and Selman, 1981; de Vlaming, 1982). The synchronous (“syn- 
chronisme total”) ovary contains oocytes all at the same stage of develop- 
ment; this type is found in teleosts which spawn only once and then die, such 
as anadromous Oncorhynchus species or catadromous eels. The group syn- 
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Fig. 3. Diagramatic representation of the follicle layer surrounding an early vitellogenic 
oocyte of salmonid fishes. The granulosa layer is separated from the thecal layer by a distinct 
basement membrane. The thecal layer is composed of fibroblasts, blood vessels, ete., and large 
special thecal cells. 

chronous (“synchronisme par groups”) ovary consists of at least two popula- 
tions of oocytes at different developmental stages; teleosts with this type of 
the ovary, such as the flounder, Liopsettu abscuru and the rainbow trout, 
SaZm gairdneri, generally spawn once a year and have a relatively short 
breeding season. The asynchronous (“metachrone”) ovary contains oocytes 
at all stages of development; this type occurs in those species (e.g.. the 
medaka and the goldfish, Curussius uurutus) which spawn many times dur- 
ing a prolonged breeding season. 

Each oocyte during its early development becomes surrounded by a 
layer of follicle cells. With the growth of the oocytes, follicle cells multiply 
and form a continuous follicular layer (granulosa cell layer). Simultaneously, 
the surrounding stromal connective tissue elements also become organized 
to form the distinct outer layer of the follicular envelope (the thecal layer). 
Therefore, vitellogenic oocytes are surrounded by two major cell layers, an 
outer thecal layer and an inner granulosa layer which are separated from 
each other by a distinct basement membrane. The thecal layer contains 
fibroblasts, collagen fibers, and capillaries, and, in some species, special 
thecal cells (steroid-producing cells). A detailed description of these layers in 
relation to steroidogenesis is given in Section IV. 

2. OVARIAN CAVITY 

The teleost ovary generally has an ovarian cavity continuous with the 
oviduct; mature oocytes are discharged into the ovarian cavity and move to 
the oviduct. The development of the ovarian cavity has been investigated in 



6. THE FUNCTIONAL MORPHOLOGY OF TELEOST GONADS 23 1 

several teleosts and varies from species to species (e.g., Lepori, 1980). The 
ovarian cavity of the goldfish is formed by the fusion of the distal edges of the 
ovary with the dorsolateral coelomic wall (Takahashi and Takano, 1971). In a 
tilapia, Tilapia mossambica, the cavity is formed by the fusion of two stromal 
ridges growing from both the proximal and distal borders of the ovary 
(Nakamura and Takahashi, 1973). 

In oviparous teleosts, the ovarian cavity has been regarded as merely a 
“stockroom” in which ovulated eggs are kept temporarily until they are 
spawned. Studies on the medaka have suggested that the cells lining the 
ovarian cavity have a secretory function, because they become progressively 
hypertrophied and actively secrete fluid (glycoprotein?) during ovarian ma- 
turation (Yamamoto, 1963). Ultrastructurally, these cells are characterized 
by many microvilli, well-developed tonofilaments, abundant agranular en- 
doplasmic reticulum, and Golgi apparatus; cellular characteristics of mac- 
roapocrine secretion have also been observed (Takano, 1968). These obser- 
vations suggest a signifcant participation of the lining cells of the ovarian 
cavity in maintaining ovulated eggs and in transporting them through the 
oviduct for spawning. The development and functional maintenance of epi- 
thelial cells lining the ovarian cavity has been shown to be dependent on 
certain sex hormones (Takahashi and Takano, 1971). 

3. VIVIPAROUS SPECIES 

Various aspects of viviparity in teleosts have been the subject of several 
reviews (Hoar, 1957, 1969; Amoroso, 1960; Hogarth, 1976; Amoroso et a l . ,  
1979; Wourms, 1981). Almost all viviparous teleosts have a single median 
ovary. The structure of the guppy (Poecilia reticulata) ovary is shown dia- 
gramatically in Fig. 4. The morphological aspects of oocyte development 
including the associated development of the follicle cells of viviparous spe- 
cies are essentially the same as those of related oviparous species (e.g., 
Takano, 1964; Jollie and Jollie, 1964a,b). The mature eggs are fertilized 
internally and the young are retained within the body of the female for a 
significant period to complete some or all of their embryonic development. 
In viviparous species, in which the yolk content of the egg is greatly re- 
duced, the developing young depend largely on a continuous supply of 
maternal nutrients. Therefore, in certain viviparous species the ovary has 
not only a gametogenic and endocrine role, but also a nutritive role. Various 
structural adaptations occur for maternal-fetal nutrient transfer. Literature 
on this subject may be found in recent reviews (Hoar, 1969; Amoroso et al., 
1979; Wourms, 1981). 

In teleosts, gestation is always intraovarian and consists of two types: 
follicular gestation and ovarian gestation. In the former (typical of the family 
Poeciliidae), fertilized eggs are not ovulated and development of the young 
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Fig. 4. Diagramatic representation of the ovary of the guppy (Poeciliu reticulatu) showing 
follicles at various stages of development (1-8), and the location of specialized structures, delle 
and seminal receptacle, for internal fertilization. (Courtesy of Dr. Takano.) 

occurs within the ovarian follicles, in the latter, development proceeds with- 
in the ovarian cavity. A prolonged follicular gestation is found only in the 
poeciliids. Most poeciliids are able to store viable sperm for a relatively long 
period. Some obvious structural modifications occur in the ovarian cavity of 
viviparous species which are almost certainly associated with sperm storage 
and internal fertilization (e. g., Jalabert and Billard, 1969; Gardiner, 1978b). 
These include a localized expansion of the epithelium of the ovarian cavity 
overlying each developing oocyte to form a “delle,” and the existence of a 
similarly formed, specialized, single “seminal receptacle” in the anterodor- 
sal ovarian cavity (Jalabert and Billard, 1969; K. Takano, unpublished obser- 
vations) (Fig. 5).  Sperm are often found embedded head first in the apical 
cytoplasm of the epithelium lining the ovarian cavity. Recent electron micro- 
scopical studies of the specialized structure in the ovary of the guppy have 
revealed a much higher density of embedded sperm in each delle (K. Tak- 
ano, unpublished observations) and in the seminal receptacle (Jalabert and 
Billard, 1969; K. Takano, unpublished observations). The delle terminates 
directly on the follicle, presumably to allow access of sperm to the oocyte 
during fertilization. Indeed, during fertilization the terminal end of the delle 
and the area of the follicle upon which it contacts breaks down to permit 
direct access of the sperm to the oocyte surface. This is undoubtedly related 
to the absence of a micropyle in this species. In another viviparous species, 
Sebastes taczanowskii, the formation of delle does not occur, but a micropyle 
is present (K. Takano and H. Ohta, unpublished observations). 
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Fig. 5. Electron micrograph of a portion of the seminal receptacle of the guppy (Poecilia 
reticulata) ovary. Spermatozoa are deeply embedded in the apical cytoplasm of the epithelial 
cells. (Courtesy of Dr. Takano.) 

LLI. GAMETOGENESIS 

A. Spermatogenesis 

1. SPERMATOGENESIS AND SPERMIOGENESIS 

In both testicular types, lobular or tubular, the development of germ 
cells takes place within cysts formed by Sertoli cells. Stages of spermato- 
genesis and spermiogenesis are distinguishable on the basis of their charac- 
teristic nuclear and cytoplasmic morphologies. As briefly described pre- 
viously (see Section II), cyst formation begins with the mitotic division of 
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spermatogonia. Spermatogonia then transform into primary spermatocytes. 
The first meiotic division produces two daughter cells, secondary sper- 
matocytes. The secondary spermatocytes then transform into spermatids 
through the second meiotic division. These spermatids, although possessing 
a haploid set of chromosomes, are still not capable of functioning as male 
gametes. They must undergo differentiation into spermatozoa, a process 
termed spermiogenesis. Figure 6 shows light micrographs of various stages of 
spermatogenesis in the testis of Sarotherodon mossambicus (Y. Nagahama 
and M. Nakamura, unpublished observations). 

The duration of spermatogenesis has been determined in a few teleosts, 
and the results vary from species to species. The interval of the medaka 

Fig. 6. A portion of the tilapia (Sarotherodon rnossarnbicus) testis (1 pm Epon-embedded 
section, methylene blue, and azure 11), showing germ cells at various stages of development, 
Sertoli cells (arrows), and interstitial cells (IC). (SG, spermatogonium; SC, spermatocyte; ST, 
spermatid). 
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spermatogenesis was determined by Egami and Hyodo-Taguchi (1967), who 
used tritiated thymidine and autoradiographic techniques; the minimum 
duration from early DNA synthesis in the leptotene spermatocyte to the 
early spermatid is 5 days at 25” C (12 days at 15” C) and the period from early 
spermatid to spermatozoon is 7 days at 25°C (8 days at 15°C). In the guppy, 
the time periods for the development from early leptotene to spermatozoon 
is 14.5 days at 25°C (Billard, 1968). In Poecilia shenops the duration from 
leptotene to mature spermatozoon is at least 21 days (DeFelice and Rasch, 
1969). 

Spermatogonia are located within the basal region of a spermatogenic 
cyst, and are always separated from the basement membrane by thin, inter- 
vening strands of Sertoli cell cytoplasm, a different configuration from that in 
mammals where type A spermatogonia have a broad attachment to the basal 
lamina of the seminiferous epithelium. At least two types of spermatogonia, 
i.e., primary spermatogonia and secondary spermatogonia (probably corre- 
sponding to type A spermatogonia and type B spermatogonia, respectively), 
have been identified in the teleost testis. The primary spermatogonia are 
generally the largest germ cells in the testis, but their diameter varies in size 
with the species and even within the same species. Three types of sper- 
matogonia have been distinguished in the testis of the medaka; spermato- 
gonia A stem (3-4 pm diameter), spermatogonia differentiated (5-10 pm 
diameter), and spermatogonia B (approximately 5 pm diameter) (Michibata, 
1975). Electron microscopy clearly demonstrates in tercellular cytoplasmic 
bridges connecting neighboring spermatogonia (Billard and FlBchon, 1969; 
Grier, 1975, 1976). 

Despite a number of light microscopical investigations, there remains 
some controversy as to how spermatogonial renewal takes place in the tele- 
ost testis. The majority of investigations have concluded that the sper- 
matogonia arise from germ cells (“stem cells”) which have been dormant in 
the peripheral portions of the testis (see Roosen-Runge, 1977; Grier, 1981). 
An interstitial origin of spermatogonia has also been demonstrated in the 
testis of the rainbow trout (van den Hurk et al., 1978a). Ruby and McMillan 
(1975) have shown, using [3H]thymidine, that in the five-spined stickleback, 
Culaea inconstans, spermatogonia are derived from clumps of germ cells in 
the interstitial tissue. 

The cytoplasm of primary spermatocytes is generally more electron 
dense than that of spermatogonia and neighboring cells are joined by inter- 
cellular bridges (e.g., ClCrot, 1971). Their nuclei are characterized by abun- 
dant, irregularly condensed chromatin. During meiotic pachytene, synap- 
tonemal complexes appear in the primary spermatocyte nucleus. Secondary 
spermatocytes are observed infrequently in a section of the testis because 
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their life span is relatively short, i.e., they rapidly divide to form spermatids. 
Secondary spermatocytes are smaller than the primary spermatocytes, and 
larger than their daughter cells, the spermatids. 

Transformation of spermatids into mature spermatozoa (spermiogenesis) 
consists of a reorganization of nucleus and cytoplasm together with the de- 
velopment of flagellum; no cell division occurs in this process. Spermio- 
genesis has been observed in a number of teleosts by the use of electron 
microscopy. A wide variety of patterns have been observed. Because this 
aspect is perhaps of specialized cytological interest, a review of the literature 
is not given here; information may be found in a number of recent papers 
(e.g., Dadone and Narbaitz, 1967; Mizue, 1968, 1969; Stanley, 1969; Billard, 
1970c; Asai, 1971; Grier, 1973, 1975, 1976; van Deurs and Lastein, 1973; 
Zirkin, 1975; Todd, 1976; Gardiner, 1978a; Grier et al., 1978). Near or at the 
termination of spermiogenesis, spermatids or sperm nuclei of some teleosts 
with tubular-type testes (e. g., the Poeciliidae) become embedded within 
Sertoli cell cytoplasmic recesses (e.g., Billard, 1970b; van den Hurk et al., 
1974b; Grier, 1975). A similar association of germ cells with Sertoli cells is 
found in the Goodeidae, but in this case the developing spermatid flagellum 
becomes associated with the Sertoli cell layer (e.g., Grier et al., 1978; Grier, 
1981). No such associations occur between germ cells and Sertoli cells in 
species with lobular-type testes. 

2. SPERMATOZOON 

The morphology of spermatozoa has been studied in several species of 
teleosts (e.g., Billard, 1970a; Mattei, 1970). The teleost spermatozoa can be 
morphologically subdivided into head, neck piece, midpiece, and tail. They 
lack an acrosome which occurs in all other vertebrate groups; this may be 
related to the presence of an egg micropyle in teleost eggs. The heads are 
generally spherical or oval in shape; sickle or crescent-shaped spermatozoa 
occur in eels (Ginsburg and Billard, 1972; Colak and Yamamoto, 1974; Todd, 
1976). The midpiece follows a common ultrastructural pattern, consisting of 
a central flagellum and a surrounding mitochondria1 sheath. In most teleost 
spermatozoa, mitochondria are few, not modified, and situated in a low 
collar immediately behind the rounded nucleus. Aflagellated spermatozoa 
and biflagellated spermatozoa occur in some teleosts (e. g., Mattei, 1970). 
The tail flagellum of the spermatozoa of most species exhibits a typical 9 + 2 
axonemal pattern, but the eel spermatozoon is remarkable in having a 9 + 0 
pattern having no central axoneme (Colak and Yamamoto, 1974; Todd, 
1976). 

Sperm morphology appears to reflect the mode of fertilization. A primi- 
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tive type of spermatozoon is retained in those species in which fertilization 
occurs externally; the shape of the sperm nucleus of these species is rounded 
(Grier, 1981). Various modifications in sperm morphology occur in those 
species with internal fertilization (e.g., Billard, 1970a; Grier, 1981) in which 
the sperm nucleus is more elongated and the midpiece is well developed. A 
good example of this diversity in sperm morphology according to the mode 
of reproduction has been noted in two closely related species. In the 
medaka, with external fertilization, sperm morphology is primitive with a 
rounded nucleus and short midpiece. In the guppy, with internal fertiliza- 
tion, an elongation of both nucleus and midpiece is observed (Grier, 1981). 

3. BLOOD-TESTIS BARRIER 

Recent electron microscopical investigations involving the use of an ex- 
tracellular tracer, horseradish peroxidase, have demonstrated the existence 
of a blood-testis barrier in two species of teleosts, the guppy (Marcaillou and 
Szollosi, 1980) and the cyprinodont Aphanius dispar (Abraham et al., 1980). 
In cysts containing spermatogonia and spermatocytes, this tracer can pene- 
trate freely beyond the Sertoli cell layer. However, in cysts containing ripe 
spermatozoa, the tracer penetrates only to the intercellular spaces between 
the Sertoli cells; tight junctional complexes near the lumina of the cysts 
appear to be a barrier to permeability between the vascular spaces of the 
stroma and the lumina of ripe cysts (Abraham et al., 1980). Therefore, the 
blood-testis barrier is probably involved in the process of spermatogenesis, 
by controlling the environment within the closed compartment of the testic- 
ular lobule. 

4. SPERMIATION 

Spermiation in teleosts involves a hormone-dependent thinning, or 
hydration of the semen (Billard et al., 1982). The precise physiological sig- 
nificance of hydration is not clear. Billard et al. (1982) suggested that this 
hydration of the semen, by increasing interlobular pressure, allows the 
sperm to migrate to the vas deferens where they are stored. However, the 
morphology of spermiation in teleosts has not yet been studied in detail. The 
ultrastructure of spermiation in amphibians has been well defined; this pro- 
cess corresponds to the separation of late spermatids from the Sertoli cells 
(Burgos and Vitale-Calpe, 1967). This definition may be valid in fish with a 
tubule-type testis. During spermiation in poeciliids, sperm embedded in 
Sertoli cells are voided as a discrete bundle, a spermatozeugmatum (e.g., 
Grier, 1975; Billard et al., 1982). 
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B. Oogenesis 

1. OOGENESIS 

Changes in various cellular organelles of the oocyte during oogenesis 
have been described in a number of teleost species (e. g., Wallace and Sel- 
man, 1981; de Vlaming, 1982). The first stage of the development of female 
gametes is similar to that found in spermatogenesis. Oogonia undergo pro- 
liferation by mitotic divisions and become primary oocytes when the chro- 
mosomes become arrested at the diplotene stage of the first meiotic pro- 
phase. Oocytes, unlike male gametes, then enter a period of growth which 
varies from species to species. Enlargement of oocytes is caused mainly by 
the accumulation of yolk. 

Several criteria have been employed for staging the process of oogenesis; 
they are size, amount, and distribution of various cell inclusions, especially 
yolk granules, and morphology of the chromosomes. Yamamoto et al. (1965) 
divided the development of the oocyte of the rainbow trout into eight stages; 
each stage is defined cytologically by size, appearance of nucleus and nu- 
cleolus, and the type and localization of cytoplasmic inclusions. They are 
chromatin-nucleolus stage, perinucleolus stages (subdivided into early and 
late stages), oil drop stage, primary yolk stage, secondary yolk stage, tertiary 
yolk stage, and maturation stage (Figs. 7 and 8). The chromatin-nucleolus 
stage is characterized by a conspicuous nucleolus associated with chromatin 
threads. Concomitant with oocyte growth, the nucleus increases in size, and 
multiple nucleoli become located around the periphery of the nucleus (early 
perinucleolus stage). The late perinucleolus stage can be distinguished from 
the previous stage by the enlargement of the oocyte. During this period 
(diplotene stage of meiosis), lampbrush chromosomes are formed which dis- 
appear immediately prior to the breakdown of germinal vesicles during 
oocyte maturation. In the perinucleolus stage, most teleost oocytes, like 
those of other animals (Ngrrevang, 1968; Guraya, 1979), accumulate a small 
juxtanuclear mass which is basophilic in histological sections (Fig. 7). These 
aggregates have been termed “yolk nucleus” or “Balbiani bodies.” Recent 
electron microscopical studies have revealed that the yolk nucleus is not a 
homogeneous structure, and that it is composed of various cellular organ- 
elles such as mitochondria, Golgi bodies, smooth endoplasmic reticulum, 
multivesicular bodies, and lipid granules (e. g., Beams and Kessel, 1973; 
Guraya, 1979; Wallace and Selman, 1981). Further, annulate lamellae have 
also been described as a component of the yolk nucleus in several cyprinid 
species (Clerot, 1976). Although its role is as yet not clear, it has long been 
considered that the yolk nucleus functions as a center for the formation of 
organelles within the oocyte (Guraya, 1979). 
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2. VITELLOGENESIS 

Teleost oocytes enter a prolonged growth phase which is dependent on 
pituitary gonadotropin. The enlargement of oocytes, attributable mainly to 
the accumulation of yolk, is very considerable; for example, the young 
oocyte of the rainbow trout is about 20 pm in diameter and the fully devel- 
oped egg is about 4 mm. As in oocytes of most animals, yolk is an important 
constituent of teleost oocytes. There are three distinct types of yolk material 
in teleosts: oil droplets, yolk vesicles, and yolk globules. In general, the oil 
droplets first appear in the perinuclear area and then migrate to the periph- 
ery in later stages. The sequence of the appearance of this yolk material 
varies with species. In the rainbow trout the droplets appear soon after the 
commencement of the formation of yolk vesicles (Yamamoto et al., 1965) 
(Fig. 8). The lipid droplets of the smelt, Hypomesusjaponicus, appear after 
the formation of both yolk vesicles and globules (Yamamoto, 1956). 

The PAS-positive (mucopolysaccharide or glycoprotein) yolk vesicles are 
generally the first structures to appear in the oocyte cytoplasm during the 
secondary growth of oocytes, and first appear in the outer and midcortical 
zones of the oocyte. Electron microscopy reveals the possible involvement of 
the endoplasmic reticulum and Golgi apparatus in the formation of yolk 
vesicles (e.g., Anderson, 1968; Shackley and King, 1977). In an auto- 
radiographic study, Korfsmeier (1966) demonstrated in the zebrafish, 
Bruchydanio rerio, that yolk vesicles rapidly incorporate both [3H]histidine 
and [3H]glucose. These results suggest that yolk vesicles are synthesized 
within the oocyte (autosynthetic). As the oocyte grows, the yolk vesicles 
increase in both size and number, and at maturity they move to the periph- 
ery of the oocyte, where they become known as the cortical alveoli (Wallace 
and Selman, 1981). It has been well established that cortical alveoli function 
in the cortical reaction at fertilization, the components of the cortical alveoli 
being released into the perivitelline space when the egg is inseminated. 

Several ultrastructural studies have indicated that yolk globules are 
formed by the fusion of small, coated vesicles which first appear peripherally 
in the oocyte (e.g., Droller and Roth, 1966; Anderson, 1968; Ulrich, 1969; 
Wegmann and Gotting, 1971; Gupta and Yamamoto, 1972; Shackley and 
King, 1977). As vitellogenesis proceeds, most of the cytoplasm of mature 
eggs becomes occupied by many dense yolk globules which are surrounded 
by a limiting membrane. During the later stage of vitellogenesis, the yolk 
globules of some teleosts fuse with each other to form a single mass of yolk; 
the transparency of eggs in certain species may be attributed to this fusion of 
yolk globules. Yamamoto and Oota (1967) have demonstrated, by electron 
microscopy, that the yolk globules of the zebrafish consist of a crystalline 
main body surrounded by a superficial layer and outer membrane. Similar 
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Fig 7 

Figs. 7 and 8. Developmental stages of oogenesis in rainbow trout (Salmo gairdneri). 1-2, 
oogonium stage; 3-5, chromatin-nucleolus stage; 6-7, early perinucleolus stage; 8, late per- 
inucleolus stage (yn, yolk nucleus); 9, yolk vesicle stage (yv, yolk vesicle); 10-11, oil drop stage 
(fd, fatty drop); 12, primary yolk globule stage (yg, yolk globule); 13, secondary yolk globule 
stage; 14, tertiary yolk globule stage; 15, migratory nucleus stage (n. germinal vesicle); 16, ripe 

crystalline yolk has been described in the oocytes of a few species of teleosts 
(Ulrich, 1969; Gupta and Yamamoto, 1972; Flegler, 1977). The electron 
diffraction pattern of yolk globules of Peluicachromis pukher closely resem- 
bles that of Xenopus laeuis (Lange, 1980). 

In teleosts, as in other nonmammalian vertebrates, it has been demon- 
strated that a female-specific protein (vitellogenin), which is synthesized by 
the liver in response to 17P-estradiol, is released into the blood and then 
transported to the ovary (e.g., Wallace, 1978; see Chapter 8, this volume). 



6. THE FUNCTIONAL MORPHOLOGY OF TELEOST GONADS 241 

Fig 8 

stage; 17, a portion of an oocyte at the migratory nucleus stage showing a micropylar cell (mpc) 
and zona radiata (zr); 18, a portion of follicle layers surrounding an oocyte at the yolk vesicle 
stage showing a granulosa cell in the process of mitosis. (Reproduced by permission from 
Yarnamoto et nl.,  1965.) 

Ultrastructural evidence shows that protein yolk precursors are incorporated 
into the oocyte by micropinocytosis (Droller and Roth, 1966; Anderson, 
1968; Ulrich, 1969; Wegmann and Gotting, 1971; Gupta and Yamamoto, 
1972; Shackley and King, 1977). Autoradiographic studies by Korfsmeier 
(1966) with the zebrafish also demonstrated the transfer of protein from the 
blood to form yolk. Therefore, most yolk proteins appear to be synthesized 
outside the oocyte (heterosynthetic). In addition to this heterosynthetic pro- 
cess, an intraovarian origin of yolk proteins (autosynthetic) has also been 
suggested by an electron microscopical study (Yamamoto and Onozato, 
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1965). Yolk formation in teleosts, as in other animals (Nerrevang, 1968; 
Anderson, 1974), appears to consist of both autosynthetic and heterosynthe- 
tic types, or a combination of both, although in the oocytes of Xenopus laevis 
99% of the yolk protein is derived of hepatic origin yolk protein (vitellogenin) 
(Wallace et al., 1972). 

It has been reported that salmon pituitary extract stimulates micro- 
pinocytotic activity at the oocyte surface (Campbell, 1978; Upadhyay et al., 
1978). Ultracytochemically, Na+ -, K +  -activated ATPase is localized on the 
oocyte and follicular microvilli and the egg membrane surrounding the pri- 
mary oocytes of Heterandl-ia f o m o s a  (Riehl, 1980). These results confirm 
that the microvilli are the sites of substance exchange between the follicle 
cells and the oocyte. The yolk proteins of the rainbow trout resemble those 
of amphibians and birds in that they consist of lipovitelline and phosvitin 
(Hara and Hirai, 1978). However, details of the mechanism and the site of 

Fig. 9. A portion of an atretic follicle of the goldfish (Carassius auratus) (1 pm Epon- 
embedded section, methylene blue, and azure 11) showing hypertrophied granulosa cells filled 
with various inclusions. 
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the conversion of vitellogenin into these yolk proteins is unknown. In partic- 
ular, evidence for the roles of the follicular envelope and the oocyte in the 
cleavage of vitellogenin to lipovitelline and phosvitin is lacking. 

3. ATRETIC OOCYTES 

Atretic oocytes (preovulatory corpora atretica) are a very common feature 
of the teleost ovary (Ball, 1960; Lofts and Bern, 1972; Browning, 1973; 
Guraya, 1976a; Saidapur, 1978) and may be caused by environmental stress 
(Ball, 1960). Several studies have dealt with the histological changes in 
follicular atresia during the annual reproductive cycle and under various 
experimental conditions (e. g., hypophysectomy or administration of sex 
steroids). Follicular atresia, which involves the hypertrophy of the granulosa 
cells (Fig. 9) and possibly the thecal cells may occur in follicles at any stage of 
oocyte development. Most investigators have divided teleost follicular 
atresia into four consecutive stages according to the original light microscopi- 
cal description by Bretschneider and Duyvene de Wit (1947) in Rhodeus 
amerus. Khoo (1975) provided a detailed description of histological changes 
in follicular atresia in the goldfish after hypophysectomy, and classified five 
consecutive stages, a, fi, y, 6, and E stages. After the complete reabsorption 
of all remnants of oocytes by hypertrophied granulosa cells (6 stage), the 
granulosa cells collapse into the atrium to form an irregular cellular mass, 
and yellow lutein pigments are observed among the cells (E stage). Following 
this stage, some atretic cells appear to differentiate into oogonia (Khoo, 
1975). 

4. OOCYTE MATURATION 

After the oocyte completes its growth, it is ready for the resumption of 
reduction divisions. In teleosts, like in other vertebrates, the fully grown 
oocyte possesses a large nucleus (germinal vesicle) in meiotic prophase. The 
germinal vesicle of this stage is generally located centrally or halfway be- 
tween the center and the oocyte periphery. In general, the germinal vesicle 
cannot be seen by external observation because of the opaque cytoplasm. 
The use of certain fixatives increases yolk transparency and the germinal 
vesicle appears golden brown under transmitted light after this treatment 
(Goetz and Bergman, 1978). In the terminal phase of vitellogenesis, goldfish 
oocytes lose their spherical shape and become slightly flattened. The animal 
pole, on one of the flattened surfaces, is located around a small depression in 
the follicle and zona radiata, the micropyle. Under the dissecting micro- 
scope, this area can be easily distinguished, appearing as a number of small 
furrows in the follicle radiating out from the micropyle. In some species such 
as the yellow perch, Percaflavescens, and the Indian catfish, Heteropneustes 
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Fig. 10. Scanning electron micrograph of the fractured surface of rainbow trout (Salmo 
gairdneri) oocytes during salmon gonadotropin (SG-GlOO)-induced germinal vesicle breakdown 
in uitro. (A) A fully grown immature oocyte with the germinal vesicle (9) located halfway 
between the center and the oocyte periphery. (B) An oocyte 24 hr after the onset of incubation 
with salmon gonadotropin. The germinal vesicle (9) is located at the oocyte periphery. (C) An 
oocyte 72 hr after the onset of incubation with salmon gonadotropin. Note the disappearance of 
the germinal vesicle and the homogeneous ooplasm. 

fossilis, the animal pole is quite conspicuous with an elevated cap (see Chap- 
ter 3, Volume 9B, this series; Goswami and Sundararaj, 1971). 

Hecent improvements in the in uitro incubation technique have allowed 
an observation of the various morphological events associated with oocyte 
maturation. Figure 10 shows the morphological changes occurring in the 
nucleus and the cytoplasm of oocytes during gonadotropin-induced in uitro 
oocyte maturation in salmonids. The germinal vesicle of immature oocytes is 
inconspicuous in salmonids. The first visible event associated with final 
oocyte maturation is the migration of the germinal vesicle to the animal pole 
where the micropyle is situated; at this stage the germinal vesicle becomes 
visible under the dissecting microscope. The membrane of the germinal 
vesicle then breaks down (germinal vesicle breakdown) and its contents 
became intermingled with the surrounding cytoplasm. Besides these 
changes in the nucleus, there are also several cytoplasmic processes occur- 
ring during oocyte maturation. These include the coalescence of lipid drop- 
lets and yolk globules, a further rapid size increase of the oocyte caused by 
hydration, and an overall increase in oocyte translucency. 
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Iwamatsu et al. (1976) and Iwamatsu and Ohta (1977) have observed 
ultrastructural changes in the cytoplasm of the medaka and the loach, Mis- 
gurnus anguillicandatus, oocytes during corticosterone-induced maturation 
in uitro. Fully grown immature oocytes of the loach, prior to exposure of 
corticosterone, are characterized by the existence of annulate lamellae, a 
mass of long mitochondria, an electron-dense layer beneath the vitelline 
surface, and numerous cortical alveoli and yolk platelets. The initial changes 
occurring in the cytoplasm (3 hr after exposure to this hormone) is the 
disappearance of the electron-dense layer and annulate lamellae, and 
changes in the shape of mitochondria from long to spherical ones. The 
ooplasm at the later stages of maturation is occupied by enlarged yolk plate- 
lets and tubular endoplasmic reticulum develop throughout the cytoplasm; 
cortical alveoli are formed aligned beneath the vitelline surface. Some of the 
earlier events occurring in the ooplasm may be associated with the ap- 
pearance of a cytoplasmic factor (maturation-promoting factor) which has 
recently been detected in mature oocytes of the goldfish (T. Kishimoto and 
Y. Nagahama, unpublished observations). 

5. OVULATION 

After the completion of the first meiotic division, oocytes (now eggs) are 
expelled into the ovarian cavity or the peritoneal cavity, a process known as 
ovulation. Ovulated eggs continue meiosis up to the second meiotic meta- 
phase, the point at which fertilization first becomes possible, the entire 
process or at least part, being hormone dependent (see Chapter 3, Volume 
9B, this series). However, final oocyte maturation and ovulation are not 
always associated because oocytes of most teleosts do not undergo ovulation 
following steroid stimulation in uitro. Ovulation in teleosts involves several 
preparatory steps. First, the follicle layer must detach from the oocyte. 
Ultrastructural studies have revealed that both follicle cell microvilli and 
oocyte microvilli withdraw from the egg membrane near the time of ovula- 
tion and a wide space is formed between the follicle cell and the egg mem- 
brane (Fliigel, 1967; Yamamoto and Yamazaki, 1967; Hirose, 1972; Pen- 
dergrass and Schroeder, 1976; Iwamatsu and Ohta, 1977). Although the 
mechanism directing the interruption of follicle-oocyte communication pri- 
or to ovulation is unknown, proteolytic enzymes have been suggested to be 
involved in disrupting follicle-oocyte connections (Oshiro and Hibiya, 1975, 
1982). Prostaglandin F, is capable of inducing ovulation in uitro of goldfish 
oocytes that had been previously matured in uiuo by injection of human 
chorionic gonadotropin (HCG) (Kagawa and Nagahama, 1981). Observations 
with the dissecting microscope and the scanning electron microscope have 
revealed that during prostaglandin-induced ovulation, oocytes are expelled 
into the incubation medium through a rupture in the follicle at the point of 
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Fig. 11. (A) Scanning electron micrograph of a mature goldfish (Carassius auratus) oocyte 
during ovulation in odtro induced by prostaglandin FPu. (B) Detail of A showing shrinkage of the 
follicle layers away from the emerging oocyte. 

attachment to the overlying epithelium. At the same time contraction of the 
ovarian follicle layer was observed (Kagawa and Nagahama, 1981) (Fig. 11). 
I n  situ, rupture at this point would allow the oocyte to be expelled from its 
enclosing follicle into the ovarian cavity. Ultrastructural studies of oocytes 
from some teleosts have demonstrated that some contractile elements such 
as microfilaments are present in the thecal cells near the time of ovulation 
(Szollosi and Jalabert, 1974; Nagahama et al.,  1976; Pendergrass and 
Schroeder, 1976). Smooth musclelike cells have been reported in the thecal 
cells of the rainbow trout (Szollosi and Jalabert, 1974). In the medaka, 50-70 
A microfilaments, which were sparse in the thecal cells at the start of incuba- 
tions with hydrocortisone, became organized into bands after 5 hr and into 
bundles after 10 hr (Pendergrass and Schroeder, 1976). The addition of 
cytochalasin B, an inhibitor of microfilamentous contractile systems, into the 
incubation medium totally prevented hydrocortisone-induced ovulation in 
uitro of the medaka (Schroeder and Pendergrass, 1976) and partially inhib- 
ited prostaglandin-induced ovulation in uitro of the rainbow trout Oalabert 
and Szollosi, 1975). These results suggest that the microfilamentous system 
is necessary for ovulation in teleosts. 
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IV. STEROIDOGENIC TISSUES 

Earlier biochemical approaches to steroidogenesis in fish gonads demon- 
strated in a few restricted species that teleost gonadal tissue is capable of 
synthesizing several different steroids (see Chapter 7, this volume). The 
recent advance in specific radioimmunoassay methods and the development 
of reliable in vitro incubation techniques have permitted a quantitative as- 
sessment of the production by gonadal tissue of various steroids in response 
to teleost and mammalian gonadotropin preparations (e.g., Yaron and Bar- 
ton, 1980; Bona-Gallo and Licht, 1981; Kagawa et al., 1982; Nagahama et al., 
1982). Various morphological methods, such as the histochemical demon- 
stration of various hydroxysteroid dehydrogenases regulating the bio- 
synthesis of steroid hormones, and electron microscopy have been applied to 
determine the site of steroid synthesis in the gonads of many species of 
teleosts (Hoar, 1969; Lofts and Bern, 1972; de Vlaming, 1974; Guraya, 
1976a,b; Hoar and Nagahama, 1978; Nagahama et al., 1982). Using these 
techniques. researchers have implicated at least five dfierent cellular sites 
in testicular steroid production depending on the species studied: the in- 
terstitial cells, lobule boundary cells, Sertoli cells, germ cells, and the epi- 
thelial cells of testicular efferent ducts. Similarly, in the ovary, the granulosa 
cells, certain thecal cells, corpora lutea, corpora atretica, and interstitial 
gland tissue have been described as steroid producing (see ref. above). 

A. Testis 

1. INTERSTITIAL CELLS OR LEYDIG CELLS 

Interstitial cells are usually distributed singly or in small groups in the 
interstices between the lobules of the teleost testis. In Poecilia latipinna, 
interstitial cells are distributed around the efferent duct and at the periphery 
of the testis, but not between testis lobules (van den Hurk, 1973, 1974). The 
abundance of the interstitial cells varies with teleost species. Histochem- 
ically, 3P-hydroxy-A5-steroid dehydrogenase (3P-HSD), an enzyme in- 
volved in steroid hormone synthesis, has been demonstrated in the intersti- 
tial cells of the testis of a number of teleosts (e.g., Blennius spp., Chief% and 
Botte, 1964; Gobius paganellus, Stanley et al.,  1965; Tilapia mossambica, 
Yaron, 1966; Hyder, 1970; Cymatogaster aggregata, Wiebe, 1969; goldfish, 
Yamazaki and Donaldson, 1969; guppy, Takahashi and Iwasaki, 1973a; 
medaka, Takahashi and Iwasaki, 1973b; rainbow trout, van den Hurk et al., 
1978a,b). Electron microscopical observations have demonstrated that tes- 
ticular interstitial cells of teleosts have ultrastructural features typical of 
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steroid-producing cells (e. g., guppy, Follhius and Porte, 1960; Gas- 
terosteus aculaetus, Follknius, 1968; rainbow trout, Oota and Yamamoto, 
1966; van den Hurk et al., 1978a,b; Cichlasoma nigrofasciaturn, Nicholls 
and Graham, 1972; medaka, Gresik et al., 1973a; Gobius jozo, Colombo and 
Burighel, 1974; black molly, van den Hurk et al. ,  1974b; coho, Oncor- 
hynchus kisutch and pink, 0. gorbuscha, salmon, Nagahama et al., 1978; 
Anguilh japonica, Sugimoto and Takahashi, 1979); they are large polygonal 
cells characterized by extensive agranular endoplasmic reticulum and 
mitochondria with tubular cristae (Fig. 12). In medaka, interstitial cells 
appear before the spermatogonia differentiate (Yoshikawa and Oguri, 1979), 
and ultrastructurally they can be identified in the testis of Tilapia nilotica 
during or immediately after sex differentiation (M. Nakamura and Y. 
Nagahama, unpublished observations). Interstitial cells have also been iden- 

Fig. 12. Electron micrograph of a portion of an interstitial cell of Tilapia nilotica showing 
extensive agranular endoplasmic reticulum and numerous dense mitochondria with tubular 
cristae. (Courtesy of Dr. Nakamura.) 
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tified in immature rainbow trout (Oota and Yamamoto, 1966) and coho and 
pink salmon testes (Nagahama et aZ., 1978). Nicholls and Graham (1972), 
who studied the ultrastructure of the testis of Cichlasomu nigrofasciatum 
found evidence for the origin of interstitial Leydig cells from fibroblastlike 
connective tissue elements. 

The interstitial cells of immature silver eel, AnguiZZa japonica, were 
markedly stimulated by HCG, producing a pronounced increase in the size 
and number of mitochondria and an increased organization of agranular 
endoplasmic reticulum (Sugimoto and Takahashi, 1979). These morphologi- 
cal changes in the interstitial cells may be associated with enhanced steroid 
production observed in testicular tissues of the European eel, Anguilla an- 
guilla, after administration of HCG (Eckstein et al., 1982). Seasonal changes 
in the morphology of interstitial cells have also been reported in some tele- 
osts (Guraya, 1976b; Grier, 1981). These observations clearly indicate that 
the interstitial cells are homologous with mammalian Leydig cells, and are 
the major site of androgen synthesis. 

2. SERTOLI CELLS OR LOBULE BOUNDARY CELLS 

Histochemical studies have revealed the presence of 3P-HSD activity in 
the Sertoli cells of Cymtogaster aggr-egata (Wiebe, 1969), Fundulus hetero- 
clitus (Bara, 1969),and rainbow trout (van den Hurk et al., 1978a,b) and in 
the lobule boundary cells of Tilapia rrwssambica (Yaron, 1966). However, 
most electron microscopical observations do not support these histochemical 
results. As described earlier (see Section 11), the Sertoli cells of most of the 
teleosts studied to date have some ultrastructural features suggesting pha- 
gocytosis and an involvement in transporting metabolites (Fig. 13). Nev- 
ertheless, Sertoli cells or lobule boundary cells of certain species have been 
reported to contain some ultrastructural features commonly accepted as 
characteristic of steroid-producing cells, i. e., sparse tubular cristae of 
mitochondria and agranular endoplasmic reticulum, although much less de- 
veloped than those of the interstitial Leydig cells, and many lipid droplets 
(e.g., Nicholls and Graham, 1972; van den Hurk et al., 1974b, 1978a,b; 
Nagahama et al. ,  1978). 

In the amago salmon testis, Sertoli cells become hypertrophied during 
the later part of spermiation. This appears to be related to increased ste- 
roidogenic activity, because incubation of testicular fragments at this stage 
with gonadotropin results in a striking increase in the production of 17a,2OP- 
dihydroxy-4-pregnen-3-one. Significantly, plasma levels of this steroid reach 
a peak during the spermiation stage (Ueda et al., 1983). The relationship of 
Sertoli cell activity to 17a,20P-dihydroxy-4-pregnen-3-one production is 
currently being further explored. 
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Fig. 13. Electron micrograph of a portion of a Sertoli cell in the goldfish (Carassius auratus) 
testis (L, lipid droplet). 

B. Ovary 

1. PREOVULATORY FOLLICLES 

a. Granulosa Cells. Histochemical studies have indicated that 3P-HSD 
activity is localized in the granulosa cells of guppy (Lambert, 1970), Mugil 
capito and Tilapia aurea (Blanc-Livni et al., 1969; Blanc-Livni, 1971), 
Acanthobrama terrae-sanctae (Yaron, 1971), medaka (Iwasaki, 1973; Kagawa 
and Takano, 1979), Monopterus albus (Tang et al., 1974), rainbow trout (van 
den Hurk and Peute, 1979), and loach (Ohta and Teranishi, 1982). Recently, 
a strong 3P-HSD activity has also been demonstrated in the micropylar cell 
of the ovarian follicle of the loach during the prematuration and spawning 
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season (Ohta and Teranishi, 1982). In addition, 17P-HSD activity has been 
detected in the granulosa cells of M .  cupito (Blanc-Livni et al., 1969; Blanc- 
Livni, 1971), guppy (Lambert, 1970), and goldfish (Khoo, 1975). 

However, these histochemical observations on granulosa cells are not 
supported by ultrastructural studies, because these cells contain features 
suggestive of protein synthesis, but not organelles associated with steroid- 
producing cells (Nicholls and Maple, 1972; Nagahama et al., 1976, 1978; 
Hoar and Nagahama, 1978; Kagawa and Takano, 1979; van den Hurk and 
Peute, 1979; Kagawa et al.,  1981; Ohta and Teranishi, 1982). Two recent 
exceptions to the numerous observations on the nonsteroidogenic ap- 
pearance of granulosa cells have been reported. Wallace and Selman (1980) 
have shown that during final oocyte maturation of Fundulus heteroclitus, the 
granulosa cells undergo specific cytological alterations. These changes in- 
clude: (1) a proliferation of enormous Golgi complexes with accumulated 
secretory material, and (2) an increase in the number of cisternae of granular 
endoplasmic reticulum and free ribosomes. Wallace and Selman suggest the 
possible contribution of the granulosa cells to the production of maturation- 
inducing steroid. In the medaka, the appearance of “special granulosa cells” 
14.5 hrs after the beginning of the light phase in oocytes destined for matura- 
tion has been reported (Iwamatsu and Ohta, 1981b). Mitochondria with 
tubular cristae were described, leading Iwamatsu and Ohta to suggest a 
transient steroidogenic role for these cells. It should be noted that typical 
steroidogenic, special thecal cells are not found in the thecal layers of both 
Fundulus (Wallace and Selman, 1980) and medaka (Iwasaki, 1973). 

b. Special Thecal Cells. Bara (1965), who studied the distribution of 3P- 
HSD in the ovary of the mackerel, Scomber scomber, at different stages of 
the reproductive cycle, was the first to demonstrate the activity of this 
enzyme in certain cells of the thecal layer; activity was strongest at the 
beginning of vitellogenesis and became reduced in intensity as the oocytes 
matured. Subsequently, histochemical examinations have revealed a similar 
restricted occurrence of 3P-HSD activity in the thecal layer of the ovaries of 
zebrafish (Yamamoto and Onozato, 1968; van Ree, 1976), goldfish 
(Nagahama et al., 1976) and Mystus cauasius (Saidapur and Nadkarni, 1976). 
The presence of 17P-HSD has also been reported in the thecal cells of the 
ovaries of Trachurus mediterraneus (Bara, 1974) and Mystus cavasius 
(Saidapur and Nadkami, 1976). Ultrastructurally, the special thecal cells 
reported in a number of teleosts possess features which characterize 
steroidogenic tissue in general, that is, mitochondria with tubular cristae and 
a tubular agranular endoplasmic reticulum (zebrafish, Yamamoto and 
Onozato, 1968; C. nigrofasciatum and Haplochromis multicolor, Nicholls 
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and Maple, 1972; goldfish, Nagahama et al., 1976; Oncorhynchus kisutch 
and 0. gorbusha, Nagahama et al., 1978; white-spotted char, Salvelinus 
leucomaenis, Kagawa et al., 1981). 

2. POSTOVULATORY FOLLICLES 

Young postovulatory follicles of some teleosts are characterized by a 
highly vascularized thecal layer and hypertrophied granulosa cells. More- 
over, both special thecal cells and granulosa cells often show evidence of 3p- 
HSD activity (Bara, 1965; Iwasaki, 1973; Lambert and van Oordt, 1974; 
Khoo, 1975; Nagahama et al . ,  1976; Kagawa and Takano, 1979; van den Hurk 
and Peute, 1979; Kagawa et al., 1981; Lang, 1981). Therefore, the close 
histological and histochemical resemblance of these postovulatory follicles to 
the mammalian corpus luteum might suggest steroid biosynthesis in these 

Fig. 14. Electron micrograph of a portion of the special thecal cells of the postovulatory 
follicle of coho salmon (Oncorhynchus kisutch) showing eTtensive agranular endoplasmic re- 
ticulum and large mitochondria with tubular cristae (L, lipid droplet). 
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tissues. Special thecal cells appear to maintain their steroidogenic activity for 
some time after ovulation (Fig. 14); the duration of maintenance of the 
activity varies from species to species (Nicholls and Maple, 1972; Nagahama 
et al., 1976, 1978; van den Hurk and Peute, 1979; Kagawa et al., 1981). In 
addition, the possible immediate transformation of granulosa cells to luteal 
cells has been suggested by ultrastructural observations on the young 
postovulatory follicles of Cichlasom nigrofasciatum (Nicholls and Maple, 
1972), goldfish (Nagahama et al., 1976), rainbow trout (van den Hurk and 
Peute, 1979), white-spotted char (Kagawa et al., 1981), and Perca fluviatilis 
(Lang, 1981). Khoo (1975), using [3H]thymidine, suggested a differentiation 
of older luteal cells into oogonia in the goldfish. 

Kagawa et al. (1981) reported an active steroidogenic appearance of the 
special thecal cells of postovulatory follicles shortly after ovulation in the 
white-spotted char, in parallel with high levels of plasma progesterone, 
thereby suggesting that the special thecal cells are the major sites of pro- 
gesterone synthesis during the postovulatory period. Direct evidence of 
steroidogenesis in young postovulatory follicles was obtained by recent in 
uitro studies (Nagahama and Kagawa, 1982). Partially purified chinook salm- 
on gonadotropin (SG-G100) stimulated progesterone production in vitro in 
the isolated young postovulatory follicles of the amago salmon, Oncor- 
hynchus rhodurus, but not in the older ones. Recent in vitro data further 
indicate that the young postovulatory follicles of the amago salmon are also 
capable of producing 17a-hydroxyprogesterone, 17a,20P-dihydroxy-4- 
pregnen-3-one, and, to lesser extent, testosterone in response to gonado- 
tropin (S. Adachi et al., unpublished observations). Production of 17P-es- 
tradiol was not stimulated in either young or older postovulatory follicles. 
The demonstrated synthetic ability of young postovulatory follicles to pro- 
duce progestogens and testosterone in response to gonadotropin and the 
presence of high concentrations of these steroids in the plasma of postovula- 
tory females (H. Kagawa and G. Young, unpublished observations) leads to 
the question of the physiological significance of these steroids in the 
postovulatory period. Possibilities, such as ovarian maintenance, and/or an 
involvement in the spawning process exist, and certainly deserve further 
investigation. 

3. ATRETIC FOLLICLES (CORPORA ATRETICA OR 

PREOVULATORY CORPORA LUTEA) 

The atretic follicle has also been described as the site of ovarian steroid 
biosynthesis in teleosts because of its glandular appearance (e.g., Ball, 1960; 
Hoar, 1969; Browning, 1973). However, the histochemical test for 3P-HSD 
has failed to demonstrate any enzyme activity in the atretic follicles of the 
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ovaries of mackerel (Bara, 1965) and Poecilia reticulata (Lambert, 1970). 
These histochemical data are supported by recent in vitro studies on the 
steroidogenic capacity of atretic follicles of the goldfish. Incubation of atretic 
follicles (a to P stages according to Khoo, 1975) with gonadotropin failed to 
elicit a detectable (more than 30 pgr’ml) production of progesterone, testo- 
sterone, and 17P-estradiol. In the light of the numerous attempts and 
failures to demonstrate steroidogenesis in atretic follicles that have occupied 
investigators over the years, it seems likely that further in vitro studies will 
finally allow us to conclude whether atretic follicles are associated only with 
degeneration and resorption of yolk or additionally with some other process. 

4. A Two CELL-TYPE MODEL FOR THE PRODUCTION 
OF 17P-ESTRADIOL A N D  MATURATION-INDUCING 
STEROID (17a,2oP-DIHYDROXY-4-PREGNEN-3-ONE) 

a. 17P-Estradiol. In teleosts, 17P-estradio1, which has been previously 
isolated from the ovaries of some species (e. g., Gottfried et al . ,  1962; Lupo 
and Chieffi, 1963; Horvhth et at . ,  1978; see also Chapter 7, this volume), is 
known to induce the synthesis and secretion of a female specific protein, 
vitellogenin, by the liver (e.g., Wallace and Selman, 1981). However, the 
site of 17P-estradiol synthesis has not been established. Recent studies sug- 
gest that estrogen biosynthesis occurs not only in the gonads but also in the 
brain, although the physiological importance of the latter observation is not 
yet understood (Callard et al.,  1981). The recent use of in vitro techniques 
has provided detailed information on the site of 17P-estradiol production. 
Intact follicles obtained &om vitellogenic amago salmon produced 179-es- 
tradiol when they were incubated with fish gonadotropins (Kagawa et al.,  
1982). Unlike many teleosts, the thecal layer can be removed intact from the 
follicles of this species as a routine dissection procedure (Kagawa et al . ,  1982) 
(Fig. 15). Taking advantage of this characteristic of the salmonid ovarian 
follicle, the role of the thecal and granulosa layers in 17P-estradiol synthesis 
has been investigated in detail by an in vitro incubation method. In these 
experiments, four different follicular preparations, intact early vitellogenic 
follicles (oocytes with complete follicle layers), thecal layers contaminated 
with less than 10% granulosa cells, pure granulosa layers and zona radiata, 
and thecal layer-granulosa layer cocultures, were incubated in the presence 
or absence of a partially purified salmon gonadotropin (SG-G100) or various 
precursor steroids. The SG-G100 enhanced 17P-estradiol production both 
by intact follicles and coculture preparations, but not by the isolated thecal 
or granulosa layers. Furthermore, isolated granulosa layers produced large 
amounts of 17P-estradiol when incubated in media in which thecal layers 
had been previously incubated with gonadotropin (G. Young et al.,  un- 
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Fig. 15. (A) Light micrograph of a follicular preparation (Epon-embedded 1 p,m section, 
methylene blue and azure 11) from which the thecal layer has been removed (G, granulosa 
layer; Z, zona radiata). (B) Scanning electron micrograph of a granulosa layer preparation, 
consisting purely of granulosa cells (Z, zona radiata). 

published observations). These results clearly indicate that both layers are 
necessary for gonadotropin-stimulated 17P-estradiol production (Nagahama 
et al . ,  1982). Analysis of media from the same experiment (Kagawa et d., 
1982) indicated that SG-G100 greatly stimulated testosterone production by 
thecal layers, but only slightly stimulated production by the other follicular 
preparations. Using androstenedione or testosterone as substrates, much 
more 17P-estradiol was produced by granulosa layers compared to the pro- 
duction with 17a-hydroxyprogesterone, suggesting that the enzyme in- 
volved in the conversion of 17a-hydroxyprogesterone to androstenedione 
(17a-hydro~yprogesterone-C~~-C,, lyase) in the granulosa cells is weak (H. 
Kagawa, unpublished observations). These results further suggest that 17p- 
hydroxysteroid dehydrogenase is located not only in thecal layers but also in 
granulosa layers. 

The conversion of testosterone to 17P-estradiol in the granulosa layer was 
not enhanced by addition of gonadotropin to the incubation medium, sug- 
gesting that in early vitellogenic follicles at least, all that is necessary for 17p- 
estradiol synthesis by the granulosa cell layers is the availability of suitable 
substrate. The mechanism of the induction or activation of the granulosa cell 
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Fig. 16. Two cell-type model for the synthesis of follicular 17p-estradiol in the amago salmon 
(Oncorhynchus rhodurus) (see the text for details). 

aromatase system is unknown. From these results, we have recently pro- 
posed a two cell-type model for the production of follicular estrogen, which 
implicates the vascularized thecal layer as the site of the biosynthesis of 
androgens from cholesterol in response to gonadotropin; androgens (an- 
drostenedione and/or testosterone) are transported to the granulosa layer 
and aromatized to 17P-estradiol (Kagawa et al.,  1982) (Fig. 16). A similar two 
cell-type model seems applicable to the production of follicular estrogen in 
the rainbow trout (Fig. 17) (Y. Nagahama, unpublished observations). This is 
the first direct evidence in lower vertebrates for an interraction between 
thecal cells and granulosa cells in the synthesis of follicular estrogens. In 
mammals, a similar model for the production of follicular estrogens involving 
thecal and granulosa cells, first proposed by Falck (1959), is now widely 
accepted (e.g., Dorrington, 1977). Only one other report concerning a two 
cell-type model has been presented for a nonmammalian vertebrate. Huang 
and Nalbandov (1979a,b) suggest that the granulosa cells of the chicken 
produce progesterone (or testosterone) which is converted to estrogens by 
the thecal cells. This two cell-type model for the production of follicular 
estrogen in the chicken is in sharp contrast to the fishes and mammals and 
thus is of evolutionary interest. 

Because in the amago salmon only the special thecal cells possess the 
ultrastructural characteristics of steroid-secreting cells resembling testicular 
interstitial cells, it is reasonable to assume that these cells are the major 
cellular sites of estrogen precursor synthesis including testosterone. Nev- 
ertheless, aromatase and 17~-hydroxysteroid dehydrogenase activities have 
been demonstrated in the granulosa cells of both amago salmon and rainbow 
trout. Although the granulosa cells of the amago salmon, like most other 
teleosts (see Section IV, B), lack organelles associated with steroidogenesis, 
they contain features suggestive of protein synthesis. Further studies are 
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Fig. 17. Effects of chinook salmon gonadotropin (SG-G100) on 17s-estradiol secretion by 
rainbow trout (Salrno gairdneri) follicles at the early vitellogenic stage. Three different follicular 
preparations (10 follicles/ml) were incubated in Ringer alone (R, shaded) or Ringer with various 
concentrations of chinook salmon gonadotropin (0.01-1 p,g/ml) for 18 hr. The vertical bars 
represent the mean +. SEM of the three replicates (see the text for details). 

required before the ultrastructural characteristics of the granulosa cells can 
be linked to these enzymatic activities. 

b. Maturation-lnducing Steroid. The stimulatory effects of gonado- 
tropins on oocyte maturation and ovulation have been documented for a 
number of teleost species (see Chapter 3, Volume 9B, this series). In most 
teleosts, it is believed that gonadotropin stimulates the ovarian follicle layer 
to produce maturation-inducing steroid(s) which in turn acts on the surface 
of oocytes to induce maturation. This has been proved by in uitro studies 
using either defolliculated oocytes (Hirose, 1976; Jalabert, 1976; Iwamatsu, 
1980), or folliculated oocytes treated with metabolic inhibitors (cyanoketone, 
an inhibitor of 3P-HSD, Young et al., 1982; metopirone, an inhibitor of l lp -  
hydroxylase, Hirose, 1973). Studies in my laboratory and others have con- 
clusively demonstrated that the maturation-inducing steroid of certain salm- 
onids is 17a,20P-dihydroxy-4-pregnen-3-one (Tamaoki et al., 1982; 
Nagahama et aZ., 1983a; see Chapter 3, Volume 9B, this series). This steroid 
is a highly effective inducer of maturation in uitro (e.g., Nagahama et al., 
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1983b; see Chapter 3, Volume 9B, this series). It is synthesized by the 
follicle (Suzuki et al., 198lb) in response to gonadotropin (Fostier et al., 
1981; Suzuki et al . ,  1981a; Nagahama et al., 1983a; Young et al., 1983), and 
elevated concentrations of this steroid are found in the plasma of females 
undergoing final oocyte maturation (Fostier et al., 1981; Scott et al., 1982; 
Young et al., 1983). The identification of the maturation-inducing steroid of 
amago and rainbow trout as 17a,2OP-dihydroxy-4-pregnen-3-one permitted 
a study of the role of the follicle layers in the production of this steroid, using 
in uitro incubation techniques, similar to those used for the studies on 17P- 
estradiol production. Three follicular preparations (thecal layer, granulosa 
layer, and coculture of thecal and granulosa layers) obtained from fully 
grown oocytes of both species were incubated with or without salmon 
gonadotropin. A specific radioimmunoassay was employed to measure the 
levels of 17a,2OP-dihydroxy-4-pregnen-3-one released into the medium. In 

- 
SG-GI00 SG-GI00 SG-GI00 SG-GI00 

Theco loyer Gronuloso layer Coculture Postowlotory 
follicle 

Fig. 18. Effects of chinook salmon gonadotropin (SG-ClW) on 17a,ZOP-dihydroxy-4- 
pregnen-3-one production by rainbow trout ( S u l m  guirdneri) follicles. Production was assessed 
in three different follicular preparations from fully grown follicles and in postovulatory follicles. 
Ten preparations were incubated in Ringer alone (R, shaded) or Ringer with various concentra- 
tions of chinook salmon gonadotropin (0.01-1 pg/ml) for 18 hr. The vertical bars represent the 
mean k SEM of the three replicates (ND, nondetectable) (less than 30 pg/mI) (see the text for 
details). 
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vitro production of 17a,20P-dihydroxy-4-pregnen-3-one by the coculture 
preparations was remarkably enhanced by gonadotropin, but gonadotropin 
only slightly enhanced production by thecal layers. No stimulation was ob- 
served in the granulosa preparations (Fig. 18). These results indicate that the 
interaction of both layers is necessary for the production of 17q20P-di- 
hydroxy-4-pregnen-3-one in response to gonadotropin. It is most probable 
that the relatively much lower concentration of 17a,20P-dihydroxy-4- 
pregnen-3-one produced by thecal layers was caused by the contamination of 
the thecal preparations with granulosa cells. 

The concentrations of 17a-hydroxyprogesterone of media from the same 
experiment were determined, and the results showed that large amounts of 
17a-hydroxyprogesterone were present in the thecal preparations, only 
small amounts in the coculture groups, but no detectable levels in incubates 
with granulosa layers. Furthermore, it has been shown that gonadotropin 
remarkably enhances the production of 17a, 20P-dihydroxy-4-pregnen-3-one 
by granulosa cells incubated with 17a-hydroxyprogesterone, thereby indi- 
cating that gonadotropin acts directly on the granulosa layers to stimulate the 
activity of 20P-hydroxysteroid dehydrogenase (Young et al . ,  1983). Consid- 
ering these data taken together, a two cell-type model for the production of 
the maturation-inducing steroid by the teleost ovarian follicle has been pro- 
posed for the first time in any vertebrate (Nagahama et d. ,  1983a; G .  Young et 
al., unpublished observations). Under the influence of gonadotropin, the 
thecal layer synthesizes precursors, possibly 17a-hydroxyprogesterone, 
which are transferred to the granulosa layer and converted to the matura- 
tion-inducing steroid, 17a,2OP-dihydroxy-4-pregnen-3-one. 

V. MORPHOLOGY OF EGG MEMBRANE-CHORION 
AND MICROPYLE 

A. Egg Membrane 

One of the most striking features observed during teleost oogenesis is the 
formation of a thick, highly digerentiated zone (egg membrane, vitelline 
membrane, zona radiata, zona pellucida) lying between granulosa layers and 
oocytes. Depending on the species as well as the stage of oocyte growth, the 
egg membrane varies in its thickness; it is 7-8 pm in the fully grown oocytes 
of the goldfish and about 30 pm in the rainbow trout. These morphological 
differences of the membrane may reflect adaptations to diverse ecological 
conditions. In light micrographs, this membrane is characterized by its stri- 
ated pattern; therefore, it has been designated as the zona radiata. Ultra- 
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structurally, the striated appearance of the membrane corresponds to the 
penetration of microvilli and processes from both the oocyte and the follicle 
cells (Fig. 19A). Histochemical examinations have revealed that the mem- 
brane consists mainly of carbohydrates and proteins (e.g., Guraya, 1978). 
The exact mechanism by which the egg membrane is formed in teleost 
oocytes is unknown. It has been a matter of confusion whether the mem- 
brane originates from the oocyte or the follicle cells, or both. In the oocytes 
of the seahorse, Hippocampus erectus, and the pipefish, Syngnathus fuscus, 
this membrane is believed to be formed by the oocyte; therefore, it is 
classified as a primary envelope (Anderson, 1967). These observations have 
been confirmed in some other species (Wourms, 1976; Flegler, 1977; 
Tesoriero, 1977; Dumont and Brummett, 1980). However, the follicle cells 
may contribute to the formation of certain parts of multilayered egg mem- 
branes. In two species of South American annual fishes, Cynolebias ladigesi 
and C .  melanotaenia, the outer layer of the egg membrane is elaborated by 
the follicle cells, and is thus classified as a secondary envelope; the tubular 
components, which are synthesized and secreted by the follicle cells, are 
responsible for the formation of this layer (Wourms and Sheldon, 1976). In 
Cichlasomu nigrofasciatu, the adhesive apparatus surrounding the zona pel- 
lucida, comprising filaments and mucous jelly coat, is synthesized in the 
follicle cells during vitellogenesis; this structure appears to be secreted di- 
rectly from the granular endoplasmic reticulum (Busson-Mabillot, 1977). 
Various functions have been suggested for these structures; in Cichlasoma 
and Fundulus they serve as the attachment of the eggs to the substratum 
(Busson-Mabillot, 1977), and in Cynolebias they may serve as a chorionic 
respiratory system (Wourms and Sheldon, 1976). 

B. Micropyle 

The egg membrane of many teleosts is structurally modified to form a 
small opening, the micropyle, through which the sperm gains access to the 
enclosed egg (e.g., Laale, 1980). The literature describing micropyles has 
been reviewed by Riehl and Gotting (1974). Both scanning and transmission 
electron microscopical studies have been conducted on micropyles of several 
teleosts (Szollosi and Billard, 1974; Kuchnow and Scott, 1977; Riehl, 1977; 
Brummett and Dumont, 1979; Hosokawa, 1979; Stehr and Hawkes, 1979; 
Dumont and Brummett, 1980; Kudo, 1980; Hosokawa et al., 1981; Iwamatsu 
and Ohta, 198la) (Fig. 19A). The micropyle delineates the animal pole of the 
oocyte and varies in size from species to species. The outer diameter of the 
micropyle of Fundulus heteroclitus eggs is about 2.5 pm and 1-1.5 p m  at its 
internal opening (Dumont and Brummett, 1980). The outer opening of fun- 
nel-shaped micropyle of the medaka is about 23 pm in diameter and its inner 
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Fig. 19. The micropyle and micropylar cells of rainbow trout (Salmo gairdneri) and goldfish 
(Carassius auratus). (A) Scanning electron micrograph showing the appearance of the micropyle 
(M) and the zona radiata (Z). (B) Transmission electron micrograph of a goldfish micropylar cell 
process which extends from the granulosa layer through the zona radiata (2) to the oocyte 
surface. (C) Transmission electron micrograph of a portion of the granulosa layer of goldfish in 
the vicinity of the micropyle. The micropylar cell (M) is morphologically distinct from the 
granulosa cells (C). 
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opening is about 2.5 pm (Iwamatsu and Ohta, 1981a). Very little is known of 
the morphological details of the formation of the micropyle. In Noemacheilus 
barbatulus, the micropyle first appears at a relatively early stage (late non- 
vitellogenic stage) during the formation of the egg membrane and is believed 
to be formed by a highly specialized follicle cell (“Sapfenzelle”) (Riehl, 
1977). 

C. Micropylar Cells 

The micropyle is occupied by a highly specialized micropylar cell until 
matured oocytes are discharged from their enclosing follicles at the time of 
ovulation. Numerous light microscopical studies have been conducted on 
these cells (e.g., Riehl and Gotting, 1974; Laale, 1980) (Fig. 8). Transmission 
electron microscopical observations on the micropylar cells have been per- 
formed in Noemacheilus barbatulus and Gobio gobio (Riehl, 1977) and the 
loach (Ohta and Teranishi, 1982). The micropylar cells of the goldfish can be 
easily distinguished from granulosa cells by their characteristic morphology 
(Fig. 19B and C). The cells are large, triangular in shape, and are embedded 
in the micropyle canal. The micropylar cells possess various cell organelles, 
such as granular endoplasmic reticulum, mitochondria, small vesicles, Golgi 
apparatus, filaments, and microtubules, which have a characteristic distribu- 
tion within the cytoplasm. The apical cytoplasm is occupied by a consider- 
able amount of microtubules oriented, for the most part, parallel to the long 
axis of the cell. Centrioles are located in the apical cytoplasm immediately 
beneath the surface of the cell. A small process of the apical cytoplasm of the 
micropylar cells extends into the surface of the ooplasm. Well-developed 
cisternae of granular endoplasmic reticulum, often dilated with an amor- 
phous material, are distributed in the basal cytoplasm. These specialized 
structures of the micropylar cells suggest that these cells function not only as 
the plug of the micropyle but also as secretory cells. In this connection, it is 
interesting to note that the aggregation of sperm occurs selectively in the 
area around the micropyle during the initial stages of fertilization (Suzuki, 
1958). 

VI. CONCLUDING REMARKS 

Although our knowledge of the functional morphology of teleost gonads 
has substantially increased since the last related volume of this series (Hoar, 
1969), a number of questions remain unresolved and this concluding section 
serves to highlight some of the current fundamental issues. Studies using the 
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most modern morphological techniques have helped to clarify several impor- 
tant morphological aspects of germ cell development in the teleost gonads. 
These studies will serve as the basis for further understanding of the kinetics 
of the gametogenic processes. Information presented in this chapter indi- 
cates that there are several processes of germ cell development which are 
closely associated with changes in cellular activities of somatic cell elements. 
Of particular interest is the kinetics of steroid-producing cell development 
during sexual differentiation, a subject which remains largely unexplored. In 
several species, sexual differentiation is accompanied by the almost simul- 
taneous differentiation of steroid-producing cells. Detailed studies are nec- 
essary to determine whether steroid-producing cells differentiate prior to 
the onset of gonadal differentiation, and, if so, whether their appearance is 
directly related. Recent studies on biochemical aspects of vitellogenesis in 
teleosts have shown that the hepatic and ovarian yolk proteins are similar to 
those of amphibian species. A problem that remains is the site of cleavage of 
hepatic vitellogenin into yolk proteins prior to incorporation into the oocyte; 
morphological and biochemical studies of the ovarian follicle should help to 
resolve this question, particularly if isolated follicular layers, or dispersed 
cells can be utilized. Although the much debated  question^ regarding the 
cellular source of ovarian sex steroid hormones is still not settled, an in vitro 
method involving the separation of the follicular components has facilitated 
investigations of the detailed mechanism of the production of two major 
follicular steroid hormones (17P-estradiol and 17a,20P-dihydroxy-4-preg- 
nen-3-one). As a result of the usage of this technique, a two cell-type model 
involving thecal and granulosa cell layers has been proposed for the produc- 
tion of these two steroids for the first time in lower vertebrates. With further 
refinements this well characterized incubation procedure should provide an 
excellent system for studying the molecular basis of the mechanism of 
gonadotropin action on follicular steroidogenesis. The issue of whether the 
postovulatory follicle of teleosts is steroidogenic has now been resolved in 
one species, the amago salmon. The young, but not old postovulatory follicle 
of this species, produces steroids of unknown function in response to 
gonadotropin. The young postovulatory follicle of the rainbow trout, which 
spawns more than once is also capable of steroid production, as is the 
postovulatory follicle of the goldfish. It seems doubtful that steroidogenic 
postovulatory follicles are an unique feature of salmonid species, because 3p- 
HSD activity and other signs of steroidogenesis have been reported in the 
postovulatory follicle of diverse teleosts. The functional significance of 
postovulatory steroid production is presently unknown. The application of in 
uitro methods to the controversial question of the function of atretic follicles 
should similarly shed new light on an old problem. 

The somewhat confused and conflicting terminology which has been 
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employed in studies of the testes is now gaining some uniformity, largely 
because of the recent histochemical and ultrastructural identification of 
steroid-producing sites. Although the interstitial cells are now established as 
the principal source of testicular androgens in teleosts, the possibility re- 
mains that Sertoli cells secrete steroids. Furthermore, it is worth speculating 
that an interaction similar to that observed in the ovarian follicular tissues of 
teleosts may occur in steroidogenic testicular tissues, probably between the 
interstitial cells and Sertoli cells. Sertoli cells of teleosts may play an impor- 
tant, but as yet undefined role in germ cell development. It is now under- 
stood in mammals that many of the hormonal effects on spermatogenesis are 
mediated through Sertoli cells, which produce the androgen-binding pro- 
tein. One of the major gaps in our knowledge of testicular function evident in 
this discussion is the virtually neglected process of spermiation. That this 
process is under endocrine control is beyond doubt. What is lacking is a 
detailed morphological and functional study of this most important transfor- 
mation of nonmotile sperm into viable, swimming gametes. Continued use 
of electron microscopy, immunocytochemistry, biochemical procedures, in- 
cluding the use of radiochemical autoradiography, and sensitive methods of 
hormone measurement combined with in vitro studies on isolated gonadal 
tissues should augment the base of knowledge already provided by the more 
classical methods of investigation. 

ACKNOWLEDGMENTS 

Thanks is extended to Dr. G .  Young for reading the manuscript. Thanks is also extended to 
Drs. T. Takano and M. Nakamura for permission to quote unpublished results and for providing 
photographs and illustrations and, with Dr. H. Takahashi, for valuable discussion. Published 
and unpublished data from this laboratory result from collaboration with Drs. H. Kagawa, H. 
Ueda and G. Young and Mr. S. Adachi which is gratefully acknowledged. 

REFERENCES 

Abraham, M., Rahamim, E., Tibika, H., Golenser, E., and Kieselstein, M. (1980). The blood- 

Amoroso, E.  C. (1960). Viviparity in fishes. Syrnp. Zool. Soc. London 1, 153-181. 
Amoroso, E. C., Heap, R. B., and Renfree, M. B. (1979). Hormones and the evolution of 

viviparity. In “Hormones and Evolution” (E. J. W. Barrington, ed.), Vol. 2, pp. 925-989. 
Academic Press, New York. 

Anderson, E. (1967). The formation of the primary envelope during oocyte differentiation in 
teleosts. J .  Cell Biol. 35, 193-212. 

Anderson, E. (1968). Cortical alveoli formation and vitellogenesis during oocyte digerentiation 
in the pipefish, S yngnathus fuscus, and the killifish, Fundulus heteroclitus. J .  Morphol. 

testis barrier in Aphanius dispar (Teleostei). Cell Tissue Res. 211, 207-214. 

125, 23-60. 



6. THE FUNCTIONAL MORPHOLOGY OF TELEOST GONADS 265 

Anderson, E. (1974). Comparative aspects of the ultrastructure of the female gamete. Znt. Reo. 

Asai, T. (1971). Fine structure of centrioral complex in spermiogenesis of the viviparous teleost 

Ball, J. N. (1960). Reproduction in female bony fishes. Symp. Zool. SOC. London 1, 105-135. 
Bara, G. (1965). Histochemical localization of As-3p-hydroxysteroid dehydrogenase in the 

ovaries of a teleost fish, Scomber scomber L. Gen. Comp. Endocrinol. 5,  284-296. 
Bara, C .  (1969). Histochemical demonstration of 3p-, 3a-, llfj-, and 17p-hydroxysteroid de- 

hydrogenases in the testis of Fundulus heteroclitus. Gen. Comp. Endocrinol. 13,189-200. 
Bara, G. (1974). Location of steroid hormone production in the ovary of Truchurus mediter- 

raneus. Acta Histochem. 51, 90-101. 
Beams, H. W., and Kessel, R. G. (1973). Oocyte structure and early vitellogenesis in the trout, 

Sulmo gairdneri. Am. I. Anat. 136, 105-122. 
Billard, R. (1968). Influence de la temperature sur la duree et I’effcacite de la spermatogenhse 

du Guppy Poecilia reticulata. C. R. Hebd. Seances Acud. Sci. 266, 2287-2290. 
Billard, R. (1979a). Ultrastructure comparee de spermatozoydes de quelques poissons tb16os- 

t6ens. In “Comparative Spermatology” (B. Baccetti, ed.), pp. 71-79. Academic Press, 
New York. 

Billard, R. (1970b). La spermatogenhse de Poecilia reticulata. 111. Ultrastructure des cellules de 
Sertoli. Ann. Biol. Anim., Biochim., Biophys. 10, 37-50. 

Billard, R. (1970~). La spermatogenhse de Poecilia reticulata. IV. La spermiogenhse. Etude 
ultrastructurale. Ann. Biol. Anim., Biochim., Biophys. 10, 493-510. 

Billard, R., and Fkchon, J. E. (1969). Spermatogonies et spermatocytes flagellbs chez Poecilia 
reticulata (T616ostben cyprinodontiformes). Ann. Biol. Anim., Biochim., Biophys. 9, 

Billard, R., Jalabert, B., and Breton, B. (1972). Les cellules de Sertoli des poissons tBIbost6ens. 
I. Etude ultrastructurale. Ann. Biol. Anim., Biochim., Biophys. 12, 19-32. 

Billard, R., Fostier, A., Weil, C., and Breton, B. (1982). Endocrine control of spermatogenesis 
in teleost fish. Can. J. Fish. Aquut. Sci. 39, 65-79. 

Blanc-Livni, N. (1971). Ovarian histochemistry of the fishes Cyprinus carpio, Mugil cupito and 
Tilapia acurea (Teleostei). Histochem. J .  3, 405-415. 

Blanc-Livni, N., Abraham, M., Leray, C., and Yashouv, A. (1969). Histochemical localization of 
hydroxysteroid dehydrogenases in the ovary of an euryhaline teleost fish, Mzcgil cupito. 
Gen. Comp. Endocrinol. 13, 493. 

Bona-Gallo, A., and Licht, P. (1981). Gonadotropin specificity of in oitro testosterone secretion 
by fish testes. Gen. Comp. Endocrinol. 43, 467-478. 

Bretschneider, L. H., and Duyvene de  Wit, J. J.  (1947). “Sexual Endocrinology of Non- 
mammalian Vertebrates. ” Elsevier, Amsterdam. 

Browning, H. C. (1973). The evolutionary history of the corpus luteum. Biol. Reprod. 8, 

Brummett, A. R., and Dumont, J.  N. (1979). Initial stages of sperm penetration into the egg of 
Fundulus heteroclitus. J .  E x p .  Zool. 210, 417-434. 

BruslC, S. (1980). Etude ultrastructurale des cellules germinales primordiales et de leur dif- 
ferenciation chez Mugil cephalus L. 1758 (Telbostben, MugilidB). Bull. Assoc. Anat. 64, 

Brusl6, S . ,  and BruslB, J. (1978a). Early sex differentiation in Mugil (Liza) uuratus Risso, 1810 
(Teleost Mugilidae). An ultrastructural study. Ann. Bid.  Anim., Biochim., Biophys. 18, 

BruslB, S. ,  and BNsM, J. (1978b). An ultrastructural study of early germ cells in Mugil (Liza) 

Cytol., Suppl.  4, 1-70. 

fish kbis tes  reticulatus. J. Nuru Med. Assoc. 22, 371-382. 

281-286. 

128-157. 

207-216. 

871-875. 



266 YOSHITAKA NAGAHAMA 

auratus Risso, 1810 (Te1eostei:Mugilidae). Ann. Biol. Anim., Biochim., Biophys. 18, 

Burgos, M. H.,  and Vitale-Calpe, R. (1967). The mechanism of spermiation in the toad. Am. J. 
Anat. 120, 227-252. 

Busson-Mabillot, S. (1977). Un type particulier de sCcrCtion exocrine: Celui de l‘appareil ad- 
hCsif de l’oeuf d u n  Poisson TClCostCen. Biol. Cell. 30, 233-244. 

Callard, G. V., Petro, Z., Ryan, K. J., and Claiborne, J.  B. (1981). Estrogen synthesis in oitro 
and in oioo in the brain of a marine teleost (Myorocephalus). Gen. Comp. Endocrinol. 43, 

Campbell, C. M. (1978). I n  oitro stimulation of vitellogenin incorporation into trout oocytes by 
salmon pituitary extracts. Ann. Biol. Anim., Biochim., Biophys. 18, 1013-1018. 

ChieE, G., and Botte, H. (1964). Observazioni sul significato funzionale della geiandola annessa 
del testicolo dei Blennidii. Boll. Zool. 31, 471-477. 

Clkrot, J.-C. (1971). Les ponts intercellulaires du testicule du Gardon: Organisation syncitiale 
et synchronie de la diffkrenciation des cellules germinales. J. Ultrastruct. Res. 37, 

ClBrot, J. -C. (1976). Les groupements mitochondriaux des cellules germinales des poissons 
T61Costkens CyprinidCs. I. Etude ultrastructurale. J. Ultrastruct. Res. 54, 461-475. 

Colak, A., and Yamamoto, K. (1974). Ultrastructure of the Japanese eel spermatozoon. Annot. 
2001. Jpn. 47, 48-54. 

Colombo, L., and Burighel, P. (1974). Fine structure of the testicular gland of the black goby, 
Gobius jozo L. Cell Tissue Res. 154, 39-49. 

Dadone, L., and Narbaitz, R. (1967). Submicroscopic structure of spermatozoa of a Cyprino- 
dontiform teleost, Jenynsia lineeta. 2. Zellforsch. Mikrosk. Anat. 80, 214-219. 

DeFelice, D. A., and Rasch, E. M. (1969). Chronology of spermatogenesis and spermiogenesis 
in Poeciliid fishes. J. E r p .  Zool. 171, 191-208. 

de Vlaming, V. L. (1974). Environmental and endocrine control of teleost reproduction. In 
“Control of Sex in Fishes” (C. B. Schreck, ed.), pp. 13-83. Extension Division, Virginia 
Polytechnic Institute and State University, Blacksburg. 

de Vlaming, V. L. (1982). Patterns of oocyte development among teleosts. In “Control Pro- 
cesses in Fish Physiology” (R. Duggan, ed.). Holt-Saunders, London (in press). 

Dodd, J. M. (1977). The structure of the ovary of nonmammalian vertebrates. In “The Ovary” 
(L. Zuckerman and B. J. Weir, eds.), 2nd ed., Vol. 1, pp. 219-263. Academic Press, New 
York. 

Dorrington, J. H. (1977). Steroidogenesis in oitro. In “The Ovary” (L. Zuckerman and B. J. 
Weir, eds.), 2nd ed., Vol. 3, pp. 359-412. Academic Press, New York. 

Droller, M. J., and Roth, T. F. (1966). An electron microscope study of yolk formation during 
oogenesis in Lebistes reticulatus Guppyi. J. Cell B i d .  28, 209-232. 

Dumont, J. N., and Brummett, A. R. (1980). The vitelline envelope, chorion, and micropyle of 
Fundulus heteroclitus eggs. Gamete Res. 3, 25-44. 

Eckstein, B., Cohen, S., and Hilge, V. (1982). Steroid production in testicular tissue of the 
European eel. Endocrinology 110, 916-919. 

Egami, N., and Hyodo-Taguchi, Y. (1967). An autoradiographic examination of rate of sper- 
matogenesis at different temperatures in the fish, Oryzias latipes. Erp. Cell Res. 47, 

Falck, B. (1959). Site of production of oestrogen in rat ovary as studied in micro-transplants. 
Acta Physiol. Scand. 47, Suppl. 163, 1-101. 

Flegler, C. (1977). Electron microscopic studies on the development of the chorion of the 
viviparous teleost Dennogenys pusillus (Hemirhamphidae). Cell Tissue Res. 179,255-270. 

1141-1153. 

243-255. 

690-703. 

665-667. 



6. THE FUNCTIONAL MORPHOLOGY OF TELEOST GONADS 267 

Fliigel, H. (1967). Licht- und elektronenmikroskopische Untersuchungen an Oozyten und 
Eiern einiger Knochenfische. Z. Zellforsch. Mikrosk. Anat. 83, 82-116. 

Follenius, E. (1968). Cytologie et cytophysiologie des cellules interstitielles de I'Epinoche: 
Gasterosteus acukatus L. Etude au microscope Blectronique. Gen. Comp. Endocrinol. 11, 
198-219. 

Follenius, E., and Porte, A. (1960). Cytologie fine des cellules interstitielle du testicule du 
Poisson Lebistes reticulatus R. Experientia 16, 190-192. 

Fostier, A., Jalabert, B., Campbell, C., Terqui, M., and Breton, B. (1981). Cinktique de 
liberation in uitro de 17ahydroxy-20~dihydroprogesterone par des follicles de Truite arc- 
en-ciel, Salnw gairdneri. C. R .  Hebd. Seances Acad. Sci. 292, 777-780. 

Gardiner, D. M. (1978a). The origin and fate of spermatophores in the viviparous teleost 
Cymatogaster aggregata (Perciformes: Embiotocidae). J. Morphol. 155, 157-172. 

Gardiner, D. M. (1978b). Cyclic changes in fine structure of the epithelium lining the ovary of 
the viviparous teleost, Cymatogaster aggregata (Perciformes: Embiotocidae). J. Morphol. 

Ginsburg, A. S . ,  and Billard, R. (1972). Ultrastructure du spermatozoide dAnguille. J. Microsc. 
(Paris) 14, 50a-51a. 

Goetz, F. W., and Bergman, H. L. (1978). The in uitro effects of mammalian and piscine 
gonadotropin and pituitary preparations on final maturation in yellow perch (Perca jla- 
uescens) and wallaye (Stizostedion uitreum). Can. J .  Zool. 56, 348-350. 

Goswami, S. V., and Sundararaj, B. I. (1971). Temporal effects of ovine luteinizing hormone 
and desoxycorticosterone acetate on maturation and ovulation of oocytes of the catfish, 
Heteropneustes fossilis (Bloch): an in uiuo and in uitro study. J .  Erp .  Zool. 178, 457-466. 

Gottfried, H., Hunt, S. V., Simpson, T. H., and Wright, R. S. (1962). Sex hormones in fish. 
The oestrogens of cod (Gadus callarias). J .  Endocrinol. 24, 425-430. 

Gresik, E. W., Quirk, J. G., and Hamilton, J. B. (1973a). A fine structural and histochemical 
study of the Leydig cell in the testis of the teleost, Oryzias latipes (Cyprinidontiformes). 
Gen. Comp. Endocrinol. 20, 86-98. 

Gresik, E. W., Quirk, J. G., and Hamilton, J. B. (1973b). Fine structure of the Sertoli cell of 
the testis of the teleost Oryzias latipes. Gen. Comp. Endocrinol. 21, 341-352. 

Grier, H. J .  (1973). Ultrastructure of the testis in the teleost Poecilia latipinna. Spermiogenesis 
with reference to the intercentriolar lamellated body. J. Ultrastruct. Res. 45, 82-92. 

Grier, H. J. (1975). Aspects of germinal cyst and sperm development in Poecilia latipinna 
(Teleostei: Poeciliidae). J. Morphol. 146, 229-250. 

Grier, H. J .  (1976). Sperm development in the teleost Oryzias latipes. Cell Tissue Res. 168, 
419-431. 

Grier, H. J. (1981). Cellular organization of the testis and spermatogenesis in fishes. Am. Zool. 
21, 345-357. 

Grier, H. J. ,  and Linton, J. R. (1977). Ultrastructural identification of the Sertoli cell in the 
testis of the northern pike, Esox lucius. Am. J. Anat. 149, 283-288. 

Grier, H. J . ,  Fitzsimons, J .  M., and Linton, J. R. (1978). Structure and ultrastructure of the 
testis and sperm formation in goodeid teleosts. J. Morphol. 156, 419-438. 

Grier, H. J., Linton, J. R., Leatherland, J. F., and de Vlaming, V. L. (1980). Structural 
evidence for two different testicular types in teleost fishes. Am. J. Anat. 159, 331-345. 

Gupta, N. N. ,  and Yamamoto, K. (1972). Electron microscope study on the fine stkctural 
changes in the oocytes of the goldfish, Carassius auratus, during yolk formation stage. 
Bull. Fac. Fish., Hokkaido Uniu. 22, 187-206. 

Guraya, S. S. (1976a). Recent advances in the morphology, histochemistry, and biochemistry of 

156, 367-380. 



268 YOSHITAKA NAGAHAMA 

steroid-synthesizing cellular sites in the nonmammalian vertebrate ovary. Int. Reu. Cytol. 

Guraya, S.  S. (1976b). Recent advances in the morphology, histochemistry, and biochemistry of 
steroid-synthesizing cellular sites in the testes of nonmammalian vertebrates. Int. Rev. 
Cytol. 47, 99-136. 

Guraya, S .  S. (1978). Maturation of the follicular wall of nonmammalian vertebrates. In “The 
Vertebrate Ovary” (R. E. Jones, ed.), pp. 261-329. Plenum, New York. 

Guraya, S. S. (1979). Recent advances in the morphology, cytochemistry and function of Bal- 
biani’s vitelline body in animal oocytes. Znt. Reu. Cytol. 59, 249-321. 

Haffen, K. (1977). Sexual differentiation of the ovary. In “The Ovary” (L. Zuckerman and B. J ,  
Weir, eds.), 2nd ed., Vol. 1, pp. 69-112. Academic Press, New York. 

Hara, A., and Hirai, H. (1978). Comparative studies on immunochemical properties of female- 
specific serum protein and egg yolk proteins in rainbow trout (Sa lm gairdneri). Comp. 
Biochem. Physiol. 59B, 339-343. 

Hardisty, M. W. (1978). Primordial germ cells and the vertebrate germ line. In “The Verte- 
brate Ovary” (R. E. Jones, ed.), pp. 1-45. Plenum, New York. 

Harrington, R. W., Jr. (1974). Sex determination and differentiation in fishes. In “Control of 
Sex in Fishes” (C. 9. Schreck, ed.), pp. 3-12. Extension Division, Virginia Polytechnic 
Institute and State University, Blacksburg. 

Hirose, K. (1972). The ultrastructure of the ovarian follicle of medaka, Oryzias latipes. Z .  
Zellforsch. Mikrosk. Anat. 123, 316-329. 

Hirose, K. (1973). Biological study on ovulation in oitro of fish. VI. Effects of metopirone 
(SU-4885) on salmon gonadotropin- and cortisol-induced in uitro ovulation in 0 ryzias 
latipes. Bull. Jpn. SOC.  Sci. Fish. 39, 765-769. 

Hirose, K. (1976). Endocrine control of ovulation in medaka (Oyzfas btipes) and ayu 
(Plecoglossus altiuelis). 1. Fish. Res. Board Can. 33, 989-994. 

Hoar, W. S.  (1957). The gonads and reproduction. In “The Physiology of Fishes” (M. E. Brown, 
ed.), Vol. 1, pp. 287-321. Academic Press, New York. 

Hoar, W. S .  (1969). Reproduction. In “Fish Physiology” (W. S .  Hoar and D. J. Randall, eds.), 
Vol. 3, pp. 1-72. Academic Press, New York. 

Hoar, W. S . ,  and Nagahama, Y. (1978). The cellular sources of sex steroids in teleost gonads. 
Ann. Biol. Anim., Biochim., Biophys. 18, 893-898. 

Hogan, J. C . ,  Jr. (1978). An ultrastructural analysis of “cytoplasmic markers” in germ cells of 
Oryzias htipes. J .  Ultrastruct. Res. 62, 237-250. 

Hogarth, P. J. (1976). “Viviparity,” Stud. Biol., No. 75. Arnold, London. 
How& L., Poteczin, E., FehBr, G .  K., and FehBr, T. (1978). Isolation and quantitative 

determination of sex hormones in carps (Cyprinus carpi0 L.). Acta Biol. Acad. Sci. Hung. 

Hosokawa, K. (1979). Scanning electron microscopic observations of the micropyle in Oryzias 
latipes. Jpn. J. Ichthyol. 26, 94-99. 

Hosokawa, K., Fusimi, T., and Matsusato, T. (1981). Electron microscopic observation of the 
chorion and micropyle apparatus of the porgy, Pagrus mujor. Jppn. 1. Ichthyol. 27,339-343. 

Huang, E. S., and Nalbandov, A. V. (1979a). Steroidogenesis of chicken granulosa and theca 
cells: In oitro incubation system. Biol. Reprod. 20, 442-453. 

Huang, E. S. ,  and Nalbandov, A. V. (1979b). Synthesis of sex steroids by cellular components of 
chicken. Biol. Reprod. 20, 454-461. 

Hyder, M. (1970). Histological studies on the testes of pond specimens of Tihpia nigra 
(Gunther) (Pisces: Cichlidae) and their implications of the pituitary-testis relationship. 
Gen. Comp. Endocrinol. 14, 198-211. 

Iwamatsu, T. (1980). Studies on oocyte maturation of the medaka, Oryzias latipes. VIII. Role of 

44, 365-409. 

29, 23-27. 



6. THE FUNCTIONAL MORPHOLOGY OF TELEOST GONADS 269 

follicular constituents in gonadotropin- and steroid-induced maturation of oocyte in uitro. 

Iwamatsu, T . ,  and Ohta, T. (1977). Fine structure of loach oocytes during maturation in uitro. 
Deu., Growth Differ. 19, 213-226. 

Iwamatsu, T., and Ohta, T. (1981a). Scanning electron microscopic observations on sperm 
penetration in teleostean fish. J .  Exp. Zool. 218, 261-277. 

Iwamatsu, T., and Ohta, T. (1981b). On a relationship between oocyte and follicle cells around 
the time of ovulation in the medaka, Oryzias latipes. Annot. 2002. Jpn. 54, 17-29. 

Iwamatsu, T., Ohta, T., Nakayama, N., and Shoji, H. (1976). Studies of oocyte maturation of 
the medaka, Oryzias latipes. 111. Cytoplasmic and nuclear changes ofoocyte during in uitro 
maturation. Annot. Zool. Jpn. 49, 28-37. 

Iwasaki, Y. (1973). Histochemical detection of As-3P-hydroxysteroid dehydrogenase in the 
ovary of medaka, Oryzias latipes, during annual reproductive cycle. Bull. Fac. Fish., 
Hokkaido Lmiu. 23, 177-184. 

Jalabert, B. (1976). In uitro oocyte maturation and ovulation in rainbow trout (Salmo gairdneri), 
northern pike (Esox lucius), and goldfish (Carassius auratus). J .  Fish. Res. Board Can. 33, 

Jalahert, B., and Billard, R. (1969). Etude ultrastructurale du site de conservation des sper- 
matozoides dans I’ovaire de Poecilia reticulata (Poisson T616ostben). Ann. Biol. Anim., 
Biochim., Biophys. 9, 273-280. 

Jalabert, B.,  and Szollosi, D. (1975). In uitro ovulation oftrout oocytes: Effects ofprostaglandins 
on smooth muscle-like cells of the theca. Prostaglandins 9, 765-778. 

Jollie, W. P., and Jollie, L. G. (1964a). The structure of the ovarian follicle of the ovoviviparous 
Poeciliid fish, Lebistes reticulatus. I. Maturation of follicular epithelium. 1. Morphol. 114, 

Jollie, W. P., and Jollie, L. G. (1964b). The fine structure of the ovarian follicle of the 
ovoviviparous Poeciliid fish, Lebistes reticulatus. 11. Formation of follicular pseudoplacen- 
ta. J. Morphol. 114, 503-526. 

Kagawa, H.,  and Nagahama, Y. (1981). In uitro effects of prostaglandins on ovulation in goldfish 
Carassius auratus. Bull. Jpn. SOC. Sci. Fish. 47, 1119-1121. 

Kagawa, H., and Takano, K. (1979). Ultrastructure and histochemistry of granulosa cells ofpre- 
and post-ovulatory follicles in the ovary of the medaka, Oryzias latipes. Bull. Fac. Fish., 
Hokkaido Uniu. 30, 191-204. 

Kagawa, H., Takano, K., and Nagahama, Y. (1981). Correlation of plasma estradiol-17p and 
progesterone levels with ultrastructure and histochemistry of ovarian follicles in the white- 
spotted char, Saluelinus leucomaenis. Cell Tissue Res. 218, 315-329. 

Kagawa, H., Young, G., Adachi, S., and Nagahama, Y. (1982). EstradioLl7P production in 
amago salmon (Oncorhynchus rhodurus) ovarian follicles: Role of the thecal and granulosa 
cells. Gen. Comp. Endocrinol. 47, 440-448. 

Khoo, K. H. (1975). The corpus luteum of goldfish (Carassius aurutus L.) and its functions. 
Can. J. 2001. 53, 1306-1323. 

Korfsmeier, K. H. (1966). Zur genese des dottersystems in der oocyte von Brachydanio rerio. 
Autoradiographische Untersuchungen. Z .  Zellforsch. Mikrosk. Anat. 71, 283-296. 

Kuchnow, K. P., and Scott, J. R. (1977). Ultrastructure of the chorion and its micropyle 
apparatus in the mature Fundulus heteroclitus (Walbaum) ovum. J. Fish Biol. 10,197-201. 

Kudo, S. (1980). Sperm penetration and the formation of afertilization cone in the common carp 
egg. Dev., Growth Differ. 22, 403-414. 

Laale, H. W. (1980). The perivitelline space and egg envelopes ofbony fishes: A review. Copeia 

J. E X P .  ZOOI!. 211, 231-239. 

974-988. 

479-502. 

pp. 210-226. 



270 YOSHITAKA NAGAHAMA 

Lambert, J. G. D. (1970). The ovary of the guppy Poecilia reliculata. The granulosa cells as sites 
of steroid biosynthesis. Gen. Comp. Endocrinol. 15, 464-476. 

Lambert, J. G. D., and van Oordt, P. G .  W. J. (1974). Ovarium hormones in teleosts. Fortschr. 
Zool. Spec. lssue 22 (2/3), 340-349. 

Lang, I. (1981). Electron microscopic and histochemical study of the postovulatory follicles of 
Perca fluuiatilis L. (Teleostei). Gen. Comp. Endocrinol. 45, 219-233. 

Lange, R. H. (1980). Lipoprotein crystals in the yolk platelet of a teleost, Peluicachromis 
pulcher (Cichlidae). Cell Tissue Res. 209, 511-513. 

Lepori, N. G. (1980). “Sex Differentiation, Hermaphroditism and Intersexuality in Vertebrates 
including Man.” Pissin Medical Books. 

Lofts, B., and Bern, H. A. (1972). The functional morphology of steroidogenic tissues. In 
“Steroids in Nonmammalian Vertebrates” (D. R. Idler, ed.), pp. 37-125. Academic Press, 
New York. 

Lupo, C., and Chieffl, G .  (1963). Oestrogens and progesterone in ovaries of the marine teleost 
Conger conger. Nature (London) 197,596. 

Marcaillou, C., and SzollBsi, A. (1980). The“h1ood-testis” harrier in a nematode and a fish: A 
generalizable concept. J. Ultrastruct. Res. 70, 128-136. 

Marshall, A. J., and Lofts, B. (1956). The Leydig-cell homologue in certain teleost fishes. 
Nature (London) 177, 704-705. 

Mattei, X. (1970). Spermiogenhse comparee des poissons. In “Comparative Spermatology” (8. 
Baccetti, ed.), pp. 57-69. Academic Press, New York. 

Merchant-Larios, H. (1978). Ovarian differentiation. In “The Vertebrate Ovary” (R. E. Jones, 
ed.), pp. 47-81. Plenum, New York. 

Michihata, H. (1975). Cell population kinetics of primary spermatogonia activated by warm 
temperatures in the teleost, Oyzias latipes during the winter months. J. Fac. Sci., Uniu. 
Tokyo, Sect. 4 13, 299-309. 

Mizue, K. (1968). Studies on a Scorpaenous fish Sebastiscus mannoratus Cuvier et Valen- 
ciennes. VI. Electron-microscopic study of spermatogenesis. Bull. Fac. Fish., Nagasaki 
Unio. 25, 9-24. 

Mizue, K. (1969). Electron-microscopic study on spermatogenesis of black sailfin molley, Mol-’ 
lienesia latipinna Le Sverp. Bull. Fac. Fish., Nagasaki Uniu. 28, 1-17. 

Nagahama, Y., and Kagawa, H. (1982). In oitro steroid production in the postovulatory follicles 
of the amago salmon, Oncorhynchus rhodums, in response to salmon gonadotropin. J. 
Exp. 2001. 219, 105-109. 

Nagahama, Y., Chan, K., and Hoar, W. S. (1976). Histochemistry and ultrastructure ofpre- and 
post-ovulatory follicles in the ovary of the goldfish, Carassius aurutus. Can. J .  Zool. 54, 

Nagahama, Y., Clarke, W. C., and Hoar, W. S. (1978). Ultrastructure of putative steroid- 
producing cells in the gonads of coho (Oncorhynchus kisutch) and pink salmon (On- 
corhynchus gorbuscha). Can. J. 2002. 56, 2508-2519. 

Nagahama, Y. ,  Kagawa, H., and Young, G. (1982). Cellular sources of sex steroids in teleost 
gonads. Can. J. Fish. Aquat. Sci. 39, 56-64. 

Nagahama, Y., Young, G., and Kagawa, H. (1983a). Steroidogenesis in the amago salmon 
(Oncorhynchus rhodurus) ovarian follicle: A two cell-type model. Proc. Int. Symp. Comp. 
Endocrinol., 9 t h  1981 (in press). 

Nagahama, Y. ,  Hirose, K., Young, G., Adachi, S., Suzuki, K., and Tamaoki, B. (1983b). 
Relative in uitro effectiveness of 17a,20P-dihydroxy-4-pregnen-3-one and other pregnene 
derivatives on germinal vesicle breakdown in oocytes of ayu (Plecoglossus altiuelis), amago 
salmon (Oncorhynchus rhodurus), rainbow trout (Salmo gairdneri) and goldfish (Carassius 
auratus). Gen. Concp. Endocrinol. (in press). 

1128-1139. 



6. THE FUNCTIONAL MORPHOLOGY OF TELEOST GONADS 271 

Nakamura, M., and Takahashi, H. (1973). Gonadal sex differentiation in Tilapia mossambica, 
with special regard to the time of estrogen treatment effective in inducing complete 
feminization of genetic males. Bull. Fac. Fish., Hokkaido Uniu. 24, 1-13. 

Nicholls, T. J., and Graham, G. P. (1972). The ultrastructure of lobule boundary cells and 
Leydig cell homologs in the testis of a cichlid fish, Cichlasoma nigrofasciatum. Gen. Comp. 
Endocrinol. 19, 133-146. 

Nicholls, T. J., and Maple, G. (1972). Ultrastructural observations on possible sites of steroid 
biosynthesis in the ovarian follicular epithelium of two species of cichlid fish, Cichlasoma 
nigrojusciutum and Haplochrumis multicolor. Z .  Zellforsch. Mikrosk. Anat. 128,317-335. 

Nflrrevang, A. (1968). Electron microscopic morphology of oogenesis. Znt. Reo. Cytol. 23, 
113-186. 

O’Halloran, M. J. ,  and Idler, D. R. (1970). Identification and distribution of the Leydig cell 
homolog in the testis of sexually mature Atlantic salmon (Salmu salar). Gen. Comp. Endo- 
crinol. 15, 361-364. 

Ohta, H., and Teranishi, T. (1982). Ultrastructure and histochemistry of granulosa and micropy- 
lar cells in the ovary of the loach, Misgurnus anguillicaudatus (Cantor). Bull. Fac. Fish., 
Hokkaido Uniu. 33, 1-8. 

O O h ,  I., and Yamamoto, K. (1966). Interstitial cells in the immature testes of the rainbow trout. 
Annot. Zool. Jpn. 39, 142-148. 

Oshiro, T., and Hibiya, T. (1975). Presence of ovulation-inducing enzymes in the ovarian 
follicles of loach. Bull. Jpn. Soc. Sci. Fish. 41, 115. 

Oshiro, T., and Hibiya, T. (1982). Protease secretion of ovarian follicles in the loach Misgurnus 
anguillicoudatus, suggesting the presence of ovulation-inducing enzymes. Bull. Jpn. Soc. 
Sci. Fish. 48, 623-628. 

Pandey, S. (1969). Effects of hypophysectomy on the testis and secondary sex characters of the 
adult guppy, Poecilia reticulata Peters. Can. J .  Zool. 47, 775-781. 

Pendergrass, P., and Schroeder, P. (1976). The ultrastructure of the thecal cell of the teleost, 
Oryzias latipes, during ovulation in uitro. J. Reprod. Fertil. 47, 229-233. 

Pilsworth, L. M., and Setchell, B. P. (1981). Spermatogenic and endocrine functions of the 
testes of invertebrate and vertebrate animals. In “The Testis” (H. Burger and D. de 
Kretser, eds.), pp. 9-38. Raven Press, New York. 

Reinboth, R. (1975). “Intersexuality in the Animal Kingdom. ” Springer-Verlag, Berlin and New 
York. 

Riehl, R. (1977). Licht- und elektronenmikroskopische untersuchungen zu bau und ent- 
wicklung der mikropylen von Noemacheilus barbatulus (L.) und Gobio gobio (L.) (Pisces, 
Teleostei). Zool. Anz. 198, 313-327. 

Riehl, R. (1980). Ultracytochemical localization of Na+, K+-activated ATPase in the oocytes of 
Heterandria formosu Agassiz, 1853 (Pisces, Poeciliidae). Reprod. Nutr. Deu. 20, 191-196. 

Riehl, R.,  and Gotting, K. J. (1974). Zu struktur und vorkommen der micropyle an eizellen und 
eiern von knochenfischen (Teleostei). Arch. HydrobioI. 74, 393-402. 

Roosen-Runge, E. C. (1977). “The Process of Spermatogenesis in Animals. ” Cambridge Univ. 
Press, London and New York. 

Ruby, S. M.,  and McMillan, D. B. (1975). The interstitial origin of germinal cells in the testis of 
the stickleback. J .  Morphol. 145, 295-318. 

Saidapur, S.  K.  (1978). Follicular atresia in the ovaries of nonmammalian vertebrates. Znt. Rev. 

Saidapur, S.  K., and Nadkarni, V. B. (1976). Steroid synthesizing cellular sites in the ovary of 
catfish, Mystus cauasius: A histochemical study. Gen. Comp. Endocrinol. 30, 457-461. 

Satoh, N. (1974). An ultrastructural study of sex differentiation in the teleost Oryzias Zatipes. J .  
Embryol. E x p .  Morphol. 32, 195-215. 

CytoZ. 54, 225-244. 



272 YOSHITAKA NAGAHAMA 

Satoh, N., and Egami, N. (1972). Sex differentiation ofgerm cells in the teleost, Oryzias latipes, 
during normal embryonic development. J .  Embryol. E x p .  Morphol. 28, 385-395. 

Schroeder, P. C., and Pendergrass, P. (1976). The inhibition of in oitro ovulation from follicles 
of the teleost, Oryzias latipes, by cytochalasin B. J .  Reprod. Fertil. 48, 327-330. 

Scott, A. P., Sheldrick, E. L., and Flint, A. P. F. (1982). Measurement of 17a,20P-di- 
hydroxy-4-pregnen-3-one in plasma of trout (Salmo gairdneri Richardson): Seasonal 
changes and response to salmon pituitary extract. Cen. Comp. Endocrinol. 46, 444-451. 

Shackley, S. E., and King, P. E. (1977). Oogenesis in a marine teleost, Blennius pholis L. Cell 

Stanley, H. P. (1969). An electron microscope study of spermiogenesis in the teleost fish 

Stanley, H. P., Chiefi, G . ,  and Batte, V. (1965). Histological and histochemical observations on 
the testis of Cobius paganellus. Z .  Zellforsch. Mikrosk. Anat. 65, 350-362. 

Stehr, C. M., and Hawkes, J. W. (1979). The comparative ultrastructure of the egg membrane 
and associated pore structures in the starry flounder, Platichthys stellatus (Pallas), and pink 
salmon, Oncorhynchus gorbuJcha (Walbaum). Cell Tissue Res. 202, 347-356. 

Sugimoto, Y., and Takahashi, H. (1979). Ultrastructural changes of testicular interstitial cells of 
silver Japanese eels, Anguilla japonica, treated with human chorionic gonadotropin. Bull. 
Fac. Fish., Hokkaido Uniu. 30, 23-33. 

Suzuki, K., Tamaoki, B., and Hirose, K. (1981a). In uitro metabolism of4-pregnenes in ovaries 
of a freshwater teleost, the ayu (Plecoglossus altioelis): Production of 17a,20p-dihydroxy-4- 
pregnen-3-one and its 5p-reduced metabolites, and aLtivation of 3p- and 2Op-hy- 
drovysteroid dehydrogenases by treatment with a fish gonadotropin. Gen. Comp. Endo- 
crinol. 45, 473-481. 

Suzuki, K., Nagahama, Y., and Tamaoki, B. (198lb). In oitro synthesis of an inducer for 
germinal vesicle breakdown of fish oocytes, 17a,20p-dihydroxy-4-pregnen-3-one by 
ovarian tissue preparation of amago salmon (Oncorhynchus rhodurus). Gen. Comp. Endo- 
crinol. 45, 533-535. 

Suzuki, R. (1958). Sperm activation and aggregation during fertilization in some fishes. I. 
Behaviour of spermatozoa around the micropyle. Embryologia 4, 93-102. 

Szollosi, D., and Billard, R. (1974). The micropyle of trout eggs and its reaction to different 
incubation media, J. Microsc. (Paris) 21, 55-62. 

Szollosi, D., and Jalabert, B. (1974). La th6que du follicule ovarien de la Truite. J .  Microsc. 
(Paris) 20, 92a. 

Takahashi, H., and Iwasaki, Y. (1973a). The occurrence of histochemical activity of 3p-hy- 
droxysteroid dehydrogenase in the developing testes of Poecilia reticulata. Deo., Growth 
Offer. 15, 241-253. 

Takahashi, H., and Iwasaki, Y. (1973b). Histochemical demonstration of As-3p-hydroxysteroid 
dehydrogenase activity in the testis of the medaka, Oryzias latipes. Endocrinol. Jpn. 20, 

Takahashi, H., and Takano, K. (1 971). Sex hormone-induced precocious hypertrophy and 
ciliation of epithelial cells in the ovarian lumen of the goldfish. Annot. 2001. Jpn. 44, 

Takahashi, H., and Takano, K. (1972). Morphogenesis of accessory reproductive organs in male 

Takano, K. (1964). On the egg formation and the follicular changes in Lebistes reticulutus. Bull. 

Takano, K. (1968). Fine structure ofthe wall ofthe ovarian lumen in the teleost, Oryzias latipes. 

Tissue Aes. 181, 105-128. 

oligocottus moeulosus. J. Ultrastruct. nes. 27, 230-243. 

529-534. 

32-41. 

goldfish, Carassius auratus. Bull. Fac. Fish., Hokkaido Unio. 23, 53-64. 

Fac. Fish., Hokkaido Unio. 15, 147-155. 

Bull. Fac. Fish., Hokkaido Unio. 19, 76-82. 



6. THE FUNCTIONAL MORPHOLOGY OF TELEOST GONADS 273 

Tamaoki, B., Suzuki, K., Hirose, K., and Nagahama, Y. (1983). BIosynthesis of 17a,20p- 
dihydroxy-4-pregnen-3-one, an inducer for germinal vesicle breakdown of fish oocytes by 
teleostean ovaries. Proc. lnt. Symp. Comp. Endocrinol., 9th, 1981 (in press). 

Tang, F., Lofts, B., and Chan, S.  T. H. (1974). As-3P-Hydroxysteroid dehydrogenase activities 
in the ovary of the rice-field eel, Monopterus albus (Zuiew). Experientia 30, 316-317. 

Tesoriero, J.  V. (1977). Formation of the chorion (Zona pellucida) in the teleost, Oryzias latipes. 
11. Polysaccharide cytochemistry of early oogenesis. J. Histochem. Cytochem. 25, 
1376-1380. 

Todd, P. R. (1976). Ultrastructure of the spermatozoa and spermiogenesis in New Zealand 
freshwater eels (Anguillidae). Cell Tissue Res. 171, 221-232. 

Ueda, H., Young, G., Crim, L. W., Kambegawa, A., and Nagahama, Y. (1983). 17a,20P- 
Dihydroxy-4-pregnen-3-one: Plasma levels during sexual maturation, and in oitro produc- 
tion by the testes of amago salmon (Oncorhynchus rhodurus) and rainbow trout (Salmo 
gairdneri). Gen. Comp. Endocrinol. (in press). 

Ulrich, E. (1969). Etude des ultrastructures au cours de I’ovogenhss d u n  Poisson TBIBostBen, le 
Danio, Brachydunio rerio (Hamilton-Buchanan). J. Microsc. (Paris) 8, 447-478. 

Upadhyay, S. N., Breton, B., and Billard, R. (1978). Ultrastructural studies on experimentally 
induced vitellogenesis in juvenile rainbow trout (Salmo gairdneri R.).  Ann. Biol. Anim., 

van den Hurk, R. (1973). The localization of steroidogenesis in the testes of oviparous and 
viviparous teleosts. Proc. Kn. Ned. Acad. Wet . ,  Ser. C 76, 270-279. 

van den Hurk, R. (1974). Steroidogenesis in the testis and gonadotropic activity in the pituitary 
during postnatal development of the black molly (Mollienisia latipinna). Proc. Kn. Ned. 
Akad. Wet. ,  Ser. C 77, 193-200. 

van den Hurk, R., and Peute, J. (1979). Cyclic changes in the ovary of the rainbow trout, Salmo 
gairdneri, with special reference to sites of steroidogenesis. Cell Tissue Res. 199,289-306. 

van den Hurk,. R., Meek, J., and Peute, J. (1974a). Ultrastructural study of the testis of the 
black molly (Mollienisia latipinna). I. The intratesticular efferent duct system. Proc. Kn. 
Ned. Akad. Wet . ,  Ser. C 77, 460-469. 

van den Hurk, R., Meek, J., and Peute, J. (1974b). Ultrastructural study of the testis of the 
black molly (Mollienisia latipinna). 11. Sertoli cells and Leydig cells. Proc. Kn. Ned. Akad. 
Wet . ,  Ser. C 77, 470-476. 

van den Hurk, R., Peute, J.,  and Vermeij, J.  A. J. (1978a). Morphological and enzyme 
cytochemical aspects of the testis and vas deferens of the rainbow trout, Salmo gairdneri. 
Cell Tissue Res. 186, 309-325. 

van den Hurk, R., Vermeij, J. A. J., Stegenga, J.,  Peute, J . ,  and van Oordt, P. G. W. J. (1978b). 
Cyclic changes in the testis and vas deferens of the rainbow trout (Salmo gairdneri) with 
special reference to sites of steroidogenesis. Ann. B i d .  Anim., Biochim., Biophys. 18, 
899-904. 

van Deurs, B., and Lastein, U. (1973). Ultrastructure of the spermatozoa of the teleost Pan- 
todon buchholzi Peters, with particular reference to the midpiece. J. Ultrastruct. Aes. 42, 

Van Ree, G. E. (1976). Effects of methallibure (I. C. I. 33, 828) and ovine luteinizing hormone 
on the ovary and the pituitary of the female zebrafish, Brachydanio rerio. I and 11. Proc. 
Kn. Ned. Akad. Wet . ,  Ser. C 79, 150-170. 

Wallace, R. A. (1978). Oocyte growth in nonmammalian vertebrates. In “The Vertebrate Ov- 
ary” (R. E. Jones, ed.), pp. 469-502. Plenum, New York. 

Wallace, R. A., and Selman, K. (1980). Oogenesis in Fundulus heteroclitus. 11. The transition 
from vitellogenesis into maturation. Gen. Comp. Endocrinol. 42, 345-354. 

Biochim., Biophy~. 18, 1019-1025. 

517-533. 



274 YOSHITAKA NAGAHAMA 

Wallace, R. A., and Selman, K. (1981). Cellular and dynamic aspects of oocyte growth in 
teleosts. Am. Zool. 21, 325-343. 

Wallace, R. A., Nickol, J. M., Ho, T., and Jared, D. W. (1972). Studies on amphibian yolk. X. 
The relative roles of autosynthetic and heterosynthetic processes during yolk protein as- 
sembly by isolated oocytes. Deo. Biol. 29, 255-272. 

Wegmann, I., and Gotting, K. J. (1971). Untersuchungen zur dotterbildung in den oocyten von 
Xiphophorus helleri (Heckel, 1848) (Teleostei, Poeciliidae). 2. Zellforsch. Mikrosk. Anat. 

Weisel, G.  F. (1949). The seminal vesicles and testes of Gillichthys, a marine teleost. Copeia 

Wiebe, J. P. (1969). Steroid dehydrogenases and steroids in gonads of the seaperch Cymatogas- 

Wourms, J. P. (1976). Annual fish oogenesis. 1. Differentiation of the mature oocyte and 

Wourms, J. P. (1981). Viviparity: The maternal-fetal relationship in fishes. Am. 2001. 21, 

Wourms, J. P., and Sheldon, H. (1976). Annual fish oogenesis. 11. Formation of the secondary 
egg envelope. Dev. Biol. 50, 355-366. 

Yamamoto, K. (1956). Studies on the formation of fish eggs. VIII. The fate of the yolk vesicle in 
the oocyte of smelt, H y p m s u s  japonicus, during vitellogenesis. Embryologia 3, 131-138. 

Yamamoto, K. (1963). Cyclical changes in the wall ofthe ovarian lumen in the medaka, Oryzias 
latipes. Annot. Zool. jpn .  36, 179-186. 

Yamamoto, K., and Onozato, H. (1965). Electron microscope study on the growing oocyte of 
the goldfish during the first growth phase. Mem. Fac. Fish., Hokkaido Unio. 13, 79-106. 

Yamamoto, K., and Onozato, H. (1968). Steroid producing cells in the ovary of the zebrafish, 
Brachydanio rerio. Annot. Zool. j pn .  41, 119-128. 

Yamamoto, K.,  and Oota, 1. (1967). Fine structure of yolk globules in the oocyte of the 
zebrafish, Brachydanio rerio. Annot. Zool. Jpn. 40, 20-27. 

Yamamoto, K.,  and Yamazaki, F. (1967). Hormonal control of ovulation and spermiation in 
goldfish. Gunmu Symp. Endocrinol. 4, 131-145. 

Yamamoto, K., Oota, I., Takano, K., and Ishikawa, T. (1965). Studies on the maturing process 
of the rainbow trout, Salmo gairdneri irideus. 1. Maturation of the ovary of a one-year old 
fish. Bull. jpn .  SOC. Sci. Fish. 31, 123-132. 

Yamamoto, T. (1969). Sex differentiation. In “Fish Physiology” (W. S. Hoar and D. J. Randall, 
eds.), Vol. 3, pp. 117-175. Academic Press, New York. 

Yamazaki, F., and Donaldson, E. M. (1969). Involvement of gonadotropin and steroid hor- 
mones in the spermiation of the goldfish (Carassius auratus). Gen. Comp. Endocrinol. 12, 

Yaron, 2. (1966). Demonstration of 3P-hydroxysteroid dehydrogenase in the testis of Tilapia 
mossambica. j .  Endocrinol. 34, 127-128. 

Yaron, Z. (1971). Observations on the granulosa cells of Acanthobrama terrae-sanctae and 
Tilapia nilotica (Teleostei). Gen. Comp. Endocrinol. 17, 247-252. 

Yaron, Z., and Barton, C. (1980). Stimulation of estradiol-17P output from isolated ovarian 
fragments of the plaice (Pleuronectes platessa) by homologous pituitary extract. Gen. 
Comp. Endocrinol. 42, 151-154. 

Yoshikawa, H., and Oguri, M. (1979). Gonadal sex differentiation in the medaka, Oyzias 
latipes, with special regard to the gradient of the differentiation of testes. BUZZ. Jpn. SOC. 
Sci .  Fish. 45, 1115-1121. 

Young, G., Kagawa, H., and Nagahama, Y. (1982). Oocyte maturation in the amago salmon 
(Oncorhynchus rhodurus): In oitro effects of salmon gonadotropin, steroids, and 

119, 405-433. 

pp. 101-110. 

ter aggregata Gibbons. Gen. Comp. Endocrinol. 12, 256-266. 

formation of the primary envelope. Deo. Biol. 50, 338-354. 

473-515. 

491-497. 



6. THE FUNCTIONAL MORPHOLOGY OF TELEOST GONADS 275 

cyanoketone (an inhibitor of 3P-hydroxy-A%teroid dehydrogenase). J .  E x p  Zool. 224, 

Young, G. ,  Crim, L. W., Kagawa, H . ,  Kambegawa, A. ,  and Nagahama, Y.  (1983). Plasma 17a-, 
20P-dihydroxy-4-pregen-3-one levels during sexual maturation of amago salmon (On- 
corhynchus rhodums): Correlation with plasma gonadotropin and in oitro production by 
ovarian follicles. Gen. Comp. Endocrinol. (in press). 

Zirkin, B.  R. (1975). The ultrastructure of nuclear differentiation during spermiogenesis in the 
salmon. J .  Ultrustmct. Res. 50, 174-184. 

265-275. 



This Page Intentionally Left Blank



THE GONADAL STEROIDS 
A .  FOSTZER, B .  JALABERT, R. BZLLARD, B .  BRETON, 
AND Y. ZOHAR 
Labatoire de Physiologie des Poissons 
Institut National de la Recherche Agronomique 
Ministere de L’Agriculture 
Universitk de Rennes-Beaulieu 
Rennes, France 

I. Introduction.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  277 
11. Steroidogenic Tissues and Steroid Ide 

A. The Ovary.. . . . . . . . .  . . . . . . . . . . . . . . .  . . . . . . . . .  279 
B. The Testis.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  300 
C. 

A. Regulation of Steroidogenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  318 

Peripheral Source of Sex Steroids 
111. Regulation of Steroidogenesis and Ste 

IV. Physiological Role of Gonadal Steroids in Reproduction 

I. INTRODUCTION 

Since the publication of “Fish Physiology”, Volume 3 (Hoar and Randall, 
1969), the literature devoted to fish steroids has expanded greatly. In addi- 
tion to “Steroids in Nonmammalian Vertebrates” edited by Idler in 1972, 
there have been several more restricted reviews dealing specifically with 
gonadal steroids (Gottfried, 1964; Chieffi, 1967, 1972; Idler, 1969; Tamaoki 
et al., 1970; Reinboth, 1972, 1979; Colombo et al., 1972a; Dodd, 1972, 1975; 
de Vlaming, 1974; Lambert and van Oordt, 1974a; Chan et al., 1975; Colom- 
bo and Colombo Belvbdbre, 1975, 1976a; Guraya, 1976a,b; Lance and Call- 
ard, 1978; Billard et al., 1978, 1982; Sandor, 1979; Kime, 1979a, 1980a; 
Martin, 1980; Tamaoki, 1980; Grier, 1981; Nagahama et al., 1982). The 
exhaustive bibliography from Bern and Chief% (1968) is valuable for the 
earlier period. 
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Agnathans and cartilaginous fish are treated in Chapters 1 and 2 of this 
volume; therefore, in this chapter, attention is given to publications on 
osteichthyes (mainly teleosts) which have appeared since 1969. The various 
data which demonstrated the gonads potentiality to produce steroids, and 
the regulation of these syntheses are discussed. The secretion of sexual 
steroids by other tissues is also considered. Once hormones are elaborated, 
several mechanisms may act to regulate their activities. These mechanisms 
are analyzed first. The actual physiological role of gonadal steroids in fish is 
discussed with emphasis on gametogenesis. 

11. STEROIDOGENIC TISSUES AND STEROID 
IDENTIFICATION 

Technical tools used for studying steroids in fish are similar to those used 
in other zoological groups (Heftmann, 1973), although the most current, 
such as ultracytochemistry (Kagawa and Nagahama, 1980) radioimmunoassay 
(Schreck, 1972; Sangalang and Freeman, 1977; Simpson and Wright, 1977, 
1978; Fostier et al., 1981a; Wright and Hunt, 1981; Lamba et al., 1982) or 
mass spectrometry (Yano and Ishio, 1978a,b,c; Diederik et aE., 1982; Die- 
derik and Lambert, 1982) have only been recently used to study fish. Before 
reviewing the !iterature on gonadal steroidogenesis and other sources of sex 
steroids, a few remarks on these methodologies are in order. 

Concerning the morphological approach, observations of ultrastructure 
(an extensive smooth endoplasmic reticulum or tubular mitochondria1 
cristae) provide the first arguments for a steroidogenic potentiality (Chris- 
tensen and Gillim, 1969). Histochemical studies confirm the data from this 
method. Nevertheless the presence of sudanophilic lipid droplets containing 
triglycerids, cholesterol, or phospholipids are not specific and should be 
considered cautiously (Lofts and Bern, 1972). The same caution holds true 
for enzymatic activities indirectly related to the steroid metabolism, e. g., 
glucose-6-phosphate dehydrogenase or 6-phosphogluconate dehydrogenase 
(Lambert, 1970a; Livni, 1971; Saidapur and Nadkarni, 1976; Van Den Hurk 
and Peute, 1979). 

More specific is the presence of a hydroxysteroid dehydrogenase (HSD) 
activity in cells detected by the reduction of a soluble tetrazolium salt to a 
precipitated colored formazan, using a steroid as substrate (Wattenberg, 
1958). It should be remembered that the intensity of the reaction is related 
to the nature of the substrate used (Bara, 1969, 1972, 1974; Wiebe, 1969; 
Lambert, 1970a; Iwasaki, 1973), the cofactor added (Bara, 1969, 1972, 1974; 
Khoo, 1975), and the final electron acceptor (Bara, 1965, 1969). Further- 
more, the existence of an intact diaphorase system remains to be tested 
(Gresik et al., 1973). Such limitations could explain the discrepancies some- 
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times found, on the one hand, between histochemical and ultrastructural 
results (Yamamoto and Onozato, 1968; Gresik et al., 1973; Kagawa et al., 
1981; Ohta and Teranishi, 1982), and on the other, between histo- 
enzymochemical and biochemical results (Colombo et al., 1978a; Kagawa et 
al., 1981; Nagahama et al., 1982a). 

Concerning the biochemical approach, the different methodologies used 
to identify and quantify steroids have been reviewed and evaluated by Sand- 
or and Idler (1972). From a physiological viewpoint, the qualitative and 
quantitative analysis of the peripheral blood steroids yields valuable data on 
the hormones available for the peripheral target tissues. Blood analyses also 
demonstrate the endocrinological activity of the steroidogenic glands, but 
Sandor and Idler (1972) emphasize the necessity of estimating the conju- 
gated forms and the protein-bound fractions. As in mammals, steroid bind- 
ing to proteins in fish appears to reduce the biological activities of the 
steroids (Fostier and Breton, 1975). However such peripheral measure- 
ments should be completed by an analysis of the gonadal tissues where the 
target cells are close to the secreting ones, and by an exploration of the other 
target tissues able to metabolize steroids. Until very recently in uitro studies 
of steroid metabolism dealt with whole gonads, but first attempts to isolate 
cell categories have recently been reported (Nagahama et al., 1982a; Kagawa 
et al., 198213). These studies provide information on the steroidogenic poten- 
tialities of a gonad under incubation conditions. Several pitfalls may be 
encountered such as (1) the choice of the medium and the cofactors (Eck- 
stein, 1970; Colombo and Colombo Belvedere, 1976b), (2) the integrity of 
the tissue (Colombo and Colombo Belvkdkre, 1976b), (3) the unknown com- 
petition between endogenous steroids and the labeled substrate for the 
enzymes, (4) the isotopic effect of the precursor (Kelly et al., 1979), and (5) 
the variation of the partition coefficient between the tissue and the medium 
according to the metabolite (Colombo and Colombo BelvkdBre, 1976b; 
Colombo et al., 1978a). Extrapolation of the in dtro results to the in uiuo 
physiological situation must be done cautiously (De Bruijn and Van Der 
Mollen, 1974). Definitive conclusions require further identifications in situ 
or in the efnuent blood of the glandular tissue. 

A. The Ovary 

1. ULTRASTRUCTURAL AND HISTOENZYMOCHEMICAL 
DATA 

Steroidogenic activities have been localized in interstitial, thecal, and 
granulosa cells according to the species and the stage of oogenesis (Table I). 
A weak activity is sometimes also reported in the ooplasm. A functional 
duality is apparently the rule because two types of cells generally appear to 
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Kagawa et al. (1981) 
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Van Den Hurk and Peute (1979) 
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Sufi et al. (1980) 
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Khoo (1975) 

Nagahama et al. (1976); Hoar 

Yamamoto and Onozato (1968) 
Lambert et al. (1972); Lambert 

Van Ree (1977a,b) 
Yaron (1971) 

and Nagahama (1978) 

and van Ordt (1974a) 

Van Den Hurk and Richter 
(1980) 
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Xiphophorus helleri 
Xiphophorus macukztus 
Oryzias kztipes 
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Sarotherodon niloticus 
Sarotherodon aureus 
C i c h l o s m  nigrofasciatum 
Haplochromis multicolor 
Perm fluviatilis 
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Trachurus mditerraneus 
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E M  and 3P-HSD 
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11P-HSD, 20a-HSD 
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Saidapur and Nadkarni (1976) 

Wallace and Selman (1980) 
Lambert (1970a) 

Van Den Hurk (1979)b 
Lambert and van Oordt (1974a) 
Schreibman et 01. (1982) 
Iwamatsu and Ohta (1981) 
Kagawa and Takano (1979) 

Yamamoto and Onozato (1968) 
lwasaki (1973) 

Yaron (1971) 
Livni (1971) 
Nicholls and Maple (1972) 

Lang (1981a,b) 
Livni (1971) 

Bara (1974) 

Wiebe (1969) (no distinction be- 

Bara (1965) 
tween TC and GC) 

Simpson et al. (1969) 

Tang et al. (1974a, 1975) 

a + + ,  dominating activity. bunpublished results, mentioned in Van Den Hurk and Peute (1979). 
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be steroidogenic, interstitial or thecal cells, on the one hand, and granulosa 
cells, on the other hand, with the exception of Sarotherodun aureus, the 
mullet, Mugil capito, the carp, Cyprinus carpi0 (Livni, 1971), Acantho- 
bram terrae sanctae (Yaron, 1971), the perch, Perca fluuiatilis (Lang, 
1981a), and the lemon sole, Microstomus kitt (Simpson et al., 1969) (see 
Table I). 

The arguments for a steroidogenic potentiality of particular granulosa 
cells come mainly from histoenzymochemical results. Electron microscopy 
gives equivocal pictures because of the presence of organelles typical of 
protein-secreting cells, together with a few mitochondria containing tubular 
cristae and a small amount of agranular endoplasmic reticulum (Yamamoto 
and Onozato, 1968; Nicholls and Maple, 1972; Nagahama et al., 1976, 1978; 
Iwamatsu and Ohta, 1981). However, these specific characteristics may de- 
velop during the sexual cycle, that is, the increase in the amount of smooth 
reticulum (Nicholls and Maple, 1972) and the appearance of mitochondria 
with tubular cristae (Kagawa and Takano, 1979; Iwamatsu and Ohta, 1981). 
In certain species, particular thecal cells have a clearer steroidogenic ultra- 
structure (Yamamoto and Onozato, 1968; Nicholls and Maple, 1972; 
Nagahama et al., 1976, 1978; Van Den Hurk and Peute, 1979). These cells 
are larger than the other thecal cells, and have been called “special theca 
cells” (Nagahama et al., 1976). They are often found close to blood capillaries 
(Nagahama et d . ,  1976, 1978; Nicholls and Maple, 1972; Yamamoto and 
Onozato, 1968) and grouped in clusters (Bara, 1965, 1974; Livni, 1971; 
Nagahama et al., 1978). In fact, these cells could be of the same fibroblastic 
origin as the interstitial cells (Yamamoto and Onozato, 1968; Saidapur and 
Nadkarni, 1976; Lambert and van Oordt, 1974a; Van Den Hurk and Peute, 
1979). According to Yamamoto and Onozato (1968) in the zebrafish, Bruchy- 
danio rerio, the special thecal cells are differentiated from ovarian interstitial 
cells at an early stage and later become located in the thecal layer. During 
the follicular atresia in the catfish, Mystus cauasius, Saidapur and Nadkarni 
(1976) found that the special thecal cells remain in the stroma to form the 
interstitial gland. 

The differences between species must be considered with some reserve, 
because all the studies have not been performed at every stage of the ovarian 
development, and, in fact, variations throughout the reproductive cycle 
have been observed. In the immature rainbow trout, Salmo gairdneri, some 
interstitial cells already show steroidogenic ultrastructural characteristics 
(Upadhyay, 1977). In the adult trout, the interstitial and thecal cells exhibit a 
maximal 3P-HSD activity at the time of meiotic maturation and ovulation 
(Fig. lA, Van Den Hurk and Peute, 1979), leading researchers to hypothes- 
ize that progestins and/or corticosteroids, hormones involved in the regula- 
tion of these processes, originate in these cells. In another salmonid, the 
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white spotted char, Sulvelinus leucomaenis, an intense 3P-HSD activity in 
the special thecal cells of the young postovulatory follicle was actually corre- 
lated with a peak of plasma progesterone (Kagawa et al., 1981), but no 
activity was detectable before ovulation. The granulosa cells show a maximal 
3P-HSD activity during vitellogenesis, especially at the exogenous phase, in 
Poecilia reticulutu (Lambert, 1970a), the swordtail, Xiphophorus helleri 
(Lambert and van Oordt, 1974a), Brachydanio rerio (Lambert et al . ,  1972; 
Lambert and van Oordt, 1974a), Sarotherodon aureus, the mullet, Mugil 
capito (Livni, 1971), Trachurus mditerruneus (Bara, 1974), and the trout, 
Salmo guirdneri (Van Den Hurk and Peute, 1979); therefore, it has been 
postulated that estrogens, hormones involved in vitellogenesis, originate in 
the granulosa cells. In Bruchydunio rerio, Lambert (1978) has confirmed the 
concomitance between the 3P-HSD activity in the granulosa cells and the 
ability of the ovary to produce 17s-estradiol and estrone in vitro. In contrast 
to these observations, the granulosa cells appear active only during the 
spawning period in Oryzius lutipes (Iwasaki, 1973) or after ovulation induced 

Fig. 1. The 3p-HSD (0) and 3a-HSD (0) activities in the somatic cells of the gonads of the 
rainbow trout, during the annual sexual cycle. The intensity of enzyme reactions was graded in 
arbitrary units: (A) the ovary (from Van Den Hurk and Peute, 1979); (B) the testis (from Van 
Den Hurk, et al . ,  1978b). 
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with human chorionic gonadotropin (HCG) in Clarias Zaxera (Van Den Hurk 
and Richter, 1980; Lambert and Van Den Hurk, 1982). During 
vitellogenesis, the HSD activities are observed mostly in thecal or intersti- 
tial cells in Scomber scomber (Bara, 1974), or even exclusively in these cells 
in Oryzias latipes (Iwasaki, 1973), Clarias laxera (Van Den Hurk and Rich- 
ter, 1980), or Cyprinus carpio (Livni, 1971); however, thecal and granulosa 
cells are both active in Trachurus mediterraneus (Bara, 1974) or in the rice- 
field eel, Monopterus albus (Tang et al., 1974a). An intense reaction has also 
been observed in the loach, Misgurnus anguillicaudatus, micropolar cells 
(Ohta and Teranishi, 1982). 

All these results must be considered in the light of the recent comparison 
of morphological observations with the in vitro analysis of steroid output 
from mechanically isolated thecal and granulosa cells of the salmon, On- 
corhynchus rhodurus, ovary (Nagahama et al., 1982a). The observed dif- 
ferences cast doubt on conclusions based solely on histochemical observa- 
tions. Furthermore, these biochemical studies lead researchers to propose a 
“two cell-type” model both for the production of estrogens during 
vitellogenesis (Kagawa et al., 1982b) and for the production of progestins 
during spawning (Nagahama et d., 1983). 

Special attention has been given to ovarian structures which could be 
homologous to the mammalian corpora lutea. In some species, the 
postovulatory follicles retain some steroidogenic potentialities (see Table I), 
but more often steroidogenesis is confined to the granulosa cells, although 
the thecal cells may also remain active (Bara, 1965, 1974; Van Den Hurk and 
Peute, 1979; Kagawa et al., 1981). These enzymatic functions in the gran- 
ulosa, often appear weak and transient (Nicholls and Maple, 1972; Lambert, 
1978; Nagahama et al., 1976; Van Den Hurk and Peute, 1979; Institute of 
Zoology, Academia Sinica and Yangtze Institute of Fisheries, 1978; Van Den 
Hurk and Richter, 1980). However, except for the histoenzymochemical 
observations of Saidapur and Nadkarni (1976) in the catfish, Mystus cavasius, 
and of Khoo (1975) in the goldfish, Carassius aurutus, there is no direct 
argument for an endocrine role of the atretic preovulated follicle, invaded 
with granulosa (Bara, 1965; Lambert, 1970b; Yaron, 1971; Colombo et al., 
1978a; Kagawa and Takano, 1979; Lang, 1981b). Therefore, Lambert (1970b) 
has suggested calling it corpus atreticum. 

2. BIOCHEMICAL DATA 

The potentiality of the fish ovary for in vitro steroid synthesis Com 
acetate has been demonstrated in Sarotherodon aureus by Eckstein (1970). 
From more elaborate precursors, ovaries from various species are able to 
synthesize progestins, corticosteroids, androgens, and estrogens (see Table 
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11), by the A-5 (17a-hydroxypregnenolone and dehydroepiandrosterone) or 
the A-4 (progesterone and 17a-hydroxyprogesterone) pathways. The A-5 
pathway predominates in young fish such as the virgin Poecilia reticulata 
(Lambert and Pot, 1975), the immature Jenynsia lineata (Charreau and 
Tesone, 1974) and the silver eel, Anguilla anguilla (Colombo and Colombo 
BelvBdBre, 1976b). In the adult, steroid metabolism may change during the 
course of the sexual cycle. Therefore, in the rainbow trout, Salmo gairdneri, 
the ratio between the A-5 and A-4 steroids, yielded from pregnenolone, 
increased 500-fold during vitellogenesis (van Bohemen and Lambert, 1979; 
Lambert and van Bohemen, 1979). In Brachydunio rerio the A-5 pathway, 
related to the interstitial cell activity, was most active just after the oviposi- 
tion, while the A-4, pathway, attributable to the granulosa cells, was domi- 
nant 4 days later, before the next oviposition (Lambert, 1978). There is also a 
third direct route from progesterone to testosterone, without androstene- 
dione being an intermediate. This route has been proposed in Sarotherodon 
aureus after incubations where the use of both precursors [14C]progesterone 
and [3H]pregnenolone gave testosterone mainly labeled with 14C and an- 
drostenedione mainly labeled with 3H (Eckstein, 1970). However, Ozon 
(1972a) has emphasized that in this experiment, very different quantities of 
the two precursors were used. Such a metabolism could not be confirmed in 
Poecilia reticulata (Lambert and Pot, 1975). 

a. Corticosteroids. The possibility that corticosteroidogenesis occurs in 
the ovary has been reported in many species: the sculpin, Leptocottus armu- 
tus; the Pacific tomcod, Microgadus proximus; the longjaw mudsucker, 
Gillichtis mirabilis (Colombo et al., 1973); Gobius jozo; Diplodus annularis; 
the sole, Soleae impar, (Colombo and Colombo BelvBdBre, 1977); the sea 
bass, Dicentrarchus Zabrax (Colombo et al., 1978b); Salmo gairdneri (van 
Bohemen and Lambert, 1979; Theofan, 1981); and Jenynsia lineata (Tesone 
and Charreau, 1980). However, this was not confirmed in the Indian catfish, 
Heteropneustes fossilis (Ungar et al., 1977; Truscott et al., 1978), thereby 
weakening the hypothesis that, in this species, 11-deoxycorticosteroids act as 
local inducers of maturation and ovulation of oocytes (Colombo et al., 1973). 

b.  Progestins. Progesterone, 17a-hydroxyprogesterone, 20a- or 20P-di- 
hydroprogesterone, 17a-hydroxy-20~-dihydroprogesterone are synthesized 
in vitro by fish ovaries (Table 11). Progesterone was recognized in ovarian 
extracts of Conger conger (Lupo and Chieffi, 1963), the Pacific salmon, 
Oncorhynchus nerka (Botticelli and Hisaw, 1964), and carp, Cyprinus car- 
p i0  (Horvath et al . ,  1978). 17a-Hydroxy-20P-dihydroprogesterone has been 
identified in the plasma of Oncorhynchus nerka (Idler et al., 1960a), Salmo 
gairdneri (Campbell et al., 1980; Diederik and Lambert, 1982), Pseudo- 
pleuronectes americanus (Campbell et al.,  1976), and Heteropneustes fossilis 



Table Jl 

Steroid Biosynthesis In Vitro in the Ovary 

Species Sexual stages Precursors Corticosteroids Progestins Androgens Estrogens Methodsa Reference 

Anguilliformes 
A n g u h  nnguillo Silver stage Pregnenolone 

immature 

Progesterone 

Salmoniformes 
Salvelinus 

fon t id i s  

Silver stage Progesterone 
immature 

Sdnw gairdneri Immature 

Pregnenolone 

Progesterone 11-Deoxywrticoste- 
rone 

(1 I-Deoxymrtisol) 

Pregnenolone 

Progestemne 
17.-Hydroxypregneno Debydrnepiandroster- 

17.-Hydroxyprogester- Androstenedione 

17u-Hydroxyprogester- Androstenedione 
one Testosterone 

Il&Hydroxyaudros- 
teoedione 

Adrenosterone 
(water d u b l e  

derivatives) 
Androstenedione 
Testosterone 
ll&Hydmxyaudros- 

tenedione 
Il~-Hydmxytestorter- 

one 
11-Ketotestostemne 

lone one 

one 

(17a-Hydroxypregnen- (Dehydroepiandroster. 
olone) one) 

Pregnanedione Androstenedione 
17u-Hydroxyprogester- Testosterone 

(I7u-Hydmxy-ZOp- 

I7a-Hydroxypregneno Androstenedione 

Progesterone 

one 

dihydmprogesterone) 

lone 

TLC, Der Colombo and Colnm- 
Cry C3H/W 
with and without mf. 

bo Belved&e 
(1976b, 1977 

Intact and Homo, 
(t = 7min to Shr, 
9 = 16’C) 

Querat et al. (1982) c ,  PC, TLC 
Min. 

TLC, Cry CSA Theofan (1981) 
Intact (t = 4 hr, 

e = i z q  
l7g-Estradiol 

TLC, Der, Cry CSA Van Den Hurk et al. 

Homo. (t = 3 hr) 
cof. (1982b) 



17a-Hydroxyprogester- 
one 

Andrnstenedione 

Dehydrnepiandros- 
terone 

SaZm gaidneri Various stages of Pregnenolone Deoxymrtimsterode 
the sexual cycle (Deoxyoortisol) 

(Cortisone) 

Androstenedione 

Previtellogenesis Androstenedione 
and vitellogene- Testosterone 
pis 

Oncorhynchw Prespawning l7a-Hydroxypro- 
rhodunis gestemne 

PlecogLmars Prespawning Progesterone 
aZtfvelw 

Progesterone 
17a-H ydroxyprogester. 

l?’a-Hydroxypregnen* 
one 

lone 

17a-Hydroxy-ZOB- 
dihydroprogestemne 

(lla-H ydroxypregnan- 
edione) 

Sp-Pregnan&, 17a- 
diol-zkne 

17u-Hydroxyprogeste~ 
one 

5B-Pregnan-3a-01-20 
one 

17a-Hydroxypregnan- 
edione 

5~-Pregnan-l7a,ZO~ 
diol-%one 

3a, 17a,ZOp-trioI 
5 B - P r V -  

Testosterone Esimne 
17&Estradiol 

Androsteoedione 

Androstenedione 
Testosterone 
Dehydrcepiandroster- 

one 

17p-Estradiol 
Estone 
17B-Estradiol 

Testosterone Estrone 
Androstenedione 
5a-Dihydrotestosterone 17B-Estradiol 
(5aJ58- Estrone 

Androstanedione) 

Testosterone 

TLC, Der, Cry CSA 

Homo. (t = 3 hr) 
TLC, Der, Cry CSA 

Homo (t = 3 hr) 
TLC, Der, Cry CSA 

Cof., Homo (t = 
2 hr, e = 25’C) 

cof. 

cot 

van Bohemen and 
Lambert (1979, 
lWl), Lambed and 
van Bobemen (1979) 

TLC, Der, Cry CSA 
CoE Homo 

TLC, Der, Cry 

Intact (perifusion) 

(t = 2 to 24 hr. 
e = 140~) 

(t = z hr, e = ZST) 
Sue and Depkhe 

C3HP4C; Homo. (1981) 

TLC, Der, Cry CSA 
Cof. St; Homo. 

(t = 2 hr, e = 20°C) 

TLC, Der, Cry CSA 
Cot Homo., 

(t = 70 min, 9 = 

Suzuld et aZ. (1981b) 

Suzuld et al. (IsSla) 

Suzuki et d. (181)la) 
@C) 

(continued) 
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Species Sexual stages Precursors Corticosteroids Progestins Androgens Estrogens Methodso Reference 

i7a-~ydroxypro- 
gesterone 

17a-Hydroxy-200g- 
dihydroproges- 
terone 

Progesterone 

17a-Hydroxypro- 
gesterone 

17a-Hydroxy-MB. 
dihydmproges- 
terone 

Cyprinirnrmes 

re* 
Brachydanw Pregnenolooe 

Various stages of 17a-Hydroripreg- 
the ovogenesis nenolone 

Dehydmpiandros- 

Progesterone 

terone - 

hdmstenedione 
Testosterone 

id. + 50-Pregnan-k, 
17a-idiol-20ooe 

5$-Pregnan-I7a. 20$- 
diol3a1e 

5&Pregnan-3a, 17a, 
Zop-biol 

id. than without s t i m -  

ulation + 17a-Hy- 
dmxy-2Op-dihydm- 
progesterone 

id. than without stim- 
ulation + 17a-Hy- 
droxy-20p-dihydro- 
progesterone 

5B-prrgnan43, 17a. 
zog-triol 

id. than without stim- 
ulation + 5g-Preg- 
nan3p. 17% 206- 
triol 

(Progesterone) Androstenedione 

17a-Hydroxyprogester- 
Testosterone 

one 
Androstenedione 

l7o-Hydroxyprogester- Aodrostenediooe 

Fm-Pregnanedione Testosterone 
one 

+ St 

+ St 

+ St 

GLC, Der 
Cot, Homo. 
Intact and Homo 

17p-Estradiol 
17p-Estradiol 

Intact and Homo 

Suznki et d. (198la) 

Suzuki et d. (1981a) 

Suznki et ol. (1981a) 

Suzuld et ol. (1981a) 

Lamhert and van 
Oordt (1974b) 

Lambert (1978) 

Lambert (1978) 
Lambert (1978) 

Lambert (1978) 
Lambert (1978) 
Lambert (1978) 



Cyyrinus carpi0 P r e s p a d g  20u-Dihydmpro- 
gesterone 

Andmstenedione 

Postvitellogenic Pregnenolone 

Progesterone 
Androstenedione 

Pregnenolone 
SiIurifonnes 

fossilis 
Heteropneustes Gravid 

punctatus 

Clarias lnzera 

Pregnenolone 

Pregnenolone 

Su-Pregnan&, 2ou- 
did 

Su-Pregnw-20u-01-3- 
one 

Testosterone 

Progesterone Androstenedione 
17a-Hydroxypmgester- Testosterone 

Sa-Pregnan-3,20-dione 
Sa-Androstan-3.17- 

one 

dione 

17a-Hydroxypregneno- Androstenedione 

17a-Hydroxyprogester- 

17a-H ydroxy-20p- 

lone Testosterone 

one 

dhy droprogesterone 
Androstenedione 

Gadifonnes 
Microgadus Prespawning Progesterone 11-Deoxycortisol 17a-Hydroxyprogester- Androstenedione 

pronmus 11-Deoxycortimster- one Testosterone 
one 

TLC, Der, GLC 
Cof. 
Homo. 
(t = 20 mm, 

TLC, Der, GLC 
Cof , Homo 
(t = 20 min, 

e = 37"~)  

e = 3 7 ~ )  

cry ~ 3 ~ 1 4 ~  

17P-Estradiol TLC, Der, 

Intact 
(t = 6 hr, 
0 = 10" and 20°C) 

TLC, Cry CSA 

Eckstein and b u r y  
(1979) 

Eckstein and Azoury 
(1979) 

Ungar et ol. (1977) 
Cot;  St; Homo. (t = 
30 min, 0 = 25-C) 

TLC, Cry CSA 
Cof.; St; Homo. 
(t = 30 min, 

St. Lamhert and Van 

Ungar et al. (1977) 

e = WC) 

Den Hurk (1982) 

176-Estradiol 
Estrone 

TLC, Der, 
Cry CJH/l%; Min. 
(t = 7 min to 6 hr, 
0 = 15°C) 

Colombo et d. (1973) 

(continued) 
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Species Sexual stages Precursors Corticosteroids Progestins Androgens Estrogens Methodsa Reference 

zoarcar Various stage  of Pregnenolone 
ddparuo the sexual cycle 

17a-Hydroxypm 
gesterone 

Progesterone 

Atheriniformes 
POe& Virgin, 3 months Andmstenedione 

retinJotn old Testosterone 

Virgin, 4 months I3HIPregnenolone 
old + [WIProger 

temne 

Virgin, 12 months Andmstenedione 
old 

17a-Hydroxypregnen- 

Progesterone 
olone 

17u-Hydroxyprogesterer- 
one 

17a-Hydmxyprogester- 

(17a-Hydrorypregnen- 
one 

olone) 

Jeny~iaUneota Immature 

Immature 

Pregnenolone or 
Progesterone or 
Testosterone 

Pregnenolone ll-Deoxymrtisol Progesterone 
17u-H ydmrypmgestef- 

one 

Progesterone ll-Deaxyaxtisol 17u-Hydrorypmgester- 
11-Deoxycortimster- one 

one 
Testosterbne 

Andmstenedione 

170-Estradiol 
17B.Estradiol 

Dehydmepiandmster- 

Andmstenedione 
Testosterone 
11-Ketotestosterone 17p-Estradiol 
ll@-Hydmxytestoster- (Estmne) 

one 
(110-Hydmxyandros- 

tenedione) 
(Adrenosterone 

one 

17p-Estradiol 
(Estrone) 

Deh ydroepiandroster- 

Andmstenedione 
Testosterone 
Testosterone 
Androstenedione 

Andmstenedione 
llf3-HydmxyandrOs 

one 

tenedione 

TLC, (Cry, CSA) Kristofferson et d. 
slices (t = 1 hr, e = (1976) 

l 5 T )  
TIC, (Cry, CSA) 
Slices (t  = 1 br, a = 

TLC. (Cry, CSA) 

Kristderson et d. 
(1976) 

15T) 
Kristderson et d. 

slices (r = 1 hr, a = (1976) 
15q 

PC, TLC, Der, Cry 
CSA, Cry C3H/14C 1971) 
Gf . ;  Homo. 

Lambert d al. (1970, 

(t = 2.5 hr. a = 
25°C) 

PC, TLC, Der 
cry, CA.5 (1975) 
Cof. 

Cot, Cry C3Hl14C 
Homo. (t = 1.5 hr, B 

Lambert and Pot 

Lamhert and Pot 

(1975) 
= 25'C) 

TLC, Cry CSA Charreau and Tesone 
(1974) 

TLC, Der, Cry CSA Tesone and Charreau 
I ~ W  (t = 2hr, a = (1980) 

WC) 

TLC. Der, Cly CSA Tesone and Charreau 
IUW (t = zhr, a = 

IUW (t = Zhr, e = 

(1980) 

(1980) 

WC) 
TLC, Der, Cry CSA Tesone and C h u  

WC) 



Perdformes 
CIIuehthyr Respawning Progesterone 

mfnlbili8 

Cob(us j m  ViteUogenic Pregnenolone 
oocytes 

Progesterone 

PageUw aeons Vitellogenesis Progesterone 

Diplodua End of vitellogene- Pregnenolone or 
annularia sts progesterone 

M 

S p a w  aura& Sex reversal Pregnenolone E 

Beginning of the Androstenedione 
breeding s e w n  

Perca fiwece~~ Pregnenolone 

Progesterone 

Il-Deoxymrtisol 
11-Deoxymrticogter- 

one 

11-Deoxymrticoster- 
one 

11-Deoxymrticoster- 
one 

- 

11-Deoxymrtimster- 
one 

11-Deorycortisol 

id. 

179-Hydroxyprogester- Andrortenedione 
one Testosterone 

Progesterone Androstenedione 
17u-Hydroxyprogester- Testosterone 

one 

17a-Hydroxypmgester- Andmstenedione 

ZOa-Dihydroprogester- 

U)p-Dihydropmgester- 

17a-H ydroxyprogester- 

Progesterone Androstenedione 
(17a-Hydmxyproges- Testosterone 

one Testosterone 

one 

one 

one 

terone) 

Progesterone Androstenedione 
17u-Hydroxypmgester- Testosterone 

one 

Testosterone 
11-Ketotestosterone 
Up-Hydroxytestoster- 

one 
5a-Pregnanedione Androstenedione 
17a-Hydmxyprogester- Testosterone 

one 
%-H ydroxyprogester- 

one 
(17a-Hydroxy-20pdi- 

hydroprogesterone) 
(17a-Hydroxy-2Oa-di- 

hydroprogesterone) 
id. id. 

TLC, Der. Cry 

Min. (t = 7 min to 6 

Colombo et d. (1973) 
C ~ H I ~ Y :  

hr, e = 15'C) 
17p-Estradiol TLC. Der, Cry Colombo and Colom- 
Esbone C3Hl'rC bo Belvedbre (1977) 

Min. (t = 7 min to 6 

TLC, Der, Cry 

Min. (t = 7 min to 6 

hr, e = 16'C) 
Colombo and Colom- 

C3H/"C bo Belvddbre (1977) 

hr, tl = 16'C) 

PC, TLC, Der. Cry, Reinboth (1974, 1979) 

17p-Estradiol TLC, Der, Cry Colombo and Colom- 
Estrone C3H/1Y: bo Belvddbre (1977) 

CSA 

Min (t = 7 min to 6 
hr, e = i8-c) 

17p-Estradiol TLC, Der, Cry Colombo et al. 
Esbone C3H/lrC, Cof.: Min (1972b) 

(t = 2 hr, 0 = 
15C) 

TLC, GLC, Der Min Eckstein ef d. (1978) 
(t = 10 to 80 min. 
e = uoc) 

TLC. Cry CSA Theofan (1981) 
lotact (t = 4 hr, 0 = 

10T) 

(continued) 
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Species Sexual stages Precursors Corticosteroids Progestins Androgens Estrogens Methodsa Rehrence 

Corip julis Progesterone - 

Testosterone 

Sarothermfon Prespaming Acetate 
aureus 

[3H]Pregnenolone 
+ ['%]Proges- 
terone 

17U-H~drOxypIO- 
gesterone 

Androstenedione 

Pre- and post- Pregnenolone 
spawning 

Mugil capito Prespaming Androstenedione 
females &om two 
biotopes 

Pregnenolone 

Mugil cephalus Prespawning U)crDihydropro- 
gesterone 

5a-Pregnan-3,Sdione 
k-Pregnan-3p-ol-2@ 

one 
llg-Hydroxytestoster- 

one 
Cholesterol Debydroepiandroster- 
Pregnenolone one 

[3H]Dehydroepiandms. 

Androstenedmne 
['%]Testosterone 
Testosterone 
hdmstenedione 

terone 

(Testosterone) 
11-Ketotestosterone 

Progesterone Androstenedione 
Dehydrcepiandroster- 

Testosterone 
llg-Hydroxytestoster- 

11-Ketotestosterone 
Testosterone 
11-Ketotestosterone 

one 

one 

Debydroepiandroster- 
one 

k-Pregnan-k,  200- 

Progesterone 
diol 

PC, TLC, Der 
Cry CSA 

Reinboth (1974, 1979) 

CC, TLC, Der, Cry 
CSA. GLC, Cof. 
Homo. (t = 2 br, 0 = 

CC, TLC, Der, Cry 
CSA, GLC, Cof. 
Homo. (t = 2 hr, 0 = 

CC, TLC, Der, Cry 
CSA, GLC, Cof. 
Homo. (t = 2 hr, 0 = 

CC, TLC, Der, Cry 
CSA, GLC, Cnf. 
Homo. (t = 2 hr, e = 

Eckstein (1970) 

zo-22") 
Eckstein (1970) 

20-WC) 
Eckstein (1970) 

ZO-ZZC) 
Eckstein (1970) 

20-22"C) 
TLC, CC, Der, Cry 

Min. (t = 5 hr, 0 = 

Eckrtein and Katz 
CSA (1971) 

25°C) 

TLC, Der, Cry CSA 
Cof. Homo. (t = 2 

Eckstein and Eylath 
(1970. 1969) 

Eckstein (1975) 

Eckstein and Azoury 

hr, e = 20-ZZ°C) 

TLC, Der, GLC, 

Homo. (t = 20 min, 0 
cof. (1979) 

= 37pC) 



Various stages of Androstenedione 
the sexual cycle 

Spicara m a e ~  Spawning season Progesterone 

Testosterone 

N 
(0 w 

Cent mpristes 
striafus 

Progesterone 

Testosterone 

Androsterone 
Testosterone 
llp-Hydroxytestoster- 

11 P-H ydroxyandros- 

11-Ketotestostemne 
ju-Androstm-3u. 17p- 

h-Androstan&- 

one 

tenedione 

dial 

TLC, Der, Cry CSA Azour). and Eckstein 

GLC (19W 
Cof. 
Homo. (1 = 2 hr, 0 = 

37°C) 

01-17nnc) 
S$-Pregnan-17a-ol-3, Sa-Androstan-&+I-17- 17$-Estradiol PC, TLC, Der Reinboth (1979) 

20-&one one 
ll$-Hydroxyprogester- 

one 

h-Androst~~1-3a, 17$- 

Sa-Androstan-3, 17- 

Sa- Androstan-3u-ol 
Androstenedione 
11-Ketotestosterone 
5$-Androstan-&. 178- 

diol 

dione 

dial 
Pregnanedione 

Cry CSA 

Reinboth (1979) 

PC, TLC, Der 
Min. (t = 6 hr, 0 = 

Reinboth el al. (1966) 

20-22°C) 
Sp-Andnstm-3, 17- PC, TLC, Der Reinboth et ol. (1966) 

dione M h .  (t = 6 hr, 0 = 

5$-Androsta1-17f3-ol-3- 20-22°C) 
one 

diol 
5B-Androstan-3u. 17p- 

Dicentrarchus Atretic oocytes Pregnenolone Progesterone TLC, Der, Cry CSA Colombo et al. 
lnbrax (Polar compounds) Intact (t = 6 hr, 0 = (1978a) 

16'C) 
Various stages of Prcgnenalone or Progesterone Androstenedione 17p-Estradiol TLC, Der. Cry CSA Colombo et al. 

the sexual cycle Progesterone 17a-Hydroxyprogester- Testosterone Intact ( t  = 6 hr, 0 = (1978b) 
one 16°C) 

(continued) 
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Species Sexual stages Precursors Corticosteroids Progestins Androgens Estrogens Methods" Reference 

Serranua cab& 
~ 

Progesterone 

P 

Testosterone 

~ ~ ~~~ 

SB-Preg~an-17a- 
0~-3.10-dione 

sp-Regoan-3a, 2Ou- 
diol 

5&Regnan-3f&ol-u)- 
one 

S p - P r m - k ,  17a, 
2OU-tIiOl 

118-H ydmxypmgester- 
one 

+Reguen-ll@, 17u- 
diol-3, Bdione 

Sp-Andr0stan-3, 17- 
dione 

~-hndrostnn-3a, 178- 
diol 

5f$-Andmrtan-3j3-17p- 
dlOl  

Sj3-Androstnn-3a- 
01-l7one 

S~-Androstan-17~- 
ol-3one 

An dro a t e n d  one 
11-Ketotestorterone 
ll~-Hydmxytestoater- 

one 



Swrpaenlfonnes 

annutui 
Lcptocortua Preapawning Progesterone 

Myoxoccphulw Mnture Androstenedione 
octadednupe 
noaw 

Pleumnectihrpea 
M(rr0atmUrakUt Mature hdrostenedione 

Pregnenolone 

S o h  impar Ovulated Pregnenolone or 
Progesterone 

Monopterus Beginning of the Pregnenolone 
cllbus breedhg s e w n  

11-Deoxymrticnster- 17a-Hydroxypmgester- Androstenedione 
one one Testosterone 

Estmne 

Testosterone 17g-Estradiol 
~-And!ustenedione Esbone 
5g-Andmotan-3001-17- 

one 
17u-Hydronlprepeno- Dehydroepiandroster- Estmne 

lone one 
17a-Hydronlprogester- Androstenedione 

one Testosterone 
11-Deoxymrtimster- Progesterone Androstenedione 17gEstradiol 

11-Deoxymrfisol temne) 
one (l7u-Hydroxyprogeo- Testosterone Estrone 

17a-Hydronlprogester- Andmstenedione 17p-Estradiol 
one Testostemne Ertmne 

TLC, Der, Cry 
C3H/W; Min 
(t = 7 mln to 6 hr, 0 

= 15'C) 
TLC, Cry CSA 
Homo. (t = 24 hr, 0 

Colombo st d. (1973) 

Callnrd et d. (1978e) 

= WC) 

PC, TLC. Der 
Cof., Homo. 

Simpmn et ul. (1969) 

PC. TLC. Der 
Cof.; Homo. 

Slmpson ct d. (1069) 

TLC, Der. Cry 

Min. (t = 7 mm to 6 

Colombo and Colom- 
c3ww bo Belvddbre (1977) 

hr) 

TLC, Der, Cry CSA Chan and PhiUips 
 in. (t = 4 hr, e = (ieae) 

27-300C. 0 = 18°C) 

OAbbreviations for the methods are as follows: PC, paper chormatography; CC, column chromatography; TLC, thin-layer chromatography; Der, 
derivatives formation; GLC, gas-liquid chromatography; Cry CSA, crystallization to constant specific activity; Cry C3H/W, crystallization to constant 
isotope ratio; Cof, addition of cofactors in the incubation medium; St. stimulation with gonadotropin; Homo, tissue homogenate; min, minced tissue; t, 
incubation time; 8, temperature. 
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(Truscott et al., 1978), and was also present among the metabolites from 
incubations with precursors of the ayu, Plecoglossus altivelis, the amago 
salmon, Oncorhynchus rhodurus (Suzuki et al., 1981a,b), and the African 
catfish, Clarias lazera, ovaries (Lambert and Van Den Hurk, 1982). 

Using a specific radioimmunoassay, Fostier and co-workers (1981a) were 
able to follow in vitro the output of 17a-hydroxy-20P-dihydroprogesterone 
from clusters of rainbow trout follicles during oocyte maturation induced 
with gonadotropin. More accurately isolated thecal layers from ovarian folli- 
cles of Oncorhynchus rhodurus are able to secrete progesterone (un- 
published results, cited in Nagahama et al., 1982a); however, l7a-hy- 
droxy-20P-dihydroprogesterone is only found in granulosa layers (Nagahama 
et al., 1983). 

If these progestins are more or less active in oocyte maturation (see 
Chapter 3, Volume 9B, this series), then the physiological significance of 
other pregnane derivatives is not yet understood. The 5a and 5P reduced 
C-21 steroids have been identified in ovarian incubations of (1) Centropristes 
striatus (Reinboth et ul.,  1966), (2) PageUus acarne, (3) Coris julis (Reinboth, 
1974), (4) Serranus cabrilla, (5) Spicara m e n u  (Reinboth, 1979), (6) Brachy- 
danio rerio (Lambert and van Oordt, 1974b), (7) Heteropneustes fossilis 
(Ungar et al., 1977), (8)  Cyprinus carpio, (9) Mugil cephalus (Eckstein and 
Azoury, 1979), (10) Plecoglossus altivelis (Suzuki et al., 1981a), (11) Sal- 
velinus fontinalis, and (12) Perca flavescens (Theofan, 1981). 11P-Hy- 
droxyprogesterone was identified for the first time by Reinboth (1974) in 
Coris julis ovarian incubations. It was later found in another ambisexual fish, 
Spicaru m e n u  (Reinboth, 1979) and in rainbow trout plasma (Diederik and 
Lambert, 1982). 

c. Androgens. The in vitro production of androgens in ovaries may be of 
importance because in Sarotherodon aureus two-thirds of the steroids pro- 
duced from pregnenolone are androgens (Eckstein and Katz, 1971). De- 
hydroepiandrosterone, androstenedione, and testosterone may be consid- 
ered to be estrogen precursors, and probably, in rainbow trout, the very low 
output of androgens from vitellogenic ovaries, perfused in vitro, is related to 
their use for aromatization (Zohar et al., 1982b). This does not appear to be 
the case of 11-oxygenated androgens such as ll-ketotestosterone (Callard et 
al., 1981a). This steroid, which is known as a potent androgen (see Section 
II,B,2) is synthesized in vitro, in the ovaries of a few species: Mugil capito 
(Eckstein and Eylath, 1970), Mugil cephalus (Azoury and Eckstein, 1980), 
Sarotherodon aureus (Eckstein and Katz, 1971), Poecilia reticulata (Lambert 
and Pot, 1975), and Sparus aurata (Eckstein et al., 1978). In the grey mullet, 
Mugil cephalus, the ovarian production of 11-ketotestosterone increases 
with the development of vitellogenesis and then decreases after spawning 
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(Azoury and Eckstein, 1980). During the breeding season, higher yields 
from precursors of testosterone, 11-ketotestosterone (Eckstein and Eylath, 
1970), and dehydroepiandrosterone (Eckstein, 1975) were recorded in ov- 
aries from another species, Mugil capito, kept in fresh water (where ovula- 
tion is blocked), than from females living in seawater. The concentration of 
ll-ketotestosterone measured in the ovary is actually higher in mullets con- 
fined in fresh water (Eckstein and Eylath, 1970). The dehydroe- 
piandrosterone accumulation in ovaries from mullets confined in fresh water 
(Eylath and Eckstein, 1969) has been explained by an inhibition of its con- 
version into androstenedione (Eckstein, 1975). 

d.  Estrogens. In vitro estrogen synthesis, mainly 17P-estradiol andlor 
estrone, has been found in most teleost species examined, except in 
Sarotherodon aureus during the breeding season (Eckstein, 1970), in sexu- 
ally regressed Ictaburus punctatus (Ungar et al., 1977), and in Mugil 
cephalus confined in Gesh water (Eckstein, 1975) (Table 11). More accu- 
rately, from in vitro studies of the two cellular components of the On- 
corhynchus rhodurus ovarian follicles, it appeared that thecal cells synthe- 
sized testosterone which is aromatized in granulosa cells (Kagawa et d. 
198213). Analyzing the complete sexual cycle of Salmo gairdneri, van Bohe- 
men and Lambert (1981) recorded the predominance of estrone compared to 
estradiol production during the exogenous vitellogenesis. However, con- 
trary to Sire and Depgche (1981), they did not find a significant aromatase 
activity at the beginning of the cycle. 

Ozon (1972a) reviewed literature on the isolation and the exploratory 
identification, according to the criteria defined by Sandor and Idler (1972), of 
estrogens (i.e,, estradiol and estrone) in fish ovaries from nine teleosts: 
Salmo irideus, Cyprinus carpio, Anguilla anguilla, Gadus callarias, Conger 
conger, Oncorhynchus nerka, lctalurus punctatus, Serranus scriba, and 
Protopterus annectens. Estrone and 17p-estradiol were also identified in 
Sarotherodon aureus ovaries (Katz et al., 1971). Other types of experiments 
have confirmed ovarian estrogen production. Using radioimmunoassay, 
Yaron and co-workers (1977) observed a drastic decrease in the level of 
plasma 17P-estradiol after ovariectomy in Sarotherodon aureus. Further- 
more, in vitro secretion of 17p-estradiol occurred from the isolated ovary 
(Bogomolnaya and Yaron, 1982). Comparable results were obtained in the 
rainbow trout (Figs. 2 and 3) (Zohar et al., 1982b). In this species, plasma 
17P-estradiol was no longer detected during vitellogenesis after ovariec- 
tomy, even when females were injected with gonadotropin (Fig. 4). Output 
of 17p-estradiol in vitro from ovarian follicles was also observed in 
Pleuronectes platessa (Yaron and Barton, 1980) and in Oncorhynchus rho- 
durus (Kagawa et al., 1982a; Young et al., 1982). 
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Fig. 2. In uitro 17p-estradiol output from a rainbow trout ovary undergoing endogenous and 
early exogenous vitellogenesis (March, GSI = 0.52). Ovarian fragments were cultured in an 
open perifusion system. The shape of the GTH pulse which was applied was determined 
according to previous in oiuo analysis (from Y. Zohar, unpublished). 

Fig. 3. In uitro 17f3-estradiol output from a rainbow trout ovary undergoing exogenous 
vitellogenesis (June, GSI = 1.S). Ovarian fragments were cultured in an open superfusion 
system. One chamber a, received three GtH pulses (0) at 4hr intervals corresponding to 
in duo frequency (Zohar et al., 1981), whereas the other m served as a control (fmm Zohar et 
d., 1982b). 
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B. The Testis 

1. ULTRASTRUCTURAL AND HISTOENZYMOCHEMICAL 
DATA 

Some interstitial cells are recognized as the main site of steroidogenesis 
in the testis according to either histoenzymochemical observations, as re- 
ported in Table 111, or ultrastructural descriptions in Salmo gairdneri (Oota 
and Yamamoto, 1966; Van Den Hurk et al., 1978a,b), in Oncorhynchus 
kisutch and Oncorhynchus gorbuscha (Nagahama et al., 1978), in Poecilia 
reticulata (Follenius and Porte, 1960), in Poecilia 2atipina (Van Den Hurk et 
al., 1974), in Oryzias latipes (Gresik et al., 1973; Satoh, 1974), in Gobius 

+24 +4a 
HOURS 

Fig. 4. Plasma GtH and 17P-estradiol in vitellogenic rainbow trout (August) after one 
intracardiac injection of either pure salmon gonadotropin (s-GtH), a crude pituitary extract in 
saline (PE), or saline (means of 5 females f SE). Fish were either intact (A and B) or had been 
ovariectomized (C) 6 months previously. The quantity of injected PE was chosen to contain the 
same quantity of GtH as that injected, i.e., 5 pg/kg body weight (A. Fostier, B. Breton, and R. 
Billard, unpublished). 
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jozo (Colombo and Burighel, 1974), in Spicara chryselis (Carrillo and Zanuy, 
1977), in Cichlasoma nigrofasciatum (Nicholls and Graham, 1972), and in 
Gasterosteus aculeatus (Follenius, 1968). In Anguilla japonica, Sugimoto 
and Takahashi (1979) observed the appearance of classical steroidogenic fea- 
tures in distinct interstitial cells after stimulation of the testis with human 
chorionic gonadotropin (HCG). In Oryzius latipes, Gresik and co-workers 
found neither 3P-HSD activity in these cells, in opposition to Takahashi and 
Iwasaki (1973b), nor smooth endoplasmic reticulum; however, they did find 
vesicular nuclei and rod-shaped mitochondria with tubular cristae (Gresik et 
al.,  1973; Gresik, 1975). Few histoenzymochemical studies of these cells 
have been conducted throughout the various stages of the sexual cycle. In 
Fundulus heteroclitus (Bara, 1969), the 3P-HSD activity is detectable from 
stage I1 (secondary spermatogonia and primary spermatocytes), and reaches 
a maximum at stage VI (spermiation), especially between the lobules con- 
taining spermatozoa. The 11P-HSD activity and a weak 17P-HSD activity 
are restricted to the latter period. In Cymatogaster aggregata (Wiebe, 
1969), the main 3P-HSD activity is found during the breeding season. In 
Salmo gairdneri (Van Den Hurk et al., 1978a,b), the maximal 3P-HSD 
reaction is also reported during full spermiation (Fig. 1B). At the end of this 
period, steroidogenic cells are seen in seminiferous tubules containing sec- 
ondary spermatogonia. Maximal activities have also been reported in the 
fully mature testis of Oncorhynchus nerka and Oncorhynchus m s o u  (Sufi et 
al., 1980). 

These steroidogenic interstitial cells may originate from the fibroblast- 
like connective tissue elements present in the interstitium (Nicholls and 
Graham, 1972). They occur either individually or in small clusters (Bara, 
1969, 1972; Funk and Donaldson, 1972; Takahashi and Iwasaki, 1973a,b; 
Carrillo and Zanuy, 1977; Nagahama et al., 1978), and are sometimes in 
close association with blood capillaries (Follenius and Porte, 1960; Delrio et 
a l . ,  1965; Nicholls and Graham, 1972). In the genus Gobius, these cells form 
a glandular mass distinct from the seminiferous tissue (Stanley et al., 1965; 
Moiseyeva and Ponomareva, 1973; Belsare, 1973; Colombo and Burighel, 
1974; Bonnin, 1975). They may also be located between efferent ducts (Bara, 
1969; Gresik et al . ,  1973; Schreibman et al . ,  1982a). 

Another type of steroidogenic cell has been described (Fig. 5).  Original- 
ly, Marshall and Lofts (1956) found that cells localized within the lobule 
possessed round sudanophilic lipid droplets, although these presumed char- 
acteristics of steroidogenesis were absent in interlobular space. They called 
these cells “lobule boundary cells”, but Grier (1981) argues that the term is 
uncorrect because the true teleost boundary cells reside outside the tubule 
basement membrane. Furthermore, classical steroidogenic ultrastructural 
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Table III 

Histoenzymochemical Studies of the Testis 

Localization 

Species lntralobular Interstitial References 

Salmoniformes 
Salmo gairdneri 

Salmo solar 
Oncorhynchus gorbuscha 
Oncorhynchus kisutch 

Oncorhynchus keta 
Oncorhynchus masou 

Anoptichthys jordani 
Barbus schuberti 
Barbus tetrazoni 
Brachydunio rerio 
Tinca tinca 
Carassius auratus 

Cypriniformes 

Siluriformes 

Gadiformes 

Atheriniformes 

Clarias batrachus 

Zoarces uiuiparus 

Belone belone 
Dermogenys pusillus 
Fundulus heteroclitus 

Poecilia reticulata 

Poecilia latipinna 
Xiphophorus helleri 
Xiphophorus maculatus 

Orytias latipes 

Gasterosteiformes 

Perciformes 
Gasterosteus aculeatus 

Cichlasoma biocellatum 

+ ++" 
- + 
+ 
+ 

- 
- 

+ ++ 
+ ++ 

+ ++ 
+ - 

- + 

+ - 

+ - 

Van Den Hurk et al. 

O'Halloran and Idler (1970) 
Funk and Donaldson (1972) 
Chestnut (1970), cited in 

Funk and Donaldson 
(1972) 

(1978a,b) 

Sufi et at. (1980) 
Sufi et al. (1980) 

Van Den Hurk (1973) 
Van Den Hurk (1973) 
Van Den Hurk (1973) 
Van Den Hurk (1973) 
Delrio et al. (1965) 
Yamazaki and Donaldson 

(1969) 

Satyanarayana ef al. (1979) 

Van Den Hurk (1973) 

DeIrio et al. (1965) 
Van Den Hurk (1973) 
Pickford et al. (1972) 
Bara (1969) 
Van Den Hurk (1973) 
Takahashi and Iwasaki 

Van Den Hurk (1973) 
Van Den Hurk (1973) 
Van Den Hurk (1973) 
Schreibman et al. (1982a) 
Takahashi and Iwasaki 

(1973a) 

(1973b) 

Delrio et al. (1965) 

Van Den Hurk (1973) 

(continued) 
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Localization 

Species 1ntralol)ular Interstitial References 

Sarotherodon 

Coris julis 
Blennius pavo 
Blennius tentacularis 
Blennius sanguinolentus 
Blennius ocellatus 
Gobius paganellus 
Cymutogaster aggregata 

Solea solea 
Pseudo pleuronectes 

americanus 
Microstomus kitt 

Monopterus albus 

mossambicus 

Pleuronectiformes 

Symbranchiformes 

+ 
+ 

+ 

++ 
- 

+ 

Yaron (1966) 
Delrio et al. (1965) 
Chieffi and Botte (1964) 
Chieffi and Botte (1964) 
Chieffi and Botte (1964) 
Chieffi and Botte (1964) 
Stanley et al. (1965) 
Wiebe (1968, 1969) 

Delrio et a!. (1965) 

Bara (1972) 
Simpson et al. (1969) 

Tang et a/ .  (1974b, 1975) 
~ ~ ~ ~ ~~~ ~~~ 

“The symbol + + indicates dominating activity. 

features were later observed in interstitial cells of pike, Esox Zucius (Billard 
et al., 1971; Grier and Linton, 1977), one of the species studied by Marshall 
and Lofts, in spite of the absence of lipids in these cells (Grier, 1981). 
However, from histoenzymochemical observations, steroidogenic activities 

Fig. 5. Schematic representation of a cross section of a testicular lobule showing steroid 
synthesizing cells (from Billard et al., 1982). 
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have been described in intralobular cells, either alone in the Salmo salar 
testis (O’Halloran and Idler, 1970) or with the activity of interstitial cells in 
other species (see Table 111). It is of interest to note that in all these cases, 
and even when the studies have been performed throughout the whole of 
the sexual cycle (Wiebe, 1968; Bara, 1969; Van Den Hurk et al . ,  1978a,b), 
the intralobular steroidogenic activity is found when spermatozoa are pre- 
sent in the testis. Otherwise, the intralobular cells also possess ultrastruc- 
tural features comparable to the mammalian Sertoli cells (Billard et al., 1972; 
Gresik, 1975; Nagahama et al., 1978; Grier and Linton, 1977), but even if 
they are homologous it may be better to reserve the term “Sertoli cell” for a 
very specific mammalian type of cell and to use the term “cyst cell” for 
teleosts (Roosen-Runge, 1977; Billard et al., 1982). 

Finally, a third site of steroidogenesis has been found in the epithelial 
cells of the efferent duct, which may reveal a 3a-HSD activity in Fundulus 
heteroclitus (Bara, 1969), Xiphophorus helleri, Xiphophorus muculatus, 
Dermogenys pus i lh ,  and Poecilia reticulata (Van Den Hurk, 19731, in 
Poecilia latipina (Van Den Hurk, 1974), and in Salmo gairdneri (Van Den 
Hurk et al., 1978a). 

2. BIOCHEMICAL DATA 

a. Androgens. Testosterone has been isolated and identified from testes 
of Salmo irideus, C yprinus carpio (Galzigna, 1961), Tilapin leucosticta 
(Hyder and Kirschner, 1969), and Gasterosteus aculeatus (Got,, ied and Van 
Mullen, 1967). In the latter species, androstenedione and dehydroe- 
piandrosterone were also found. Ozon (1972b) has reviewed the various 
criteria used for these identifications. Concerning the metabolic pathways, 
the isolation of 17a-hydroxypregnenolone and/or dehydroepiandrosterone, 
on the one hand, and the isolation of 17a-hydroxyprogesterone andlor an- 
drostenedione, on the other hand, indicate that both A-S and A-4 pathways 
exist in fish testes. 

Otherwise, attention has been focused on 11-oxygenated androgens be- 
cause ll-ketotestosterone, which was found to be a potent androgen (Idler et 
al., 1961a,c; Arai, 1967; Yamazaki and Donaldson, 1969; Hishida and Ka- 
wamoto, 1970; Takahashi, 1975; de Ruiter, 1981; Nakamura, 1981), was first 
identified in the peripheral plasma of the salmon, Oncorhynchus nerka 
(Idler et al., 1960b), then in the testicular blood of Salmo salar (Idler et al. ,  
1971). Generally, when investigated, the synthesis of ll-oxygenated an- 
drogens (i.e., 11-hydroxytestosterone or 11-ketotestosterone and Il-hy- 
droxyandrostenedione) has been found in teleost testes (see Table IV). How- 
ever, Ilp-hydroxyandrostenedione, but not 11-hydroxytestosterone or 11- 
ketotestosterone, was found in testis incubates of Jenynsia lineata (Tesone 



Table IV 
Steroid Biosynthesis in Vitro in the Testis 

Species Sexual stages Precursors Corticosteroids Progestins Androgens Estrogens Methodsa References 

Anguilliformes 
Anguillo anguilla Silver stage Progesterone 

Androstenedione 

Progesterone 

w 0 P 

Silver stage Progesterone 
immature 

Androstenedione 
"Well developed Progesterone 

testis" 

Andmstenedione 

17a-Hvdrolyprogester- Androstenedione 
one Up-Hydroxyandros- 

tenedione 
Adrcnosterone 
Up-Hydroxyandros- 

tenedione 
Adrenosterone 
Testosterone 
Testosterone 
Androstenedione 
llp-Hydrxytestoster- 

11-Ketotestostemne 
Glu. derivative& 

5pAndrosb-17p-01-5 

5p-Androstan-3a, 11p- 

one 

one 

diol-17-one 

tenedione 
116-Hydroxyandms- 

id. 
id. + 
50-Androstan-3, 17- 

Adrenosterone 
llp-Hydmxytestoster- 

id. 

&one 

one 

Colombo and Pea- 
vento, mentioned 
in Colombo et al. 
(197%) 

Colombo and Pesa- 
vento, mentioned 
in Colombo ef al. 
(197%) 

LeloupHatey et al. PC. Der p- 

with or without St; 
glucuronidase (1982) 

 in. (t = 2 hr, e = 
22°C) 

CC. TLC, Der GIc, 
Cry CSA Cof. 

Min. (t = 2 hr, 0 = 
25°C) 

E k t e i n  ef d. (1982) 

St. CC, TLC, Der 
Glc, Cry CSA Cof. 

25W 

Eckein et al. (1982) 

 in. (t = zhr, e = 

CC, TLC, Der Clc, 
Cry CSA Cof. 

Min. (t = 2 hr, e = 

Eckstein et ol. (1952) 

2 5 q  St 



La 
0 ul 

Salmonibnnes 
S a l m  gairdneri 

Immature Pregnenolone 

Testosterone 

Dehydmepiandros- 
temne 

Beginning of Pregnenolone 
spenniation 

Beginning of Progesterone 

Breeding season Progesterone 
spenniation 

Various stages of Progesterone 
the sexual cycle 

17a-Hydroxypregneoo hndmstenedione 

Progesterone tenedone 
l'la-hydroryprogester- 

lone 1 lp-Hydroxyandros- 

one 
Testostemne 
llp-H ydroryandros- 

tenedione 
Androstenedione 

17a-Hydroxy-20p- llp-Hydroxytestoster- 
dihydroprogestemne one 

11-Ketotestorterone 
Testosterone-Gln 

TLC, Der, Cry CSA 
cof. (1982b) 
Homo. (t = 3 hr) 

Van Den Hurk et al. 

TLC. Der, Cry CSA 
Cof. 
Homo. (t = 3 br) 
TLC, Der, Cty CSA 
cof. 
Homo. (t = 3 hr) 
PC, TLC, Der, Cry 

Min. (t = 3 br, 
8 - P'C) 

gglucuronidase 
acid hydrolysis 

C3HIW 

TLC, Der, Cry CSA 
Cot Homo. 
(t = 30 min; 0 = 

16'C) 
TLC, Der 
Min (t = 3 hr, 8 = 

14°C) 

Van Den Hurk d al. 
l1982b) 

Hews and Kime 
(1WW 

Kime (1979b) 

Hews and Kime 

Arai and Tamaok 
(1978) 

(1967a.b) 

Testosterone 
Testosterone-Glu 

17a-Hydrorypmgester- Androstenedione 

17m-Hydroxy-ZOpdihy- 

W5P-Pregnanedione Androstenedione 
17a-Hydroxypmgester- 110-Hydmxyandms- 

one tenedione 
17a-Hydroxy-20p-dihy- Testostemne 

dropmgesterone Up-Hydroxytestoster- 

one Testosterone 

dropmgesterone 

one 
Adrenosterone 
11-Ketotestosterone 

I7a-Hydroxypro- Cortisol 17a-Hydroxy-20@-&- id, TLC. Der DepChe aod Sue 
gestemne hydroprogesterone Min (t = 3 br, 0, = (IWZ) 

14°C) 
Breeding season Androstenedione Testostemne TLC, Der, Cry CSA Arai and Tamaoki 

lla-Hydroxytestoster- Cof.; Homo. (t = 30 (1967qh) 
one min, e = I6C)  

(continued) 
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Species Sexual stages Precursors Corticosteroids Progestins Androgens Estrogens Methodsa References 

Breeding season Androstenedione 

Begi~wing of Adrenosterone 
spermiation 

Beginning of Testosterone 
Spermiation 

Breeding season Testosterone 

Breeding seasoo 11-Deoxywrtiws- Cortiwsterone 
krone 11-Deoxywrtisol 

Breeding season 11-Deoxywrtisol Cortisol 
Cortisone 

Salnw solor Spermiation [WjTertosterone 
and [%]Ad- 
renosterone 

l'4CIAndrostene- 
dione and 
[3HlDehydmepi. 
androsterone 

Salvelinus Beginning of sper- Regnenolone 
fontinolia miation and 

11-Ketotestosterone 
Testosterone 

11-Ketotestosterone 
11-Ketotestoster- 

one-Glu 

ll$-Hydroxytestoster- 

11-Ketotestosterone 
Testosterone- Glu 
IlgHydroxytestoster- 

Androstenedione 

one 

one 

[W]llp-Hydroxytes- 

[3H]ll-Ketotestoster- 

Testosterone 
IlgHydroxyandros- 

teoedione 
ll$-Hydmxytestoster- 

one 
11-Ketotestosterone 
5-Androstenediol 
ll$-Hydroxytestoster- 

tosterone 

one 

one 

TLC, Der. Cry CSA Suznki and Tamaoki 
cof. cellular fractions (1972) 

TLC, PC. Der Kime (1979b) 
Cry CSA; Min. 
( t = 3 h r , e =  

1-3TC) 
TLC, PC, Der Kime (1979b) 
Cry CSA Min. 
(t = 3hr,  e = 

1-3TC) 
TLC, Der, Cry, CSA Suznki and Tamaoki 
Cot cellular badions (1972) 

TLC, Der. Cry, CSA Suzuki and Tamaoki 
Cot cellular fractions (1972) 

(t = 1 hr, e = 1 6 ~ )  

(t = 1 hr, e = wc) 

TLC, Der, Cry 

Cof. Min. (t = 5 hr, 8 

TLC, Der, Cry 

Idler and Macnab 
C3HIW (1967) 

= 2WC) 
Idler et d. (1968) 

C3HI"C 
c o t  (t = 1 hr) 

TLC, Der, Cry Sangdang and O'Hd- 
C3H1'4C loran (1973) 



spenniation 

Eaox luciw Breeding senson Pregnenolone 

Breeding season Pregnenolone 

Breeding season Progesterone 

Breeding senson Testosterone 

Breeding season Dehydroepiandros- 
terone 

Breeding season 5-Aodrostenediol 

Breeding season Aodmstenedione 
Cyprinifonnes 

Carasits Breeding season Pregnenolone 
auratus 

11-Ketotestostemne 
Testosterone 

Progesterone Dehydroepiandnxter- 
one 

Testosterone 
llp-Hydroxytestoster- 

11-Ketotestosterone 
one 

17a-Hydroxyprogester- Testosterone 

llp-Hydroxyprogester- one 
one llg-Hydroxytestoster- 

one 11-Ketotestosterooe 

ll$-Hydroxytestoster- 

11-Ketotestosterone 
one 

Testosterone 
BAndrostenediol 

Dehydroepiandmster- 

Testosterone 

Testosterone 

(Pregnenolone-Glu) Testosterone 

CPregnen-l7a, ZOZ- Testosterone-Glu 
diol-3-11-dione 11-Ketotestoster- 

one 

11-Ketotestostemne 

one-Glu 

Cof., Min. (t = 4.5 

GLC, Der. Cot 
Acetonic powder (1970) 
TLC, Der, PC 

(1978) Cry CSA or 
Cry C3HPC 
Min. (t = 3 hr, 0 = 

hr, e = 8 - 1 0 ~ )  
Lupo di Prism et d. 

Kime and Hews 

WC) 
'TLC, Der, PC 

Cry CaH/"C 
Min. (t = 3 hr, 0 = 

TLC. Der, PC 
Cry CSA or 

Kime and Hews 
Cry CSA or (1978) 

WC) 
Kime and Hews 

(1978) 
cry c3w14c 

 in. ( t  = 3 hr, e = 
ZWC) 

GLC, Der 
Cof. Acetonic powder (1970) 
(t = 0.5-3 hr, e = 

3TC) 
GLC, Der 
Cot Acetonic powder (1970) 

L u p  di Prism et al. 

L n p  di Prism et al. 

(t = 0.5-3 hr, e = 
3PCl 

F'C, TLC, Der Kime (198Oh) 

Cry CSA, Cry 
C W P C  

Min. (t = 3 hr, 0 = 
1-460C) 

(continued) 
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Species Sexual stages Precursors Corticosteroids Progestins Androgens Estrogens Methods0 References 

Breeding season Adrenosterone 

Breeding season Testosterone 

Tnbolodon Anadmmous Progesterone 
hakonenris spawning migra- 

tion 

0 
Atheriniformes 

Jenynsia lineata Immature Pregnenolone 

Immature 

Poecilia latipinna 

Progesterone 

Andmstenedione 

11-Ketntestosterone 
11-Ketotestoster- 

one-Glu 

Testosterone-Clu 
11-Ketotestosterooe 
11-Ketotestoster- 

Andmstenedione 
17a-Hydroxyprogester- Androstenedione 

one-Glu 

one 

11-Deoxymrtisol 17a-Hydroxypregnen~ Androstenedione 
lone l lg-H ydroxyandms- 

Progesterone tenedione 

17a-Hydroxyprogester- Testosterone 
one 

11-Deoxymrtisol 5a-Pregnanediooe lle-Hydroxyandms- 
ten e d i o n e 

11-Deoxymrtimster- 17a-Hydroniprogester- Testosterone 

Testosterone 
Androsterone 
1 la-Hydrorytestoster- 

one 
110-Hydroxyandros- 

tenedione 
11-Ketotestostemne 
Adrenosterone 

"ne one Andmstenedione 

Kime (198Oh) PC. TLC, Der 
Cry CSA, Cry 

C3H/W 
Min (t = 3 hr, @ = 

PC. TLC, Der kime (1980b) 
Cry CSA, Cry 

C3W'Ic 
Min (t = 3 hr, @ = 

1-460C) 
PC, Der, Cry CSA 
Cof 
Mm (t = 20 hr, 6 = 

1-46T) 

A m  et al (1964) 

18T) 

TLC, PC. Der, 

Mm (t = 4 hr, 8 = 

Tesone and Charreau 
Cry CSA (1980) 

20°C) 

TLC. PC, Der, 

Min. (t = 4 br, fi = 

Tesone and Charreau 

Cry CSA (1980) 

eo'c, 

TLC, Cry CSA 
Cry C3H/'4C Lambert (1977) 
Homo. (1 = 3 hr, 0 = 

Van Den Hurk and 

26°C) 



Perciformes 

labrax 
Dicentrarchus Spenniahon Pregnenolone 21-Deoxymrtisol 

floccus saxatilis Spenniation Progesterone 21-Deoxyortisol 

Serranus cab& Progesterone 

w 
0 
W 

Testosterone 

Progesterone Androstenedione 
17a-Hydroxypmgerter- Testosterone 

11-Ketoprogesterone tenedione 
one 1 l(3-Hydroxyandror- 

1 Ig-Hydroxytestoster- 

11-Ketotestosterone 
Adrenosterone 

Testosterone 
1 la-Hydroxyandros- 

tenedione 

one 

17a-Hydroxyprogester- Androstenedione 
one 

Ea-Pregnanedione 
5g-Pregnanedione 
Sg-Pregnan-%x, ZOU- 

Ea-Pregnan-3$-oI-Z& 

~-Pregnan-3a-ol-20- 

5$-Pregnan-l7a-01-3, 

l l g ,  17a-Dihydroxypm- 

llg-Hydroxyprogester- 

17a-H ydroxyprogester- 

diol 

one 

one 

20-&one 

gesterone 

one 

one 
5a-Androstan-3p. 17g- 

5a-Androstan-3, 17- 

Ea-Androstan-17g-01-3 

llp-Hydroxytestoster- 

Androstenedione 

diol 

&one 

one 

one 

TLC, Der, Colombo et d. 
Cry C3H/I'C (19784 
Intact ( t  = 6 hr, 0 3 

16'C) 

TLC, Der, Cry 

Cry CSA 
Min. (t = 7 min-6 

hr, e = 15%) 
PC, TLC, Der, Cry 

CSA 

Colombo and Colom- 
C3H/'4C bo Belv&re (1977) 

Reinboth (1979) 

PC, CSA TLC, Der, Cry Reinboth (1979) 

(continued) 
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Species Sexual stages Precursors Corticosteroids Progestins Androgens Estrogens Methods0 References 

Il&Hydmxymdms- 

11-Kctotestosterone 
tenedinne 

Prngestemne Testosterone 
17a-Hydmxypmgeskr- Andmstenedione 

one 

SparusouFolo Mature Pregnenolone 

Beginning of the Andmstenedione 
breeding season 

Perm fluu*l& Breeding season Pregnenolone or 
Progesterone 

Testosterone w 
Er 

Pogdlm mrne  Breeding season Tertostemne 

hdrnstenedinne 

Testosterone 
Ilp-Hydroxytestoster- 

11-Ketotestosterone 
one 

- - 

Il&Hydroxytestoster- 
on0 

11-Ketotestosterone 
w-Andmstan3cr-17f3- 

~-An&stan-3&17& 

5$-Andmstan-3a-nl-17- 

IlgHydroxytestoster- 

ll~-Hydmryandmn- 

Andmstenedione 
5~-Androstnn3, 17- 

Sp-Androstan-3, 17- 

11-Ketotestnsterone 
S&AndroaPn-3U-d-17- 

diol 

di0l 

one 

one 

tendone 

&one 

dione 

one 

TLC, Der, Colombo d ol. 
Cry CSA WW, (197%) 

( t = S m i n - Z h r , B =  

TLC, Per, GLC 

min, 8 = WC) 

cof. 

15T) 
E b i n  et al. (1978) 

St.; MC. (t = 1&80 

TLC, Per, PC, 
Cry CSA or Cry (1978) 

Min. (i = 3hr. B = Kime mdHews 

PC, TLC, Der Reinboth (1974, 

Kime and Hews 

WC) (1978) 

Cry CSA 1% l r n , l Q W  
Lpk (IeSl) 

PC, TLC. Der 
Cry CSA Reinboth 197%. 1979. (1974, 1982) 



Mugil cephalus Spermiation Pregnenolone 

Progesterone 

Progesterone Spicam maena 

coris Julia 

Testosterone 

Progesterone 

Testosterone 

5p-Andmstan-178-01-3- 
one 

110-Hydroxytestoster- 
one 

ll$-Hydmxyandros- 
tenedione 

Testosterone 
Progesterone Dehydroepiandroster- 
17a-Hydmxyprogester- one 

one hdmstenedione 
Testosterone 

17a-Hydroxypmgester- Testosterone 
one Anhstenedione 

58-Pregnao-3a-01-20. 

5$-Pregnan-17a-o13, 

17a-Hydroxyprogester- 

one 

UMione 

one 
Sp-Andmstan-3~~ 178- 

118-Hydmxytestoster- 

hdrostenedione 

one hdrostenedione 

diol 

one 

5g-Pregnan-3a-01-20- Testosterone 

5g-Pregnan-38-01-20. 

58-Pregnan-17a-013, 

17a-Hydmxyprogester- 

11s-H ydrnxyprogester- 

one 

W o n e  

one 

one 
5p-Androstan-3a, 178- 

dial 

Lab (1981) 

Eckstein and Eylath - CC, PC, Der. 
Cry CSA (1968) 

(t = pe hr, e = wc) 

Cry CSA (1968) 

Cot Homo. 

CC, PC, Der, 

Cof. Homo. 
(t = 22 hr, e = 22°C) 
PC, TLC, Der Reinboth (1979) 
Cry CSA 

Eckstein and Eylath 

PC, TLC, Der Reinboth (1979) 
Cry CSA 

PC. TLC, Der Reinboth (1975 
Cry C I A  1979) 

(continued) 
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Species Sexual stages Precursors Corticosteroids Progestins Androgens Estrogens Methodsn References 

' Gobius jow Breeding season Progesterone 

Pregnenolone 

Gobius Breeding season Pregnenolone 
puganellus 

5f3-Androstan-17f3-ol5 

llf3-Hydroxytestoster- 
one 

one 
17a-Hydroqprogester- Androstenedione 

one Testosterone 

tenedione 
llf3-Hydrqandms- 

5@-Androstenedione 
~-Androstan30-01-17- 

5$-Androstan30-01-17- 
one 

one-Glu 
Progesterone id. 
17a-Hydroxypmgneno- Dehydroepiandroster- 

17aa-Hy&~mgerter -  

Pregnenolone-Clu 
Progesterone Andmstenedione 
17.-Hydroxyprogester- Testosterone 

17a-Hydroqpregneno- one 

lone one 

one 

one Dehydmepiandroster- 

lone Glu, Sulc 

TLC, Cry CSA. 
Cry C3HIW 
cof 
Min. ( t  = 7 min-6 
hr, e = 15'CC) 

TLC. Cry CSA, 
Cry C3H/'4C 
cof. 
Min. (t = 7 min-6 

hr, 0 = 15°C) 

Colombo ei d. (1977) 

Colombo ei d. (1977) 

TLC, Der, Cry CSA Colombo ef d. (1970) 
 in. (t = 0.5-4 hr. e 

= s c )  



Cillichthys Breeding season Progesterone 21-Deoxycortisol 17a-Hydroxyprogester- llp-Hydroayandros- 
mirabilis one tenedione 

(llp-Hydroxypmges- Andmstenedione 
terone) Testosterone 

Pleuronectiformes 
Microstow ti# Mahm Progesterone 

Androstenedione or 
Testosterone 

17a-Hydroxyprogester- Androstenedione 
one Testosterone 

(3p-HydroxySp-re- 
d u d  mmpuuds) 

TLC, Der, Cry 

Cry CSA 
Min. (t = 7 mm-6 

Colombo and Colom- 
C3HI"C bo Belv6di?re (1977) 

hr, e = i ~ c )  

FC, TLC, Der 
Cot; Homo. 

Simpson ef al. (1969) 

IlgHydroxyandros- 
tenedione 

Adreoosterone 
Ilp-Hydroxytestoster- 

11-Ketotestostemne FC, TLC, Der 
one 

Cof.; Homo Simpson et al. (1969) 
S ymbranchiformes 

2 Monoptenrs Begmaiog of the F'regnenolone Progesterone Androstenedione 17f3-Estradiol TIC, Der, Cry CSA; Chan and Phillips 
albua breeding season I7a-Hydroxyprngester- Testosterone Entmne  in (t = 4 hr. e = (1969) w 

one 27-30°C) 

nAbbreviations for the methods are as follows: FC, paper chromatography; CC, column chromatography; TLC, thin-layer chromatography. Der, derivatives formation; GLC, Gas-liquid chromatogmphy; 
Cry CSA, crystallization to constant speci6c activity; Cry C3Hl'rC. crystallization to mnstant isotope ratio; Cot, addition of mfactors in the incubation medium; St., stimulation with gonadotropin; Homo.. 
tissue homogenate; Min., minced tissue; t, incubatinn time; 8, temperature, 

"Glucumnides. 
CSnlfates. 
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and Charreau, 1980), Gobius jozo (Colombo et al., 1977), Roccus saxatilis, 
and Gillichthus mirabilis (Colombo and Colombo Belvddkre, 1977). Fur- 
thermore, Idler and co-workers (1976) detected and identified llp-hy- 
droxytestosterone, but not ll-ketotestosterone, in the blood of males of four 
ambisexual species sampled at various stages of the sexual cycle: Diplodus 
sargus, Pagellus erythrinus, Pagellus acarne, and Serranus cabrilla. Howev- 
er, 11-ketotestosterone was recognized as a metabolite of testosterone in the 
two latter species (Reinboth, 1975a, 1979) and of androstenedione in Sparus 
auratu, another ambisexual fish (Eckstein et ul., 1978). 

Several hypotheses have been proposed for the metabolic pathway of the 
biosynthesis of 11-oxygenated androgens. From a double-isotopic tech- 
nique, using [ 14C]testosterone and [3H]adrenosterone simultaneously as 
precursors, Idler and Macnab (1967) concluded that, in Salmo salar testis, 
Up-hydroxytestosterone, mainly labeled with 14C, is produced via the Ilp- 
hydroxylation of testosterone, and that ll-ketotestosterone, mainly labeled 
with 3H, is produced via the 17s-reduction of adrenosterone. Therefore, 
when adrenosterone was incubated with testicular tissue, 86% was convert- 
ed to ll-ketotestosterone in 3 hr, and only 10% of llp-hydroxytestosterone 
was converted to ll-ketotestosterone in the same time (Idler et al., 1968). In 
Salmo gairdneri, Kime (1979b) obtained ll-ketotestosterone with both tes- 
tosterone and adrenosterone as precursors, but the latter was found to be 
more efficiently used. In fact, adrenosterone has been identified in On- 
corhynchus nerka plasma (Idler et al., 196lb). llp-Hydroxyandrostene- 
dione, a possible precursor for adrenosterone has been found in incubations 
of Atlantic salmon testes with androstenedione as precursor (Idler et al., 
1968). Finally, Ilp-hydroxyandrostenedione, adrenosterone, and ll-ket- 
otestosterone have been recognized in incubations of testes from Micro- 
stomus kitt (Simpson et al., 1969), from Foecilia latipina (Van Den Hurk and 
Lambert, 1977), and from Salmo gairdneri (DepGche and Sire, 1982). How- 
ever, Arai and Tamaoki (1967a,b) claimed that 11-ketotestosterone is pro- 
duced from androstenedione through testosterone and Ilp-hydroxytestos- 
terone because they have detected neither Ilp-hydroxyandrostenedione, 
nor adrenosterone in incubations of rainbow trout testis with labeled pro- 
gesterone. Working on subcellular fractions, Suzuki and Tamaoki (1972) 
confirmed that the llp-hydroxylation of androstenedione did not occur. In 
the same study, Suzuki and Tamaoki localized the Ilp-hydroxylase activity 
in the mitochondria1 fraction, and both the 17P-hydroxysteroid de- 
hydrogenase and 17a-hydroxylase activities in the microsomal fractions. An- 
other metabolic route, whereby a C-21 steroid is first Up-hydroxylated, has 
been proposed by Colombo and Colombo Belvedere (1977) from studies on 
Gillichthys mirabilis and Roccus saxatilis testes, namely, progesterone + 
17a-hydroxyprogesterone + 21-deoxycortisol -+ llp-hydroxyandrostene- 
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dione. The possibility that llp-hydroxylase in the testes metabolizes C-21 
steroids in Coris julis (Reinboth, 1975a), Dicentrarchus Zabrux (Colombo et 
al., 1978a), Esox lucius (Kime and Hews, 1978), and Salmo gairdneri (Suzuki 
and Tamaoki, 1972), and even, in this latter species, prefers ll-deoxycor- 
ticosterone or ll-deoxycortisol as substrate rather than testosterone, gives 
substance to this hypothesis. Finally, Idler and co-workers (1968) have sug- 
gested a fourth A-5-pathway, in Salmo salar testis, where dehydro- 
epiandrosterone is converted to lip-hydroxytestosterone via 5-an- 
drostenediol, and to 11-ketotestosterone via 5-androstenetriol. Such a 
pathway was also proposed for the synthesis of testosterone in Esox lucius 
testis (Lupo di Prisco et aZ., 1970). 

b. Conjugates. A special characteristic of the endocrine testis of the fish 
is the formation of conjugates; glucuronidation appears to dominate (Grajcer 
and Idler, 1963; Colombo et al., 1970; Idler et al., 1971; Colombo and 
Colombo BelvedBre, 1977; Hews and Kime, 1978; Bonnin, 1977; Kime and 
Hews, 1978; Kime, 1979b, 1980b). However, using different experimental 
conditions for in vitro incubations but comparable temperatures, Depcche 
and Sire (1982) found less glucuronidation in rainbow trout testis than Kime 
(1979b) found. Although the conjugation is generally considered as a deac- 
tivation mechanism, the recent finding of the possible role of conjugates as 
sexual attractant (Van Den Hurk et al., 1982a; Colombo et al., 1982b) raises, 
once more, the question of their biological activity. 

c.  5a- and 5P-Reductase. Activity of 5a- or 5P-reductase on pregnen or 
androsten cycles has been found in the testis of several teleosts (see Table 
IV). This metabolism has been compared to the state of puberty in the 
mammal (Azoury and Eckstein, 1980), but it is not clear if this is simply a 
regulating mechanism or if the reduced compounds have some specific bio- 
logical actions. 

d.  Progestins and Estrogens. The production of 17a-hydroxy-2OP-di- 
hydroprogesterone by the rainbow trout testis is more puzzling (Arai and 
Tamaoki, 1967a; Kime, 197913; Depeche and Sire, 1982). The hormone level 
in male rainbow trout plasma, sampled during spermiation, was too low for a 
definitive identification (< 9 ng/ml, Campbell et al., 1980), but, using RIA, 
Scott and Baynes (1982) found increasing plasma levels of the progestin with 
sperm production, and it has also been reported to reach high levels in 
sockeye salmon (Schmidt and Idler, 1962). A role has been hypothesized for 
17a-hydroxy-2OP-dihydroprogesterone in the process of androgen bio- 
synthesis (Kime, 1979b) or in the stimulation of mitoses of germ cells (De- 
pgche and Sire, 1982). Concerning estrogens, biosynthesis in vitro was only 
reported in the testes of an ambisexual species (Chan and Phillips, 1969). 
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When investigated in other species, the aromatization was never detected in 
testis (Eckstein and Eylath, 1968; Colombo et al., 1978a; Callard et al., 
1978a; Depbche and Sire, 1982). These results raise the question of the 
origin of the low estrogen level found in male plasma by the use of RIA (see 
Section IV,C). 

e. Spermatozoa. Activities of 17P-HSD resulting in conversion of 17p- 
estradiol into estrone, testosterone into androstenedione (Hathaway, 1965), 
and adrenosterone into 11-ketotestosterone (Idler and Macnab, 1967) have 
been associated with rainbow trout sperm. 

C. Peripheral Sources of Sex Steroids 

Glands other than the gonads may participate in the production of sexual 
steroids, either by synthesizing active steroids by themselves, or by secret- 
ing precursors used by the gonads, or by metabolizing some gonadal steroids 
into other active compounds. 

1. INTERRENAL 

Pregnenolone, 17a-hydroxypregnenolone, progesterone, 17a-hy- 
droxyprogesterone, and 1 lp-hydroxyprogesterone, which are among metab- 
olites of in uitro interrenal incubations (see Idler and Truscott, 1972), may be 
precursors of sexual hormone elaborated in the gonads, if they are released 
in plasma. Some of them are even active by themselves on oocyte maturation 
(see Chapter 3, Volume QB, this series). 

Cortisol is metabolized into precursors of androgens in the liver of some 
species and Kime (1978) has proposed the existence of an interrenal- 
liver-gonad axis for the synthesis of androgens. Furthermore, during in 
uitro incubations of rainbow trout interrenal tissue, 17a-hydroxyproges- 
terone is transformed into androstenedione, and androstenedione is trans- 
formed into testosterone or llp-hydroxyandrostenedione (Arai et al., 1969). 
In the Atlantic salmon, interrenal testosterone is metabolized into l lp -  
hydroxytestosterone, adrenosterone into 11-ketotestosterone (Idler and 
Macnab, 1967), and androstenedione or dehydroepiandrosterone into l lp -  
hydroxyandrostenedione (Idler et al., 1968). Therefore, the interrenal tissue 
could itself elaborate active androgens. 

2. CORPUSCLES OF STANNIUS 

A steroidogenic potentiality has been proposed for the corpuscles of 
Stannius (Idler and Truscott, 1972). Using chromatographic and fluorimetric 
methods, Cedard and Fontaine (1963) discovered the presence of androgens 
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and estrogens in extracts of corpuscles of Stannius from Atlantic salmon. This 
still must be confirmed by other methods. 

3. LIVER 

As indicated previously, livers from the brown trout, Salmo trutta, the 
pike, Esox lucius, and the perch, Perca fluuiatilis, are able to transform 
cortisol into cortisone, androstenedione, and 119-hydroxyandrostenedione, 
which could be further precursors for the synthesis of ll-dxygenated an- 
drogens in the testis (Kime, 1978). However, Truscott (1979) did not find 
such C-19 steroids in the bile of trout after in uiuo injection of labeled 
cortisol. Given the possibility that 17-hydroxy-C-2l-steroids contribute to 
the gonadal production of active androgens, Hansson and Gustafsson (198la) 
proposed that the increase in 17P-HSD activity, observed only in the male 
trout liver during the spawning season, could have a regulatory role in this 
production. However, these results have been drawn from the in uitro, 17- 
hydrogenation of a C-19 cycle (androstenedione), and no information on the 
possible production of 17-hydroxy-C-21 steroids in the liver is available. 

4. BRAIN 

The detection of aromatase activity in the fish brain (Callard et al.,  
1978a,b, 1981a; Lambert and van Bohemen, 1980; Lambert and van Oordt, 
1982) has raised the question of its contribution to the maintenance of es- 
trogen levels in the plasma, especially for species such as Myoxocephalus 
octadecimspinosus where gonadal aromatization appears negligible in com- 
parison to that of the brain (Callard et al., 1978a). However, in rainbow 
trout, 179-estradiol is not detectable in plasma after ovariectomy (Fig. 4). 
Because no 3P-HSD activity was found in the brain (Lambert and van Bohe- 
men, 198O), estrogen production in the brain is dependent on exogenous 
precursors). 

III. REGULATION OF STEROIDOGENESIS AND 
STEROID ACTMTY 

The nature, shape, and intensity of a hormonal signal, ready to be re- 
ceived by a target cell, is the result of an intricate series of positive and 
negative regulations. In the case of hormonal steroids in fish, only some 
aspects of this complex have been considered. Furthermore, at each step of 
this regulation consideration must be given to the modulatory role which 
could be played by external factors, such as temperature and photoperiod. 
Most of the studies are concerned with the genesis of steroids. Attention has 
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been focused particularly on the role of gonadotropin(s), but almost nothing 
is known about the possible direct action of other hypophysial hormones, or 
about short feedbacks of steroids. In other respects, few data are available on 
the changes in the gonadal receptivity to gonadotropin, in terms of steroido- 
genesis. When the gonad does not respond to the stimulation, further inves- 
tigations will be needed to understand what the limiting step is, i.e., 
whether it is attributable to either a lack of receptors for gonadotropin, or a 
lack of a specific activated enzyme involved in steroidogenesis, or a lack of 
precursor. 

Once a steroid is secreted, several mechanisms may inactivate it before it 
reaches its target. Little is known of catabolism of sexual steroids in teleosts. 
Most available data are concerned with the total radioactivity found in 
tissues after fish are fed labeled steroid. The biological significance of 
glucuronidation or sulfonation remains to be explored. Although the conju- 
gated steroids are usually considered to be inactive, recent studies attribute 
a pheromonal role to glucuronides (Van Den Hurk et al., 1982a; Colombo et 
at., 1982b). In other respects, the binding to plasma proteins may lead to a 
reversible inactivation (Martin, 1980), although, in mammals, it has been 
suggested that steroid secretion may be enhanced by the presence of serum 
steroid-binding proteins (Condon and Pate, 1981). Finally, the conversion of 
plasma steroids into biologically active metabolites can occur in some target 
tissues. 

A. Regulation of Steroidogenesis 

1. ROLE OF THE PITUITARY 

Following hypophysectomy, the inhibition of the development of sec- 
ondary sex characters, known to be induced with sexual steroids, has been 
an indicator of the presence of hypophysial factors active on steroidogenesis 
(Pickford and Atz, 1957). In fact, hypophysectomy of Fundulus heteroclitus 
reduced the size and the 3P-HSD activity of the interstitial cells in the testis 
(Pickford et ut., 1972). 

Various experimental methods have been used to study the role of hypo- 
physial hormones on steroidogenesis, but each of them has its limitations. 
One of the most serious criticisms is the use of mammalian hormone. 
Gonadotropin hormones are known to possess a zoological specificity (Fon- 
taine et d . ,  1972; Breton et d. ,  1973a; Bonna Gallo and Licht, 1981; Fon- 
taine-Bertrand et at., 1981), and the biological efficiency of mammalian hor- 
mone in fish is poor. There are some exceptions with HCG (Harvey and 
Hoar, 1980), although the difference between physiological and phar- 
macological actions is difficult to evaluate. A second criticism is related to the 
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treatment of nonsurgically hypophysectomized fish. In such experiments, 
because of the possibility of indirect actions via the pituitary, the receptivity 
of steroidogenic structures, rather than the nature of the active hormone, 
should be considered. The use of “chemical hypophysectomy” may be an 
alternative tool. Methallibure treatments are known to reduce the activity of 
the gonadotrophs (Hoar et al.,  1967), possibly blocking the synthesis of 
gonadotropin (Breton et al., 1973b), and they probably reduce the release of 
other pituitary hormones (Van Ree, 1976a). However, some doubts have 
been raised as to the total efficiency of methallibure because spermato- 
genesis in the guppy was not inhibited to the same extent as with chirurgical 
hypophysectomy (Billard et al., 1970). In Atlantic salmon parr, methallibure 
reduced but did not suppress plasma 1 l-ketotestosterone (Murphy, 1980). 
In vitro studies have important advantages and are now being developed. 
Nevertheless, various aspects of the methodology are still being discussed: 
the complexity of the incubation medium, the possible addition of precur- 
sors, and the choice between static or dynamic incubations. Therefore, nega- 
tive results can never be conclusive, because they may reflect a lack of a 
limiting factor. Finally, for both in v i m  and in vitro experiments, the meth- 
od of exogenous hormone administration must be carefully chosen, es- 
pecially considering the existence in vivo of physiological fluctuations of the 
hormonal concentrations during short time periods (Zohar et al., 1982a). 
Moreover, measurements of the actual gonadotropin levels induced by the 
various treatments have rarely been taken. 

a. Action of Crude Pituitary Extracts. A crude pituitary extract, in- 
jected at the end of the vitellogenic stage, stimulated in uivo the 3P-HSD 
activity in the ovary of the cadish, Clarius hzera (Van Den Hurk and Rich- 
ter, 1980). It raised plasma levels of 17p-estradiol in carp (Fostier et al . ,  
1979; Weil et al. ,  1980), or of 17a-hydroxy-20f3-dihydroprogesterone in rain- 
bow trout (Scott et al., 1982). A stimulation of estradiol secretion was also 
shown during vitellogenesis in brown trout, S a l m  trutta (Crim and Idler, 
19781, and in adult (Fig. 4; Billard et al., 1978) and immature rainbow trout 
(Idler and Campbell, 1980). In uitro studies confirmed these results. The 
output of 17P-estradiol from the ovarian fragments of plaice, Pleuronectes 
phtessa, (Yaron and Barton, 1980) or of Sarotherodon aureus (Bogomolnaya 
and Yaron, 1982), and the output of testosterone from the testicular frag- 
ments of plaice (Duggan and Bolton, 1982) were stimulated in uitro by 
homologous pituitary extracts. However, in the experiment by Duggan and 
Bolton, ll-ketotestosterone production by the spermiating testis tissue is 
reduced. Furthermore, in culture of testicular interstitial tissue from Gobius 
niger, pituitary explants increased the production of conjugates more than 
the production of free testosterone (Bonnin, 1977). All these data suggest an 
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influence of the whole pituitary which includes not only gonadotropin, but 
also other factors. 

b. Effects of Methallibure Treatments. The administration of meth- 
allibure for 2-6 weeks, decreased the 3P-HSD activity in the testis of 
Cymutogaster aggregata (Wiebe, 1968, 1969) and Poecilia latipinna (Van 
Den Hurk and Testerink, 1975), in the ovary of Brachydanio rerio (Van Ree, 
1976b), and in both sex gonads of Cyprinus carpio (Kapur and Toor, 1978). A 
14-week treatment with 250 ppm methallibure in the diet lowered plasma 
ll-ketotestosterone levels in the male parr of Atlantic salmon (10.1 ng/ml to 
3.5 ng/ml) (Murphy, 1980). Therefore, methallibure, possibly by decreasing 
the plasma gonadotropin levels, reduced steroidogenic activities. 

c. Action of Mammalian Gonadotropins. Prolonged treatment with 
HCG stimulated the steroidogenic function of the testicular interstitial cells 
of the silver Japanese eel, Anguilla japonica, according to ultrastructural 
features (Sugimoto and Takahashi, 1979), and stimulated the androgen me- 
tabolism in the testis of the silver European eel, Anguilkz anguilkz (Eckstein 
et al . ,  1982). Human chorionic gonadotropin enhanced the 3P-, 16P-, and 
17P-HSD activities in the ovaries of Mugil capito (Blanc-Livni et al . ,  1969) 
and increased the level of plasma testosterone in the male Tilapia Zeucosticta 
in correlation with an enlargement of the interstitial cells (Hyder et al . ,  
1970). After administering a single injection of HCG in vivo (400 IU/kg by 
weight), Eckstein and co-workers (1978) analyzed in vitro the metabolism of 
[3H]androstenedione in the Sparus aurata gonads. The treatment increased 
the production of 11-ketotestosterone in both sexes, and, in the case of the 
ovary, only the production of 11P-hydroxytestosterone and testosterone in- 
creased; testosterone biosynthesis is inhibited in the testis. Eckstein and co- 
workers discussed these facts in relation to the sex reversal which occurs in 
this species. However, Yaron and Barton (1980) did not detect any in vitro 
effect of HCG (25 IU/ml) on 17p-estradiol output from ovarian fragments of 
Pleuronectes platessa. 

Ovine luteinizing hormone (oLH) stimulated the 3P-HSD activity in the 
ovary of the intact Monopterus albus (Tang et al.,  1974a), and the 17P-HSD 
activity in the ovary of Anabas testudineus (Bhattacharya et al . ,  1983). A 
single oLI4 injection (200 pg/fish 80-1OOg) applied to mature Heterop- 
neustes fossilis induced a drastic rise in the level of the plasma testosterone 
(Truscott et al., 1978). Although there were possible indirect actions in the 
case of nonhypophysectomized fish (Van Ree, 1976a,b), oLH, even at a low 
dose (0.02 pg/g by weight, 3 times per week for 8 weeks), restored the 3p- 
HSD activity in the interstitial cells of hypophysectomized male Fundulus 
heteroclitus (Pickford et al . ,  1972). Injected simultaneously with meth- 
allibure treatment, oLH prevented the decrease of the 3a- and 3P-HSD 
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activities of the Brachydunio rerio ovaries (Van Ree, 1976b). In uitro, the 
mammalian hormone stimulated the 3P-HSD activity in the testis of C y m -  
togaster aggregatu (Wiebe, 1969), and increased the 17p-estradiol output 
from Sarotherodon ovaries (Bogomolnaya and Yaron, 1982), or, to a lesser 
extent, the androgen output from carp ovaries (Huang and Chang, 1980). 
Ovine follicle stimulating hormone (FSH) had a weaker activity in both 
assays. In their comparative study of the gonadotropin specificity in the in 
uitro stimulation of testosterone secretion by fish testis, Bonna-Gallo and 
Licht (1981) were unable to draw phylogenic conclusions, and they con- 
cluded that there is a high degree of interspecific variability in response to 
FSH and LH. 

d .  Action of Fish Gonadotropin(s). Steroid production in fish has never 
been used as a bioassay during purification of fish gonadotropin (Burzawa- 
Gerard, 1981), but it is apparent that some of the bioassays involve such a 
step. Direct observations, a posterieuri, of the steroidogenic response to a 
glycoprotein gonadotropin stimulation were positive (Ng and Idler, 1980; 
Idler and Campbell, 1980; Huang and Chang, 1980; Fostier, et al., l98la; 
Bogomolnaya and Yaron, 1982). Cyclic adenosine 5’-monophosphate (CAMP) 
is probably a mediator of this action (Fontaine et al., 1972; Huang and 
Chang, 1980; Bogomohaya and Yaron, 1982; Chang and Huang, 1982). 
Prostaglandins can also stimulate the in uitro production of androgens by the 
carp testis (Chang and Huang, 1982). 

According to Idler and co-workers, two types of gonadotropins are pre- 
sent in fish: a vitellogenic hormone [unadsorbed on Concanavalin A (Con 
A)-Sepharose] and a glycoprotein maturational hormone (adsorbed on Con 
A) (see Chapter 5, this volume). From studies using both hormones, and 
inhibition attempts with antisera raised against each of them, Idler and co- 
workers arrived at the conclusion that steroidogenic activity was restricted to 
the maturational gonadotropin (Con AII, GtH) (Ng and Idler, 1980). Some 
earlier contradictory results (Idler and Ng, 1979), mainly related to the effect 
of carp gonadotropins in the hypophysectomized male winter flounder, were 
attributed to a light contamination of the vitellogenic hormone with the 
maturational hormone or to a nonzoological specificity of action. 

Long treatments in uiuo with a piscine glycoprotein gonadotropin at an 
immature stage, stimulated testicular development and steroidogenesis: the 
salmon SG-G100, which may be contaminated with nonglycoproteins 
(Pierce et al., 1976), enhanced 3P-HSD activity of interstitial cells of the 
testis in Oncorhynchus nerka (Funk and Donaldson, 1972); the carp gonado- 
tropin (c-GtH) in Anguilla anguilla (Leloup Hatey et al., 1983), and the 
salmon gonadotropin (s-GtH) in Salmo gairdneri (Magri et al., 1982) in- 
creased androgen secretion; finally, in the hypophysectomized Carassius 
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auratus, SG-G100 restored the 3P-HSD activity of the testis (Yamazaki and 
Donaldson, 1969). 

Quicker responses can occur after in uiuo injections, as suggested by the 
secretion of 17P-estradiol in the vitellogenic rainbow trout (Billard et al., 
1978), or the secretion of androgens in the immature trout, male and female, 
or in the hypophysectomized male winter flounder (Ng and Idler, 1980). 
Such injections also stimulated the steroid metabolism in the ovaries of the 
catfish, Heteropneustes fossilis (Ungar et al.,  1977) and of the ayu, Pleco- 
glossus altiuelis (Suzuki et al., 198la). The stimulation of 3P-HSD activity in 
the carp ovary (Institute of Zoology, Academia Sinica and Yangtze Institute 
of Fisheries, 1978) and of the increase of plasma estradiol levels in the same 
species (Weil et al., 1980) or in the brown trout (Crim and Idler, 1978) after 
in uiuo LHRH treatments was also interpreted as an action resulting from 
the stimulation by the endogenous GtH. Nevertheless, at early stages of the 
sexual cycle in rainbow trout, 17P-estradiol is not stimulated in uiuo with 
GtH (Breton et al., 1983b). 

In uitro, various fish glycoprotein gonadotropins are able to enhance the 
3P-HSD activity in the ovary of Brachydunio rerio (Van Ree, 1977b) and the 
17P-HSD activity in the ovary of Anabas testudineus (Bhattacharya et al., 
1983). Gonadotropins also stimulate the 17P-estradiol production of the ov- 
ary of Sarotherodon aureus (Bogomolnaya and Yaron, 1982), and the an- 
drogen production of the testis of Cyprinus carpio (Huang and Chang, 
1980), Gillichthys mirabilis (Bonna Gallo and Licht, 1981), and Pkuronectes 
platessa (Duggan and Bolton, 1982). The SG-G100 induced a free-cholester- 
01 depletion from Channa punctatus ovarian tissue incubated in uitro 
(Mukherjee and Bhattacharya, 1981). Complementary results, obtained in 
uiuo with hypophysectomized fish, have shown that this mobilization arises 
mainly from the free cholesterol and not from the esterified fraction (Mu- 
kherjee and Bhattacharya, 1982). Using an in uitro perifusion technique, it 
has been demonstrated by Zohar and co-workers (unpublished) that a tran- 
sient peak of s-GtH can induce, in Salm gairdneri, a quick output of 17P- 
estradiol from a vitellogenic ovarian fragment (Fig. 2). Mimicking the plasma 
pulses found in uiuo during exogenous vitellogenesis, the maintenance of a 
“plateau” was observed (Fig. 3) (Zohar, 1982; Zohar et al . ,  1982b). However, 
in closely related conditions, but with a closed system at earlier stages and 
even at the beginning of exogenous vitellogenesis (March), Sire and De- 
pkche (1981) induced an inhibition of the aromatase activity with GtH 
(50-300 ng/ml), measured from labeled androstenedione or testosterone 
transformation. From results obtained in Oncorhynchus rhodurus on thecal 
and granulosa fractions isolated from ovarian vitellogenic follicles, it appears 
that the granulosa cells aromatize androgens elaborated in the thecal layers 
(Kagawa et al., 1982b). A partially purified chinook salmon gonadotropin 
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(SG-G100) stimulated testosterone production by the thecal layers, but did 
not enhance the production of 17p-estradiol in incubations of granulosa 
layers with exogenous testosterone. Therefore, estrogen production appears 
to be regulated by the availability of androgen for aromatization. Further- 
more, a specific inhibitor of 3P-HSD (cyanoketone) prevents the stimulation 
by SG-G100 of 17P-estradiol production in salmon follicles (Young et al., 
1982). Returning to the results obtained by Sire and Depgche, one might 
expect that the endogenous testosterone production, stimulated with GtH, 
was in competition with the exogenous labeled precursor. Even when a high 
concentration of exogenous precursor in the medium is used as a control, 
one cannot be certain that the isotopic equilibrium between the medium and 
the granulosa cells of ovarian fragments has been reached. Nevertheless, 
during the preovulatory period of trout, the in vitro stimulation of 17P- 
estradiol output by s-GtH is brief and followed by an important temporary 
elevation of androgen output (Zohar et al.,  198210). Therefore, before ovula- 
tion [a stage where a negative correlation was found in vivo between plasma 
levels of GtH and 17P-estradiol (Fostier et al., 1978)], aromatization may 
become the limiting step of estrogen production. At the same stage GtH 
could initiate in vitro the secretion of 17a-hydroxy-20P-dihydroprog- 
esterone, when the hormone application was continuous (Fostier et al . ,  
1981a; Zohar, 1982; Zohar et al., 1982b). 

e. Other Hypophysial Factors. As reported previously, in vivo treat- 
ment with an antiserum raised against GtH lowers the plasma level of es- 
tradiol in the female landlocked Atlantic salmon (Ng et al . ,  1980) and the 
level of testosterone in the female winter flounder (Ng and Idler, 1980), but, 
does not abolish them completely. Considering the treatment time (6 weeks) 
and the fact that antiserum was used in excess, one could suspect the exis- 
tence of other GtH-independant regulatory mechanisms. There are few 
studies of regulation of gonadal steroidogenesis by hypophysial factors other 
than gonadotropin(s). In contrast to SG-G100, ACTH has no effect on the 
pregnenolone metabolism in the ovary of Heteropneustes fossilis (Ungar et 
al.,  1977), or does ACTH increase the testosterone level in the plasma of this 
catfish, although cortisol secretion was stimulated. Furthermore, the resto- 
ration with bovine growth hormone of the 3P-HSD activity in the testis of 
hypophysectomized Fundulus heteroclitus was attributed to an LH con- 
tamination (Pickford et al.,  1972). Ovine prolactin also induced a steroido- 
genic response in nonhypophysectomized Aequidens pulcher (Bliim and 
Weber, 1968) and Gobius niger (Bonnin, 1981). 

f. Gonad Sensitivity. In Salmo gairdneri, the steroidogenic response of 
the ovary to a GtH stimulation is related to the stage of oocyte development 
(Fostier et al.,  1981a; Breton et al . ,  1983b; Zohar et al.,  1982b). Although a 
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thiourea treatment, unlike a methallibure treatment, has no effect on the 3p- 
HSD activity of the testis in Cymutogaster aggregata (Wiebe, 1968), thyrox- 
ine amplified the in vitro cholesterol depletion by the Anabas testudineus 
ovary stimulated with gonadotropin (Sen and Bhattacharya, 1981). Other 
indirect arguments agree with a sensitizing effect of thyroid hormones 
(Hurlburt, 1977; Dettlaf and Davydova, 1979; Bhattacharya et al., 1982). 
However, in the smolt of the amago salmon, Oncorhynchus rhodurus, an 
inverse relationship between the levels of plasma sex steroids and thyroxine 
have been reported (Nagahama et al., 1982b). 

2. ROLE OF STEROIDS 

Steroids may direct their own metabolism toward a specific hormonal 
production, either by acting as precursors, or by regulating enzyme ac- 
tivities. Therefore, in male trout, pike, or perch interrenalian cortisol may 
be transformed, in the liver, into precursors for testicular 11-oxygenated 
aiidrogen production (Kime, 1978). Considering the fact that androgen may 
activate the interrenal function (Fagerlund and Donaldson, 1969), Kime 
(1978) proposed an interrenal-liver-testis-interrenal positive feedback 
loop. This hypothesis may explain the great increase of the plasma ll-ket- 
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Fig. 6. Action of 17P-estradiol or testosterone (1 kg/ml) on the in oitro output of 17a- 
hydroxy-20P-dihydroprogesterone from rainbow trout ovarian follicles sampled before natural 
oocyte maturation and stimulated with increasing doses of pure salmon maturational GtH. The 
differences between treatments are statisticalIy signiGcant (Ez-17P-control: p < 0.01; testoster- 
one-control: p < 0.05). 
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otestosterone level during spermiation in trout, in spite of the drop in GtH 
concentration (Sanchez-Rodriguez et al., 1978; Fostier et al., 1982). In this 
case, GtH could initiate the loop for 11-ketotestosterone production. 

Furthermore, 17P-estradiol in the hypophysectomized or intact juvenile 
trout (Hansson and Gustafsson, 1981b) and androgens in the intact juvenile 
trout (Hansson, 1982) modified the metabolism of androstenedione by liver 
microsomes, in particular by decreasing 6P-hydroxylase activity. In the ov- 
ary of Brachydunio rerio deoxycorticosterone acetate (DOCA) reduced in 
oitro the 3P-HSD activity (Van Ree, 1977b). In trout, testosterone magnified 
and 17P-estradiol depressed the positive effect of GtH on the output of 1701- 
hydroxy-2OP-dihydroprogesterone during the intrafollicular oocyte matura- 
tion (Fig. 6). These latter observations agree well with the previous analysis 
of synergetic actions of steroids on intrafollicular oocyte maturation induced 
with GtH (Jalabert, 1975). 

B. Regulation of Steroid Activity 

1. CATABOLISM 

Studies of the distribution of radioactivity in the body after administra- 
tion of labeled steroid (Schreck, 1973; Fagerlund and McBride, 1978; 
Fagerlund and Dye, 1979; Lone and Matty, 1981), or measurements of 
steroid metabolism (Lisboa and Breuer, 1966; Colombo et al., 1972a; 
Truscott, 1979; Hansson et aE., 1979; Nienstedt et al . ,  1981; Hansson and 
Gustafsson, 1981a) indicate that steroid excretion is mainly via the entero- 
hepatic route. However, almost no information is available for the clearance 
rate of sexual steroids in teleosts under physiological conditions, excepted in 
the immature eel, Anguilla anguilla, where long half-lives have been re- 
ported for testosterone (11.5 hr) and 17P-estradiol (50.6 hr) (Querat et al., 
1982), and in the female rainbow trout, in which the metabolic clearance rate 
of 17P-estradiol (18-45 mllhrlkg) increases with ovarian development 
(Zohar, 1982). 

Conjugation of steroids is considered a deactivation mechanism prior to 
excretion (Yano and Ishio, 1978a,b,c). This is puzzling in view of the high 
potentiality for the fish testis to glucuronate androgens (see Section II,B,2). 
Nevertheless, it has been recently suggested that glucuronates could play a 
pheromonal role in fish sexual behavior. Therefore, in Brachydunw rerio, a 
steroid-glucuronid fraction isolated &om female ovaries appears to contain 
the attractant for males (Van Den Hurk et uZ., 1982a), whereas in Gobius 
jozo the prespawned female is attracted by etiocholanolone-3-glucuronide 
produced by the mesorchial gland of the male (Colombo et ul., 1982b). 



Table V 

Comparison of the 17a-Hydroxy-20~-dihydroprogesterone Activities on the Maturation of Trout Oocytes Incubated in Vitro Either in Balanced Salt 
Medium or in Blood Plasma" 

Incubation medium 

Balance salt 
MEDC of Undiluted plasmab 1/10 Diluted plasmab 

Concentration of Concentration of 

17a,ZOP-OH-Pc l?a,BOP-OH-Pc at the MEDC 17a,20P-OH-P the MEDc level 
MEDC of unbound steroid MEDc of unbound steroid at 

Fish (ng/ml) (nplml) level (ng/ml)d (ndml) (nplm1)d 

- - Number 1 25.1 214.5 23 
Number 2 12.2 122 5 21.3 2 
Number 3 7.9 120 - - - 

"From Fostier and Breton (1975). 
*Plasma was treated with charcoal to eliminate the endogenous steroids. 
CMedian Efficient Dose of 17a,20P-OH-P on complete oocyte maturation (Jalabert et al., 1974). 
dThe unbound fraction was estimated by gel filtration on a small Sepbadex G-25 column of an aliquot of plasma (undiluted or diluted) used in the 

experiment, incubated with tritiated 17a,20P-OH-P and unlabeled 17a,U)P-OH-P at the same concentration as that of the medium. 
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Testicular glucuronidation may be regulated by hypophysial factors (Bonnin, 
1977) or directly by temperature (Kime, 1979b, 1980b). Such a temperature 
dependance was also reported for hepatic glucuronidation in trout and gold- 
fish (Kime and Saksena, 1980). 

2. SEX STEROID PROTEIN BINDING 

The specific binding of steroids by plasma proteins in fish has recently 
been reviewed by Martin (1980). Androgens were bound in the plasma of the 
cod, Gadus morhua, the Atlantic salmon, Salmo salar (Freeman and Idler, 
1971), the carp, Cyprinus carpio (Corvol and Bardin, 1973), the haddock, 
Melanogrammus aeglefinus (Idler and Freeman, 1973), the female trout, 
Salmo gairdneri (Fostier and Breton, 1975), and the winter flounder, 
Pseudopkuronectes americanus (Ng and Idler, 1980). A sex steroid binding 
protein with a high affinity for testosterone and estradiol has been recog- 
nized in the female rainbow trout (Fostier and Breton, 1975). As in other 
vertebrates (Martin, 1980; Wingfield, 1980), the reversible binding with 
plasma proteins may reduce the biological activity of steroids. Therefore, the 
activity of the maturation-inducing steroid for trout oocyte (i.e., 17a-hy- 
droxy-20P-dihydroprogesterone) was reduced when in vitro incubations 
were performed in plasma instead of balanced salt medium (Fostier and 
Breton, 1975) (Table V). In other respects, the regulation of these proteins 
appears to be gonadotropin(s) dependant, because androgen-binding pro- 
tein, which disappeared from male winter flounder plasma after hypo- 
physectomy , was restored by both maturational or vitellogenic gonado- 
tropin, the latter being apparently more efficient (Ng and Idler, 1980). 

3. METABOLISM IN TARGET TISSUES 

A circulating steroid, elaborated in gonadal tissues, may be transformed 
into a more active metabolite(s) at the level of the target tissue. Therefore, in 
addition to the aromatization (see Section 11,C,4), a 2-hydroxylase activity 
has been detected recently in the trout brain (Lambert and Van Oordt, 
1982). An aromatase and 17P-HSD activity has also been found in the pitui- 
tary (Callard et al., 1981b). These results are reinforced by the finding of 
estradiol binding in the teleost brain and pituitary (Davis et al.,  1977; Kim et 
al., 1978, 1979a,b; Myers and Avila, 1980; Schreibman et al., 1982b). 

The transformation of testosterone into 5a-dihydrotestosterone, an ac- 
tive androgen in mammals, has been demonstrated in the skin and the 
skeletal muscle of rainbow trout (Hay et al., 1976). The production of water- 
soluble metabolites (conjugates) has also been reported in the skin of brown 
trout, Salmo trutta lacustris (Soivio et ul.,  1982). 
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C. Modulation by External Factors 

1. TEMPERATURE 

The effects of temperature, although important in poikilothermic ani- 
mals, have been little studied in steroidogenesis. The stimulation of in vitro 
testosterone in Gillichtys mirabilis by a sturgeon-gonadotropin-enriched 
fraction was slightly enhanced between 10°C and 30°C (Bonna-Gallo and 
Licht, 1981). In Salmo gairdneri and Carassius auratus, the free ll-ket- 
otestosterone in vitro production by the testis, from precursors, was slowly 

:activated with increasing temperature, but this only occurred in the lower 
range (up to 21°C for the trout and 31°C for the goldfish). The production of 
androgen conjugates rose quickly even in the higher temperature range; the 
production of 17or-hydroxy-20~-dihydroprogesterone from pregnenolone 
was also maximal at the highest temperatures (Kime, 1979b, 1980b). Such a 
temperature dependance has also been reported for hepatic glucuronidation 
(Kime and Saksena, 1980). Therefore, it has been proposed that temperature 
could act directly on steroidogenic structures as a regulating factor (Kime, 
1982). 

The physiological response to steroids may also be temperature depen- 
dant. When injected into intact Gillichtys mirabilis with regressed testes, 
testosterone accelerated spermatogenesis at low temperature (10°C) but not 
at high temperature (27°C) (de Vlaming, 1972). In vitro, the response of 
goldfish oocytes to the maturational action of 17a-hydroxy-20P-dihydro- 
progesterone decreased with the increasing temperature (13"-35°C) (Gillet 
et al., 1977). Finally, the vitellogenic response of the liver to in oiuo estradiol 
injections has been shown to be related to the rearing temperature of 
Mirogrex terraesanctae (Yaron et al.,  1980) and Heteropneustes fossilis 
(Dasmahapatra et al., 1981). 

2. PHOTOPERIOD 

The central nervous system (CNS)-hypophysis axis is probably the relay 
for the photoperiodic modulation of plasma estradiol in the female Salmo 
gairdneri (Whitehead et al . ,  1978b; Bromage et al . ,  1982) or Mirogrex terrae 
sanctae (Salzer and Yaron, 1979) and of plasma testosterone in the male trout 
(Whitehead et al., 1979). The decrease in plasma estradiol of female Car- 
assius auratus following section of the optic tract remains to be further 
investigated (Delahunty et al., 1979), because pinealectomy or exposure to 
continuous darkness has little effect. The discovery of nerve terminals end- 
ing on interstitial cells of the testis of Poecilia reticulata (Follknius, 1964), 
Poecilia latipinna (Van Den Hurk et al., 1974), Oryzias latipes (Gresik, 
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1973), and Salmo guirdneri (Van Den Hurk et al., 1982b) gives credence to 
the hypothesis of direct CNS control. 

3. POLLUTANTS 

Pollutants may disturb steroid regulation because plasma estrogen and 
androgen levels in trout or carp treated with polychlorinated biphenyls de- 
creased significantly after 3-4 weeks, perhaps because of a stimulation of the 
hepatic catabolism (Sivarajah et al., 1978). Sangalang and O’Halloran (1973) 
also observed negative direct effects of cadmium on the in vitro testicular 
synthesis of androgens in Saluelinus fontinalis, although in vivo plasma tes- 
tosterone and 11-ketotestosterone levels were higher in treated fish (San- 
galang and Freeman, 1974). Sangalang and Freeman suggested an impair- 
ment in the clearance and/or utilization of these hormones. Pollutants have 
also been shown to modify the hepatic metabolism of androstenedione in 
trout (Hansson, 1981). 

4. STRESS 

Stress factors may disturb steroidogenesis. Stress, caused by repeated 
sampling in rainbow trout, depressed plasma androgen levels in male fish 
(Schreck et al., 1972a), but did not affect estradiol levels (Schreck et al., 
1973). Repeated handling for saline injections decreased the plasma estradiol 
level in immature rainbow trout, in comparison with another control group 
which was not handled (Magri et al.,  1982). Furthermore, the effect of 
pollutants on hepatic metabolism of androstenedione, reported previously 
(Hansson, 1981), is mimicked by cortisol implants, indicating that, instead of 
acting directly, pollutants may disturb steroid metabolism via a stress reac- 
tion. The disturbance of gonadal steroidogenesis might be related, at least 
partly, to stress-induced ascorbic acid depletion (Wedemeyer, 1969; Sey- 
mour, 1981). 

IV. PHYSIOLOGICAL ROLE OF GONADAL 
STEROIDS IN REPRODUCTION 

Sex steroids function at various levels. They play a role in the genesis of 
the gonad both in the differentiation and maintenance of somatic tissues, 
mainly the gonadal ducts, and in gametogenesis. Steroidogenesis develops 
in immature fish when the endocrinological regulation of the future adult is 
developing, and then participate in this regulation in the adult. When 
gametes are ready for fertilization, steroids act to bring the sexes together, 
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stimulating the development of morphological characteristics and modulat- 
ing sexual behavior (Yamazaki and Watanabe, 1979). Both these actions may 
be retained after fecundation in species which care for their brood. The role 
of gonadal steroids in the differentiation and development of secondary sexu- 
al characters has been intensively reviewed (Pickford and Atz, 1957; Dodd, 
1960; Chester Jones et al., 1972); reproductive behavior is reviewed in 
Chapter 1, Volume 9B, this series. Here, discussion mainly concerns the 
role of steroids in gametogenesis. 

Direct actions are mainly discussed, but consideration is also given to 
some indirect effects via gonadotropin secretion, but without detailing the 
.mechanism of this regulation, such as feedback at the CNS level (Dixit, 1967; 
Viswanathan and Sundararaj, 1974; Olcese and de Vlaming, 1979; Weil, 
1981). Briefly, gonadal steroids generally exert a negative control over the 
gonadotrophs in adults, in immature fish, positive effects have been ob- 
served. Nevertheless, one must remember that other indirect actions may be 
important. Steroids are known to influence hypophysial cells other than the 
gonadotrophs (Goos et al., 1976; Olivereau and Olivereau, 1979a; Olivereau 
et al., 1981), and, considering the somatotrophs, one might expect a relation 
between growth and reproduction (Pickford et al., 1972; Higgs et al., 1977). 
In other respects, thyroidal hormones appear to play a role in reproduction 
(Sage and Bromage, 1970; Leloup et al., 1976; Hurlburt, 1977; Dettlaff and 
Davydova, 1979; Pickering and Christie, 1981), and androgens stimulate 
thyroidal activity (Nishikawa, 1976; Singh, 1968; Higgs et al., 1977; Hunt 
and Eales, 1979a,b) perhaps by a direct action on the thyroid gland (Sage and 
Bromage, 1970; Singh, 1969), although negative results have been reported 
(Milne and Leatherland, 1980). Concerning the action of estradiol on the 
thyroid, contradictory results have been obtained (Singh, 1969; Olivereau et 
al., 1981). 

In the following discussion, the difficulty, which sometimes arises, in 
drawing a definitive conclusion about the action of a particular steroid on one 
of the stages of gametogenesis is apparent. Some contradictory results may 
be related to the diversity of the various species studied. However, there are 
definite limitations in methodologies. The sensitivity of classical assays and 
the number of samples that can be analyzed are dso limited. Although more 
efficient, the specificity of radioimmunoassays is still a matter for discussion. 
From this view point, data on the strict validation of these assays are not 
always published, and, furthermore, detailed information on the gonadal 
stages is not always given. This restriction is also encountered in experimen- 
tal studies where little attention is directed to the actual inducing concentra- 
tion of exogenous steroid that is administered, and even less to the possible 
metabolization. Therefore, contradictory results could arise from unknown 
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differences in experimental factors. This is especially true in vertebrates 
which are very sensitive to variations in external factor. 

A. Sexual Differentiation 

Determination of the precise period of sexual differentiation is difficult 
because this depends on the precision of the criteria used to measure sexual 
differences. Although Bruslk (1980) identified spermatogonia and oogonia in 
mullet at the ultrastructural level, the lack of clear distinctive morphological 
features between these two germ cell categories has been stressed (Rein- 
both, 1980), and detection of the first discrete and polymorphic signs of 
differentiation is rather uncertain. 

The localization of the germinal cells along the embryonic gonad and the 
number of these cells are apparently the earliest clear morphological evi- 
dence of a sex difference in trout (Lebrun et al., 1982). These are followed by 
the appearance of the meiotic prophase after which more obvious mor- 
phological differences take place, e.g., ovigerous lamellae or somatic cell 
arrangement around the oogonia. Gonadal differentiation of the gonochoric 
species could be considered complete when the gonadal ducts are es- 
tablished. 

Experimental studies have shown that the germ cells retain a bipoten- 
tiality during, at least, a part of the differentiation period. That steroids 
determine the final sex of the gonad during this period is not enough to 
prove that a natural sex-inducer appears at this moment, and that this in- 
ducer is a steroid. An indirect effect could occur, as is without doubt the case 
with feminization of the rainbow trout by dimethylformamid (Van Den Hurk 
and Slof, 1981). Furthermore, exogenous steroids may stimulate pituitary 
activity in very young fish, as demonstrated in rainbow trout in which meth- 
yltestosterone, progesterone, or 17ol-hydroxyprogesterone, administered 
shortly after hatching, stimulated GtH-cell development (Van Den Hurk, 
1982). Besides, from ultrastructural observations in Oryzias latipes gonads, 
Satoh (1974) did not find steroidogenic cells prior to sexual differentiation. 
Yamamoto (1969) has proposed a dual model whereby the androgens are the 
andro-inducers and the estrogens the gynoinducers. Numerous experiments 
support this hypothesis (see Chapter 5, Volume 9B, this series). Neverthe- 
less, Satoh (1973) transplanted undifferentiated presumed testis of Oryzias 
latipes into the anterior eye-chamber of an adult female and observed a 
normal testicular development. Estradiol did not modify the evolution of 
spermatogonia in the testis of the adult goldfish cultured in uitro (Remacle, 
1976); however, ovaries cultured in a hormone-free medium showed some 
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oogonial evolution toward the first stages of spermatogenesis (Remacle et al., 
1976). Testosterone isobutyrate appears to stimulate these abnormal diger- 
entiations, but is not necessary to initiate them. Paradoxal feminization ef- 
fects have been obtained with methyltestosterone in various cichlid species 
(von Miiller, 1969; Hackmann, 1974; Nakamura, 1975). Although a possible 
metabolism into estrogen has been postulated (Hackmann and Reinboth, 
1974), no aromatase activity has been revealed in the undifferentiated gonad 
or the newly differentiated ovary of the rainbow trout fry (Van Den Hurk et 
al., 1982b). Van Den Hurk and co-workers found a 3P-HSD, a A-5,4-iso- 
merase, and a 17a-hydroxylase activity in the undifferentiated gonad and the 
newly differentiated ovary. Because in trout progesterone treatments have a 
feminizing effect, Van Den Hurk and Slof (1981) proposed that progestins 
may be the gyno-inducers possibly by blockage of the androgenic pathway. 
Nevertheless, the presence of 17a,20-desmolase and llp-hydroxylase ac- 
tivities, permitting androgen synthesis in the young testis, is in agreement 
with Yamamoto’s hypothesis concerning the male. The progestin bio- 
synthesis potentiality in the undifferentiated gonads and the late occurrence 
of androgen synthesis at the onset of male differentiation, provide some 
explanations for the juvenile hermaphrodism sometimes reported in trout 
(Mrsic, 1923); the existence of this hermaphrodism has been questioned 
(Takashima et al., 1980). 

Natural sex inversion in ambisexual adult fish may also provide some 
information about sexual differentiation, even though synchronous her- 
maphrodism raises confusing questions. In Monopterus albus (Chan and 
Phillips, 1969) and Sparus auratus (Colombo et aZ., 1972b), the male phase 
is characterized by a higher androgen to estrogen ratio, produced in vitro, 
than in the female phase. In the protandrous Sparus auratus, the bio- 
synthesis of metabolites from [3H]pregnenolone is minimal, during the in- 
version period; however, in the protogynous Monopterus aEbus the produc- 
tion of androgens increases with a detectable peak of testosterone in plasma 
(Chan et aZ., 1975). However, in the latter species, androgens are not effec- 
tive in bringing about a precocious sex inversion in the female, even after 
treatment with cyanoketone, which is a 3P-HSD inhibitor (Tang et al., 
1974b). However, they are effective in other protogynous fish (Reinboth, 
1962, 1975b; Fishelson, 1975). It must be stressed that these experiments 
were performed using intact adult fish, and it is known that during the sex 
inversion of Monopterus albus the pituitary is active (Chan et al., 1975), and 
that a mammalian gonadotropin (oLH) can stimulate the process (Tang et al., 
1974b). 

The role of sex steroids in gonadal duct dserentiation is better estab- 
lished. Steroidogenic activities are detectable before this differentiation in 
the testis of 0 yzias Zatipes (Satoh, 1974), Salmo gairdneri (Upadhyay, 1977; 
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Van Den Hurk et al., 1982b), Poecilia reticulata (Takahashi and Iwasaki, 
1973a), Poecilia latipinna (Van Den Hurk, 1974), and in the ovary of Salmo 
gairdneri (Upadhyay, 1977; Van Den Hurk et al., 1982b). In Poecilia re- 
ticulata, (Takahashi and Iwasaki, 1973a) and in Poecilia latipinna (Van Den 
Hurk, 1974), 3P-HSD activity in the testis increased with the development 
of the duct system. Furthermore, in Poecillia sp. a weak 3a-HSD activity 
was shown in the duct epithelium. Numerous publications have reported the 
positive effects of sex steroids on the gonad ducts and their accessories in 
intact fish (Hoar, 1969; Chester Jones et al., 1972; Takahashi and Takano, 
1971; Takahashi, 1972, 1974; Riehl, 1981). These results have been con- 
firmed in the hypophysectomized juvenile guppy (Pandey, 1970), the hypo- 
physectomized adult of Poecilia reticulata (Pandey, 1969b), Fundulus het- 
eroclitus (Lofts et al., 1966), Heteropneustes fossilis (Nayyar et al., 1976), 
Gillichthys mirabilis (de Vlaming and Sundararaj, 1972), and the methal- 
libure-treated Poecilia latipinna (Van Den Hurk and Testerink, 1975). A 
synergism with prolactin on the maintenance of seminal vesicle activity has 
been suggested in Heteropneustes fossilis (Sundarararay and Nayyar, 1969) 
and in Gillichthys mirabilis (de Vlaming and Sundararaj, 1972). 

Other organs such as the liver (Ishi and Yamamoto, 1970; Hansson and 
Gustafsson, 1981b) or the brain (see Chapter 1, Volume 9B, this series) could 
also be under the sex-determining influence of gonadal steroids. 

B. The Ovary 

1. DEVELOPMENT OF THE YOUNG IMMATURE GONAD 

Few studies have concentrated on the initial stages of gonad develop- 
ment in the female teleost. Using electron microscopy, Satoh (1974) could 
not identify cells with steroidogenic features in the well differentiated ovary 
of the Oryzius latipes fry, but he emphasized the difficulty of locating them 
in a large gonad. The ovary was able to perform steroid conversions in older 
Anguilla anguilla at the silver stage (Colombo and Colombo BelvkdBre, 
1976b). In 3- to 5-months-old trout, ovarian interstitial steroidogenic cells 
have been found (Upadhyay et al . ,  1978) and the enzyme activities necessary 
to elaborate progestins have been detected (Van Den Hurk et al., 1982b). 
Later, at age 7 months, an aromatase activity was detectable (Van Den Hurk 
et al., 1982b). At this stage, very low levels of estrogens were measured 
using a radioimmunoassay (0.2 ng/ml in a pool of plasma), but higher levels 
were noted at age 13 months (Magri et al., 1982). Surprisingly, repeated 
handling for GtH or saline injections depressed these levels in comparison 
with another control group which was not handled. Further investigations 
are required to analyze the possible repercussions of stress on sex steroid 
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regulation (see Section III,C,4). When a more rapid response was analyzed, 
the increase of androgens, mainly testosterone, and of 17P-estradiol levels 
occured in the plasma of juvenile female trout after two successive injections 
a glycoprotein GtH (Ng and Idler, 1980; Idler and Campbell, 1980). There- 
fore, the steroidogenic potentiality and the sensitivity to a GtH stimulation 
appeared early in the juvenile ovary. 

17P-Estradiol is known to stimulate the development of the gonadotroph 
cells in the pituitary of the female silver eel (Olivereau and Chambolle, 1978; 
Olivereau and Olivereau, 1979b) and to increase the content of pituitary 
GtH in the immature rainbow trout (Crim et al., 1981). Nevertheless, there 
is no clear direct trophic action on the ovary. Although injections of estrogen 
appeared to stimulate oocyte growth slightly in the silver eel (Olivereau and 
Olivereau, 1979b), no effect was obtained in the juvenile trout (Upadhyay et 
al., 1978; Yamazaki, 1976). 

2. THE ADULT SEXUAL CYCLE 

a. Estrogens. Sire and Dep6che (1981) found a low aromatase activity 
from the first days after ovulation in the rainbow trout ovary; thereafter, 
aromatase activity increased with ovarian development. However, Lambert 
and van Bohemen (1979a) did not detect aromatase activity at the beginning 
of the cycle (see also van Bohemen and Lambert, 1981). Low levels of plasma 
17P-estradiol have been measured during the regressed stage of the sexual 
cycle of the plaice, Pleuronectes platessa (Wingfield and Grimm, 1977), the 
striped mullet, Mugil cephalus (Dindo and MacGregor, 1981), Sarotherodon 
aureus (Terkatin-Shimony and Yaron, 1978; Yaron et al., 1977), the brown 
trout, Salrno trutta (Crim and Idler, 1978; Billard et al., 1978), and the 
rainbow trout (Whitehead et al., 1978a; van Bohemen and Lambert, 1981). 
The physiological significance of estrogens during previtellogenesis remains 
to be explored. It has been suggested that they may induce an oogonial 
recrudescence (Khoo, 1975). Estradiol in the intact goldfish (Khoo, 1974) 
and estrone in the intact minnow, Phoxinus laeuis (Bullough, 1942) and 
gudgeon, Hypseleotris galii (Mackay, 1973) causes a proliferation of oogonia. 
However, the inhibition of this effect with a methallibure treatment in the 
latter species indicates that it is probably an indirect action, or at least a 
synergic action with pituitary hormones. Furthermore, Remacle and co- 
workers (1976) did not detect any in uitro effect of estradiol monobenzoate 
on the germ cells of the goldfish ovary. 

During vitellogenesis an increase in plasma estrogen levels, mainly 17P- 
estradiol, correlated with the growth of vitellogenic oocytes (Fig. 7) has been 
confirmed in many species: goldfish (Schreck and Hopwood, 1974), plaice 
(Wingfield and Grimm, 1976, 1977), Sarotherodon aureus (Yaron et al., 
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Fig. 7. Evolution of plasma GtH and li'e-estradiol during the previtellogenesis and 
vitellogenesis in the brown trout, Salmo trutta (Breton et al.,  1983) (means * SD). 

1977), brown trout (Crim and Idler, 1978; Billard et al., 1978; Soivio et al., 
1982), rainbow trout (Breton et al., 1975a, 1983a; Whitehead et al., 1978a,b; 
Lambert et al., 1978; Billard et al., 1978; Scott, et al., 1980b; van Bohemen 
and Lambert, 1981; Bromage et al., 1982), Atlantic salmon (Idler et al., 
1981), striped mullet (Dindo and MacGregor, 1981), and Pomutus saltator 
(MacGregor et al., 1981). Estrone levels have been found to be lower than 
estradiol ones (van Bohemen and Lambert, 1981; Soivio et aZ., 1982). At this 
stage the best known action of estrogens is related to the hepatic synthesis of 
vitellogenin, a lipophosphoprotein precursor of oocyte vitellus (Amirante, 
1972; Korsgaard-Emmersen and Petersen, 1976; Emmersen et d., 1979; 
Roach and Davies, 1980; Sundararaj and Nath, 1981; see Chapter 8, this 
volume). In the rainbow trout, estrone might have a priming role for the 
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estradiol stimulation of the liver (van Bohemen et al., 1982). However, the 
uptake of vitellogenin by oocytes is gonadotropin dependent (Idler and Ng, 
1979; Sundararaj et al., 1982a; Burzawa-GBrard, 1981, see Chapter 5, this 
volume). In addition to participation in the synthesis of vitellogenin, es- 
trogens regulate carbohydrate and lipid metabolism (Plack and Pritchard, 
1968; de Vlaming et al., 1977a, b; Korsgaard and Petersen, 1979; Sand et al.,  
1980; Dasmahapatrae and Medda, 1982). They probably control the lipid 
mobilization from fat stores (de Vlaming et al.,  1977a) and the calcium mobi- 
lization from scales (Mugiya and Watabe, 1977; Mugiya and Ichii, 1981). 
Concerning a direct action of estrogens on the vitellogenic ovary, a partial 
maintenance of the yolky oocytes with 17P-estradiol has been observed in 
the hypophysectomized caffish, Heteropneustes fossilis ( h a n d  and Sun- 
dararaj, 1974; Sundararaj and Goswami, 1968). Estradiol, estrone, or estriol 
induce the formation of yolk vesicles (composed of mucopolysaccharides and 
not lipoprotein) in the hypophysectomized goldfish (Khoo, 1979). However, 
in the latter species, estradiol monobenzoate has no effect in vitro on 
vitellogenic oocytes (Remacle et al., 1976, 1977). 

The inhibitory or atretic action of estradiol, administered in intact fish, 
on vitellogenesis has been attributed to a negative feedback at the pituitary 
level. Several facts support this hypothesis. 17P-Estradiol or estradiol mono- 
benzoate supress hypertrophy of pituitary gonadotrophs caused by ovariec- 
tomy in Serranus scriba and Serranus cabrilla (Febvre and Lafaurie, 1971), 
and Oncorhynchus nerka (Van Overbeeke and McBride, 1971). Further- 
more, the compensatory hypertrophy of the remaining ovary after unilateral 
ovariectomy in Heteropneustes fossilis, attributed to an increase of pituitary 
secretion, was prevented by estrogen (Goswami and Sundararaj, 1968). 
Tamoxifen and Clomiphene, which are considered as antiestrogens from 
studies performed in mammals, cause a rise in serum GtH levels of goldfish, 
when implanted in the nucleus lateral tuberis or in the pituitary (Billard and 
Peter, 1977). Clorniphene, when injected intraperitoneally in carps, induced 
GtH discharges (Breton et al., 197513). Nevertheless, at the end of vitello- 
genesis, intraperitoneal injections of 17p-estradiol (200 kg/kg by weight, 2 
times per week) did not prevent the increase of the plasma GtH level after 
ovariectorny in the rainbow trout (Bommelaer et al., 1981). 

At the end of the sexual cycle, especially prior to maturation and ovula- 
tion, a drop in plasma estradiol levels of the trout was observed (Fostier et 
al., 1978; Fig. 8). Low levels of estrogens at the time of spawning have been 
confirmed in rainbow trout (Scott et al . ,  1980b) and in other species: carp 
(Elefiheriou et al . ,  1968), plaice (Wingfield and Grimm, 1977), the striped 
mullet (Dindo and McGregor, 1981), the king mackerel, Scomberomus 
caualla (McGregor et al., 1981), and the white-spotted char (Kagawa et al., 
1981) and the coho salmon (Jalabert et al., 1978; Sower and Schreck, 1982). 
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Fig, 8. Concomitant evolutions of plasma GtH, 17p-estradiol, and 17a-hydroxy-20p-di- 
hydroprogesterone (measured with RIA) at the end of the cycle in the rainbow trout (Fostier 
and Jalabert, 1982) (means 2 SE). 

Fostier and co-workers suggested the removal of a negative feedback of 
estradiol on GtH secretion prior to ovulation. In fact, the increase of plasma 
GtH observed after ovariectomy at this stage was prevented in some trouts 
with estradiol treatment (Bommelaer et al., 1981). A direct negative effect 
on ovarian sensitivity to maturational GtH also exists (Jalabert, 1975; Fig. 6). 

b. Androgens. Testosterone, which may be found at higher levels in 
females than in males (Campbell et al., 1976, 1980; Stuart-Kregor et al., 
1981; Scott et al., 1980a,b), showed a maximum in the last part of vitello- 
genesis in the winter flounder (Campbell et al., 1976), the rainbow trout 
(Scott et al., 1980b; Fig. 9), and the plaice (Wingfield and Grimm, 1977). In 
the rainbow trout, a little peak of testosterone was detected in plasma just 
before ovulation (Fostier and Jalabert, 1982; Scott and Baynes, 1982; Scott et 
al., 1983). In the Sarotherodon aureus female, the initiation of spawning by 
increasing the water temperature is followed by a rise of Il-ket- 
otestosterone, llp-hydroxytestosterone, and testosterone in the plasma 
(Katz and Eckstein, 1974). 

Several hypotheses have been proposed for the role of androgens in the 
female. Androgens are the precursors for estrogens, and they are released 
into the plasma when no longer needed for aromatization (Campbell et al., 
1976). They might act for the maintenance of sexual behavior and/or for the 
increase of GtH secretion (Scott et al., 1980b). A role has also been sug- 
gested for ll-oxygenated androgens in the sexual inversion of her- 
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Fig. 9. Mean levels of testosterone (0) and 17p-estradiol (H) in plasma of the rainbow trout 
female over the period of their first spawning season (Scott et al., 1980b). 

maphrodite species such as Coris julis and Pagellus acarne (Reinboth, 1972), 
or aged Poecilia reticulata (Lambert and Pot, 1975). In AnguiZZa anguiZla, 
androgens might be secreted by residual testicular components from the 
long period of intersexuality (Colombo and Colombo BelvBdkre, 1976b). 
Higher levels of ll-ketotestosterone found in Mugil capito confined in fresh 
water, compared to the fish in seawater, could explain the lack of normal 
ovulation (Eckstein and Eylath, 1970). 

However, actual positive actions of androgens have been shown. They 
possess, at high doses, a vitellogenic potentiality on the liver of Gobius niger 
(Le Menn, 1979) and goldfish (Hori et al.,  1978), probably via the estrogen 
receptors (Le Menn et al., 1980). Furthermore, a physiological action of 
androgens on the metabolism of the plasma free fatty acid could exist 
(Wiegand and Peter, 1980). Although the ll-ketotestosterone levels are low 
in females of Atlantic salmon, Idler and co-workers (1981) found a significant 
positive relationship with plasma vitellogenin level. At the end of the cycle, 
some effect of androgens has been found in vitro on the process of intra- 
follicular oocyte maturation, either directly (Goswami and Sundararaj, 1974; 
Goetz and Bergman, 1978; Iwamatsu, 1978) or by synergy with maturational 
gonadotropin (Jalabert, 1975; Fig. 6). 

Finally, effects on central regulation, comparable to estrogen effects, 
could not be excluded because aromatase activities have been detected in 
the pituitary (Callard et al.,  198lb) and in the central nervous system (Call- 
ard et al., 1978a,b, 1981a). 

c.  Other Steroids. Progestins (Schmidt and Idler, 1962; Campbell et al.,  
1976, 1980; Sower and Schreck, 1982; Kagawa et al., 1981; Fostier et aZ., 
1981b) (Fig. 8) and corticosteroids (Katz and Eckstein, 1974; Fuller et al . ,  
1976; Wingfeld and Grimm, 1977; Cook et al., 1980; Pickering and Christie, 
1981) often reach their maximal concentrations during the spawning season. 
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Both types of hormones have been implicated in oocyte maturation and 
ovulation (Jalabert, 1976; Sundararaj and Goswami, 1971; see Chapter 3, 
Volume 9B, this series). Van Ree (1977b) has also observed in uitro a mainte- 
nance effect of deoxycorticosterone acetate on the development of zebrafish 
follicles and during vitellogenesis, cortisal enhances the estrogen-induced 
vitellogenin synthesis in the catfish Heteropneustes fossilis (Sundararaj et 
al.,  1982b). 

After ovulation the large increase of GtH levels in rainbow trout has been 
related to the drop of 17a-hydroxy-20P-dihydroprogesterone concentrations 
in plasma, a progestin which is known to exert a negative feedback on GtH 
secretion at this stage (Jalabert et al., 1976). Progestins could also be in- 
volved in preserving mechanisms for nonspawned ovules, as proposed in 
stickleback (Lam et al . ,  1978, 1979), in the control of pregnancy in Gambusia 
(Chambolle, 1969), or of birth in Zoarces viuiparus (Korsgaard and Petersen, 
1979). 

C. The Testis 

1. DEVELOPMENT OF THE YOUNG IMMATURE GONAD 

As discussed previously, steroidogenic activities have been detected very 
early in the immature testis (Oota and Yamamoto, 1966; Satoh, 1974; Tak- 
ahashi and Iwasaki, 1973a; Upadhyay, 1977; Van Den Hurk, 1974; Van Den 
Hurk et al., 1982b; Nagahama et al., 1978). The induction of precocious 
sexual maturity with gonadotropin injections stimulated gonadal 3P-HSD 
activity in Oncorhynchus gorbuscha (Funk and Donaldson, 1972) and 
caused development of interstitial cells identified by their ultrastructural 
characteristics in Salmo gairdneri (Upadhyay, 1977) and Anguilla japonica 
(Sugimoto and Takahashi, 1979). Androgen levels, increased in plasma dur- 
ing this process in trout (Magri et al., 1982; Crim et al.,  1982; Gielen et al., 
1982). In the parr of Salmo salar the plasma level of testosterone and mostly 
ll-ketotestosterone rose with the natural precocious maturation, although 
remaining at lower levels than in adults (Dodd et al., 1978; Stuart-Kregor et 
al.,  1981). Nevertheless, a reduction of the plasma 11-ketotestosterone 
level, by means of a methallibure or cyproterone acetate treatment, did not 
prevent this precocious maturation (Murphy, 1980). 

Observations of the effect of exogenous androgens on the juvenile gonad 
appear somewhat contradictory. Hamaguchi (1979), using methyltes- 
tosterone or cyproterone acetate treatments, concluded that androgens have 
no effect on the first waves of germ cell proliferation in the male of the 
medaka, Oryzias latipes. Such a conclusion was also drawn from studies of 
the hypophysectomized juvenile guppy, Poecilia reticulata, by Pandey 
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(1969a). However, in the intact molly, Poecilia latipinu, spermatogonial mul- 
tiplication, which was not affected after methallibure treatment, was acceler- 
ated with methyltestosterone or 11-ketotestosterone (Van Den Hurk and 
Van de Kant, 1975). With respect to later stages, androgens did not stimu- 
late spermatogenesis in the silver eel (Sokolowska et al., 1978) or in the 
hypophysectomized guppy (Pandey, 1969b), and even inhibited it in the 
juvenile goldfish (Takahashi, 1972) and coho salmon, Oncorhynchus kisutch, 
(McBride and Fagerlund, 1973; Higgs et al . ,  1977; Yu et al., 1979). Howev- 
er, a stimulation has been observed in the intact Poecilia reticulata (Clemens 
et al.,  1966), Poecilia latipinnu (Van Den Hurk and Van de Kant, 1975), 
Salmo salar (Crim and Peter, 1978; Dodd et al.,  1978), Oncorhynchus 
tshawytscha (Schreck and Fowler, 1982), and Salmo gairdneri (Crim and 
Evans, 1982). Crim and Evans (1979) suggested an indirect action at the 
pituitary level, knowing that androgen injections increased the GtH ac- 
cumulation in the pituitary of the immature trout, probably via an in situ 
aromatisation (Crim et al.,  1981; Gielen et al., 1982). This hypothesis is 
supported by the stimulation of the gonadotroph cells after estradiol injec- 
tions in male silver eels (Olivereau and Chambolle, 1978; Olivereau and 
Olivereau, 1979b) and the aromatase activity found in the Myoxocephalus 
pituitary (Callard et al.,  1981b). Nevertheless, plasma GtH changes have 
only been reported in trout (Crim and Evans, 1982). 

2. THE ADULT SEXUAL CYCLE 

a. Androgens. Androgens, mainly testosterone and/or ll-ketotes- 
tosterone, have been measured in plasma during the sexual cycle. Using a 
nonspecific radioimmunoassay , Schreck and Hopwood (1974) demonstrated 
that in Carussius auratus the highest level was reached during the breeding 
season (33 ng/ml) and constant lower levels were maintained during the 
resting period (9 ngtml). More accurately, the rise in androgen levels oc- 
cured with the appearance of spermatozoa and was then amplified during 
spermiation in Salmo trutta (Billard et al., 1978). This finding was confirmed 
in Salmo gairdneri (Schreck et al.,  1972b; Sanchez-Rodriguez et al., 1978). 
In carp, where spermatogonia type B and spermatozoa were present 
throughout the year, no clear androgen changes could be detected in 
monthly samples (3 ng/ml) (Billard et al., 1978; Weil, 1981). However, other 
researchers have reported higher levels during the breeding season of carp 
(Sivarajah et al., 1979). 

i. Testosterone. Using more specific assays, Sangalang and Freeman (1974) 
noted a slight rise in plasma testosterone levels in Saluelinus fontinalis from 
the beginning of spermatozoa production (June, 0.45 ng/ml) up to a max- 
imum (October, 2.5 ng/ml) at the onset of spermiation. Such a pattern 
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occurred in Salmo trutta (Soivio et al., 1982; Kime and Manning, 1982) and 
in S a l m  gairdneri (Scott et al., 1980a) but in these species with higher 
levels. Nevertheless, in Salmo gairdneri, Whitehead and co-workers (1979) 
reported a constant increase from 4 ng/ml in April to 20 ng/ml in January of 
the next year; spermiation occurred in December. Scott and Baynes (1982) 
studying a strain of rainbow trout other than that one used in a previous 
study (Scott et al., 1980a), found the highest levels of plasma testosterone 
during the active spermiation. In another salmonid, Salmo salar, Idler and 
co-workers (1971) reported an almost constant testosterone level in the pe- 
ripheral or testicular plasma during the final stages of spermatogenesis and 
during spermiation, although Stuart-Kregor and co-workers (1981) found 
higher levels in males which have not begun their spermiation (22 ng/ml) 
than in “ripe” ones (5.2 ng/ml). In several other families, testosterone values 
increase during testicular recrudescence, with a maximum just prior to the 
full breeding season: Pseudopleuronectes americanus (Campbell et al., 
1976) and Pleuronectes platessa (Wingfield and Grimm, 1977). Two maxima 
(about 7 ng/ml) have been recorded in Gobius niger, one before and the 
other during the breeding season (Bonnin, 1979). 

ii. 11-Ketotestosterone. When both testosterone and 11-ketotestosterone are 
measured during spermiation, 11-ketotestosterone is always quantitatively 
preponderant in Oncorhynchus nerka (Schmidt and Idler, 1962), in S a l m  
salar (Idler et al., 1971; Stuart-Kregor et al., 1981), in Pseudopleuronectes 
americanus (Campbell et al., 1976), in SaEmo gairdneri (Campbell et al., 
1980; Scott et al., 1980a; Kime and Manning, 1982), and in Saloelinus fon- 
tinalis (Sangalang and Freeman, 1974). In the two latter species, testoster- 
one reached its maximum before 11-ketotesterone. In Salmo salar (Idler et 
at., 1981) and Satmo trutta (Kime and Manning, 1982), the variations of 
plasma 11P-hydroxytestosterone levels parallel those of 11-ketotestosterone, 
although they remain lower. Levels of 11-ketotestosterone are correlated 
with the male gonadosomatic index (Simpson and Wright, 1977; Sangalang 
and Freeman, 1977; Idler et al., 1981), and rise slowly during spermatozoa 
production, increasing sharply at the end of the cycle (Idler et al., 1971; 
Campbell et al., 1976; Sangalang and Freeman, 1974; Scott et al., 1980a; 
Fostier et at., 1982). Therefore, 11-ketotestosterone has been used, with 
success, to identify the sexes in the maturing trout species (Sangalang and 
Freeman, 1977; Simpson and Wright, 1977) in cod and tuna (Sangalang et 
al., 1978) and in the juvenile trout after one GtH injection (Le Bail et al., 
1983). 

iii. Glucuronides. In Atlantic salmon, 11-ketotestosterone and Ilp-hy- 
droxytestosterone glucuronides (mainly present in testicular plasma) are 
found in higher levels in the more mature males. In Gobius niger, the 
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concentration of testosterone glucuronide is not always parallel to free tes- 
tosterone, indicating a possible regulation of the glucuronidation. The high- 
est concentrations are found during the spawning period, concomitantly 
with the second free testosterone peak (Bonnin, 1979). In the brown trout, 
plasma androgens glucuronides peak during spermiation, at the same period 
as ll-ketotestosterone (Kime and Manning, 1982). 

iv. Role of Androgens in Spermatogenesis. The effects of androgens on sper- 
matogenesis have been investigated in some species with variable results 
which were dependent on the stage of the sexual maturity, on the species, 
and on the methodology used. In intact Cymatogaster aggregata, Wiebe 
(1969) failed to stimulate spermatogenesis of the regressed testis by adding 
methyltestosterone to the aquarium water; indeed, some suppression of 
spermatogonial mitoses were noticed. Pycnosis of spermatogonia was also 
reported when male trout were injected for 1 month with 4-chlo- 
rotestosterone acetate during the sexually inactive season (Hirose and Hi- 
biya, 1968). Oral administration (50 pg/g of food) of methyltestosterone has a 
degenerative effect on germ cells in Oncorhynchus species (Yamazaki, 
1972). These results suggest inhibition of GtH secretion. Although intra- 
peritoneal injections of testosterone in rainbow trout stimulated GtH secre- 
tion during sexual quiescence (in March), they depressed it at the beginning 
of spermatogenesis (June) (Billard, 1978). Only one injection of testosterone 
in carp was followed, 30 min later, by a decrease of plasma GtH level (Weil, 
1981). However, neither detectable decrease of GtH pituitary content nor 
decrease of pituitary sensitivity to LHRH were observed. Prolonged testos- 
terone treatments in Misgurnus anguillicaudatus (Ueda and Takahashi, 
1980) and in Poecilia latipinnu (Van Den Hurk and Testerink, 1975) resulted 
in gonadotroph inactivation. Moreover, a loss of anti-GtH binding to these 
cells was noted in Poecilia latipinnu (Goos et al.,  1976). However, the inhibi- 
tion of spermatogenesis in rainbow trout fed with methyltestosterone is not 
accompanied by a reduction of the plasma GtH level, suggesting that 
steroids could also have a direct inhibiting effect on the testis (Billard et al., 
1981). Besides, if antiandrogens (cyproterone acetate or oxymetholone) are 
given continuously in the diet of male rainbow trout before the initiation of 
spermatogenesis, the testicular growth is prevented (Billard, 1982). 

Although inhibiting effects are obtained in intact fish, qualitative restora- 
tion of a complete spermatogenesis, with repetitive testosterone or meth- 
yltestosterone injections, has been reported in the hypophysectomized Fun- 
dulus heteroclitus (Burger, 1942; Pickford and Atz, 1957; Lofts et d. ,  1966) 
and Heteropneustes fossilis (Sundararaj and Nayar, 1967; Sundararaj et al., 
1971). The restoration was limited to the spermatocyte stage in Carassius 
auratus after hypophysectomy during the breeding season (Pandey, 1969b), 
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and no effect was observed in methallibure-treated Tilapia nigra (Hyder et 
al., 1974). Maintenance of the established spermatogenesis has also been 
demonstrated in hypophysectomized Heteropneustes fossilis (Nayyar et al.,  
1976) and Carassius auratus (Billard, 1974); in these studies, high doses 
were often used and the efficiency of the treatment was poor. In a mainte- 
nance study of goldfish (Billard, 1974), it was necessary to use a high dose of 
testosterone propionate to approximate the testicular weight of the intact 
fish; quantitative analysis of spermatogenesis shows that the number of sper- 
matogonia type B and spermatids is much lower than in the intact control. A 
low dose of testosterone (10 pg/g by weight) maintained only spermatogonia 
type B, and a higher dose (200 pg/g by weight) was necessary to maintain 
spermatocytes and spermatids (Billard, 1974). This may be because of the 
blood-testis barrier of meiotic cysts (Marcaillou and Szollosi, 1980; Abraham 
et al., 1980), particularly if one considers that “the spermatogenetic matura- 
tion of germ cells takes place in a milieu of high local androgenic concentra- 
tion” (Lofts, 1980). Further evidence of the direct role of androgens in 
spermatogenesis was furnished by in uitro culture of testicular explants of 
Carassius aurutus, in which maintenance and even initiation of a complete 
spermatogenesis were observed in the presence of testosterone isobutyrate 
crystals (Remacle et al. , 1976, 1977). Furthermore, testosterone stimulated 
the protein and RNA synthesis in uitro of the rainbow trout testis, suggesting 
a stimulation of cellular mitoses (Costa, 1972). 

v. Role of Androgens in Spermiation. Late in the cycle, injections of ll-ket- 
otestosterone in the sockeye salmon (Idler et at.,  1961c), of meth- 
yltestosterone in mullet (Shehadeh et al., 1973), -and testosterone, but not 
11-ketotestosterone, in rainbow trout (Billard et al.,  1981) were efficient in 
stimulating spermiation in nonhypophysectomized fish, but androgen im- 
plants (in silastic) were inefficient in the rainbow trout (Billard et al.,  1982). 
The fact that, at this stage in rainbow trout, testosterone exerts negative 
feedback on GtH secretion (Billard, 1978) and furthermore stimulates sper- 
miation in the hypophysectomized goldfish (Yamazaki and Donaldson, 1969; 
Billard, 1976) suggests a direct action of androgens on the testis. Moreover, 
ll-ketotestosterone levels, but not GtH levels, are related to the sperm 
production in rainbow trout (Fostier et al., 1982). 

b. Other Steroids. Measurements by RIA show only low levels or even 
traces of 17s-estradiol in males of Carassius auratus (Schreck and Hopwood, 
1974), Salmo gairdneri (Schreck et al., 1973; Billard et al., 1978; Whitehead 
et al., 1978a), Salmo trutta (Billard et al., 1978; Soivio et al., 1982), Saro- 
therodon aureus (Terkatin-Shimony and Yaron, 1978), and Salmo salar (Idl- 
er et al., 1981), but in Pleuronectes platessa the levels were higher (Wing- 
field and Grimm, 1977). However, estradiol was ineffective on testis 
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explants from goldfish cultured in uitro (Remacle, 1976). Prolonged treat- 
ment with a low dose of estradiol administered via the diet (0.5 mg/kg) 
inhibited spermatogenesis without modifying plasma GtH levels (Billard et 
al., 1981). Later, during spermiation, a transitory rise of GtH occurred with 
such a treatment, and there was no significant effect on sperm production. 
However, a higher dose (2.5 kg/g by weight), injected intraperitoneally, 
depressed GtH levels (Billard, 1978). The presence of aroinatase activity in 
the brain and pituitary together with estradiol binding in these areas (see 
Section IV,B) are in accordance with a regulation of pituitary activity. 

The significant production of progestins, especially 17a-hydroxy-20P- 
dihydroprogesterone reported in trout testis is puzzling (see Table IV). Dur- 
ing the breeding season, low plasma levels of these hormones have been 
measured in the rainbow trout by Campbell and co-workers (1980), but 
higher levels were found by Scott and Baynes (1982) in the same species and 
by Schmidt and Idler (1962) in the sockeye salmon. Progesterone was the 
most efficient, in comparison with any 6ther tested steroid, in stimulating 
spermiation of the hypophysectomized goldfish (Billard, 1976) or the intact 
pike, Esox lucius (De Montalembert et aZ., 1978). 

Cortisol, which may be high during the breeding season (Campbell et 
aZ., 1976; Wingfield and Grimm, 1977; Pickering and Christie, 1981), stimu- 
lated spermiation in intact or hypophysectomized goldfish (Billard, 1976), 
but had no effect on the efferent duct system and spermatogonial multiplica- 
tion in hypophysectomized Fundulus heteroclitus (Lofts et al., 1968). To 
explain the high concentration found during gonad development in plaice, 
Wingfield and Grimm (1977) also hypothesized a role for cortisol in the 
metabolization of stored energy. 

V. CONCLUDING REMARKS 

The research on sex steroids in fish raises two categories of questions. 
One is concerned with the validity of analytical methodologies and the other 
with the nature of experimental procedure. Methodologies have been care- 
fully discussed by Sandor and Idler (1979), and, according to their criteria, 
few definitive identifications of steroids have been made in fish species. As 
mentioned in the introduction, mass spectrometry could be an efficient tool 
for this purpose. However, this technique has been inadequate for measure- 
ments of numerous and small samples until now. For this purpose, the use of 
rapid resolutive separating techniques, i. e., high-performance liquid chro- 
matography may be a useful tool, if associated with radioimmunoassays, or 
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sensitive enough physical detectors. With respect to experimental pro- 
cedures, in uitro incubations of steroidogenic organs with labeled precursors 
contribute very important information. However, they have not been cor- 
roborated with analysis of the steroids actually present in the glandular 
tissue or in efferent blood. The measurements of steroid levels are almost 
always performed in the peripheral blood. These measurements are useful as 
an indicator of a steroidogenic secretion during a particular stage of the 
sexual cycle, and they are necessary to characterize the hormonal signal to 
which peripherial target tissues respond. Nevertheless, they give poor indi- 
cations of the hormonal environment of target cells such as germ cells situ- 
ated close to the glandular structure. An illustrative example could be the 
study of the gametogenesis regulation by steroids in simultaneous her- 
maphrodites induced in gonochoric species (Jalabert et d ,  1975). Recent 
results (McGregor, 1983; Zohar, 1982; Zohar et d., 1982b) have shown that 
rhythms in plasma GtH may be associated with rhythms in plasma steroids, 
as already demonstrated in mammals (Rebar and Yen, 1979). These results 
add to the knowledge of the regulation of steroidogenesis and physiological 
steroid activity. However, they imply the need to develop new experimental 
methodologies (Zohar, 1980; Bry and Zohar, 1980). From a physiological 
viewpoint, many questions still remain without conclusive answers. Some 
are as follows: 

1. In fry, if sex steroids are actually natural inducers of gonadal differ- 
entiation, are they the earliest signal? 

2. Later in the immature fish, how is steroidogenesis regulated before 
the release of GtH in plasma? 

3. Then in the adult fish, does only one glycoprotein, GtH, control the 
whole steroidogenesis process? 

4. What is the role of other pituitary factors? 
5. Are steroids involved in the stimulation of new waves of gonia mitoses? 
6. Have they a direct effect on the previtellogenic ovarian follicle? 
7. Are estrogen only working outside the ovary during vitellogenesis? 
8. Is there any action on follicular cells development? 
9. What is the role of the high levels of testosterone at this stage? 
10. In males, 11-ketotestosterone has been shown to stimulate sex sec- 

ondary characters, but what is its accurate role on germ cells maturation? 
11. What is the significance of the testicular biosynthesis of 17a-hy- 

droxy-20P-dihydroprogesterone? 
12. Is glucuronidation only an inactivating process or do glucuronides 

possess biological activities? 
If these few questions show the importance of efforts to investigate the 

field of gonadal steroids in fish, they also show the originality of the fish 
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physiology. Its study can bring progress in techniques for fish aquaculture, 
but also give substance for phylogenic considerations (Tamaoki, 1981) and 
contributions to general physiology. 
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1. INTRODUCTION 

Discussion in this chapter is restricted to teleost fishes, but a large base 
of knowledge has come from studies on other nonmammalian vertebrates, in 
particular the hen and Xenopus. Wallace and co-workers have made out- 
standing contributions to the regulation of oocyte growth, first in Xenopus 
and more recently in fish, and have published an excellent review of ovarian 
growth throughout the nonmammalian vertebrates (Wallace, 1978). Ex- 
pression of the vitellogenin genes in eukaryotic organisms and the relation- 
ship between vitellogenin and egg yolk proteins has been discussed by Tata 
and Smith (1979), and there are recent reviews of the stages of ovarian 
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growth and vitellogenesis in teleosts (Wallace and Selman, 1981; Wiegand, 
1982). 

II. YOLK PROTEINS 

A. Purification 

It is a well established fact that the ovaries of oviparous vertebrates, 
including fowl and amphibians, contain yolk proteins which are termed 
lipovitellin and phosvitin (see Follett and Redshaw, 1974). A number of 
investigators have attempted to isolate lipovitellinlike and phosvitinlike yolk 
proteins from the ovaries of a v d e t y  of teleost species such as the herring 
(Barman et al., 1964), trout (Ando, 1965; Campbell and Idler, 1980; It0 et 
al., 1966; Wallace et al., 1966), Pacific salmon (Markert and Vanstone, 1968), 
Atlantic salmon (Idler et al., 1979), and cod (Plack et al.,  1971). The yolk 
proteins are extracted &om the entire ovaries with a concentrated inorganic 
salt solution, e.g., 0.5 M NaCl (Wallace et al., 1966; Jared and Wallace, 
1968; Markert and Vanstone, 1968; Plack et al., 1971; Campbell and Idler, 
1976, 1980; Idler et al., 1979), 0.2 M NaCl (Mano and Lipmann, 1966a), or 
1.2 M MgSO, (Barman et al., 1964). Centrifugation of the extract at high 
speed is then performed to remove debris and fatty material. Alternatively, 
ovarian fluid and blood clots can be removed from the ovary by rinsing with 
1% saline. The eggs are broken and the qontents are collected (Markert and 
Vanstone, 1968). The yolk proteins are then precipitated as a lipovi- 
tellin-phosvitin complex by dialysis against, or dilution with, a large volume 
(5-7 volumes) of distilled water. Lipovitellin can be separated from phos- 
vitin by addition of (NH,),SO, to 100% saturation to a solution of yolk 
proteins at 0" C (Barman et al., 1964; Schmidt et al., 1965; Wallace et al., 
1966; Markert and Vanstone, 1968; Plaak et al., 1971; Campbell and Idler, 
1980). Lipovitellin is precipitated and can be further purified by being re- 
dissolved in NaCl and reprecipitated by adding (NH,),SO,. Phosvitin re- 
mains in solution and can be further purified by dialysis against distilled 
water, precipitation by acidification, successive washes with 0.04 M HCl, 
alcohol-ether (3:l v:v) and ether, air drying, followed by chromatography 
on diethylaminoethyl (DEAE)-cellulose using Tris-cl-ethylenediamine- 
tetracetate (EDTA) buffer as eluent. Alternatively, the crude phosvitin in 
solution can be further purified by dialysis against distilled water and pre- 
cipitation by adding 5 mM CaCl,, followed by a wash with water and ethanol 
and drying under vacuum (Barman et al., 1964). 



8. YOLK FORMATION AND DIFFERENTIATION IN TELEOST FISHES 375 

Phosvitin and lipovitellin can be further purified by gel filtration on 
Ultrogel AcA 22, Ultrogel AcA 54 or Sephadex G200 (Campbell and Idler, 
1980). Livetins can be isolated from the fraction of the ovarian extract which 
is not precipitated on dilution with an excessive amount of distilled water 
(Markert and Vanstone, 1968; Jared and Wallace, 1968). They are not phos- 
phoproteins, and are probably a group of serum-derived proteins with dis- 
tinct electrophoretic mobilities. Their number and concentration vary from 
one species to another (Markert and Vanstone, 1968). The P-component is 
extractable with 0.5 M NaCl and is coprecipitated with lipovitellin when 
(NH,),SO, is added to saturation. It can be separated from lipovitellin by 
exclusion chromatography in which p component behaves as a smaller mole- 
cule (Campbell and Idler, 1980). 

B. Characteristics 

1. SOLUBILITY 

Besides being soluble in concentrated salt solutions, such as 0.5 M NaCl, 
the yolk proteins are also soluble in citric acid-Mono1 (2-amino-2-methyl-l- 
propanol) buffer (Jared and Wallace, 1968), which is used for tri- 
ethylaminoethyl (TEAE)-cellulose chromatography. Trout phosvitin is dis- 
tinctive in that it is not precipitated by 15% trichloracetic acid which precipi- 
tates contaminating proteins in the phosvitin preparation (Schmidt et al., 
1965; Campbell and Idler, 1980). 

2. CHEMICAL CHARACTERISTICS 

The yolk proteins can be separated by hydroxyapatite chromatography 
using phosphate buffer as eluent. Livetins are unadsorbed on the ion ex- 
changer equilibrated and eluted with 0.2 M phosphate buffer. Lipovitellin 
and phosvitin are adsorbed and can be eluted from the column by increasing 
the ionic strength to 0.6 M and 2 M ,  respectively (Markert and Vanstone, 
1968). 

In general, lipovitellins are glycolipophosphoproteins with a very low 
content of alkali-labile phosphorus; phosvitins are rich in phosphorus but 
lacking in lipid and carbohydrate. However, some glucosamine is found in 
salmonid phosvitin (Mano and Yoshida, 1969). A lipid content of 25% and an 
alkali-labile phosphorus content of 0.007% are found for trout lipovitellin; 
phosvitin has an alkali-labile phosphorus content of 15.8% (Campbell and 
Idler, 1980). The lipid content in trout lipovitellin is similar to that estimated 
by other researchers (Plack et al., 1971); phosvitin has a higher and lipovi- 
tellin has a lower alkali-labile phosphorus content than previously reported 
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values (Mano and Lipmann, 1966a,b; Wallace et al., 1966). The d' iscrepancy 
may have been caused by differences in the degree of purity of the various 
preparations (Campbell and Idler, 1980). 

Trout lipovitellin (Campbell and Idler, 1980) is similar in amino acid 
composition to that of Xenopus Zueuis lipovitellin (Redshaw and Follett, 
1971) except for its serine and valine contents. Trout lipovitellin has a mo- 
lecular weight (MW) of about 300,000 according to Hara and Hirai (1978) and 
Campbell and Idler (1980), but Ando (1965) found a value of MW 240,000. 

The molecular weight of trout phosvitin has been reported to be 43,000 
(Campbell and Idler, 1980) and 19,000 (Schmidt et al., 1965; Mano and 
Yoshida, 1969). The p component has a MW 21,000 (Campbell and Idler, 
1980; Markert and Vanstone, 1971). 

The presence of two types of lipovitellin in the cod ovary, which cannot 
be separated by Sephadex G200 chromatography but which can be partially 
resolved by TEAE-cellulose chromatography, is claimed by Plack and Fraser 
(1970). There are indications that trout lipovitellin is composed of two sub- 
units (Ando, 1965). Mobility during sodium dodecyl sulfate (SDS)-polyac- 
rylamide gel electrophoresis indicated two subunits for lipovitellin of gold- 
fish with MW of 105,000-110,000 and 19,000-25,000 (de Vlaming et al., 
1980). The ayu lipovitellin binds calcium (Aida et al., 1973a). 

In salmonid phosvitins (Mano and Yoshida, 1969; Campbell and Idler, 
1980) and ling phosvitin (Mano and Lipmann, 1966a), serine is the predomi- 
nant amino acid accounting for as much as 42% of the amino acid content and 
it exists in the phosphorylated form, phosphoserine. Sulfur-containing ami- 
no acids such as half-cysteine and methionine, aromatic amino acids such as 
tyrosine and phenylalanine and histidine, and the amino acids valine and 
leucine, are either absent or present in very low amounts. These characteris- 
tics of teleost phosvitins are mostly common to toad and chicken phosvitins 
(Clark and Joubert, 1971; Redshaw and Follett, 1971). In the salmonid phos- 
vitin, tyrosine is the NH-terminal residue and aspartic acid is the C-terminal 
residue (Mano and Yoshida, 1969). 

Interestingly, Schmidt et al. (1965) found that Salmo trutta phosvitin 
resembled hen phosvitin more than Salmo irideus phosvitin isolated by Ito 
et al. (1966). Ovaries from winter flounder Pseudopleuronectes americanus 
extracted with 0.5 it4 NaC1-5 mM EDTA followed by precipitation on di- 
alysis against a copious volume of 5 mM CaCl,, when redissolved and frac- 
tionated by gel filtration, yielded a peak of MW 500,000 and a peak of MW 
30,000 both containing alkali-labile phosphorus, corresponding to lipo- 
vitellin and phosvitin, respectively (Ng and Idler, 1979). Trout phosvitin 
loses its phosphorus in molar NaOH or Na,CO, in 12 min (Barman et al., 
1964). Teleost phosvitins absorb ultraviolet (UV) light at 280 nm like other 
vertebrate phosvitins (Wallace et al., 1966). 
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It is speculated that phosvitin represents a reservoir of phosphorus and is 
therefore an energy source for embryonic development (Barman et al . ,  1964; 
Ando, 1965). Phosvitin is not found in eggs of some marine teleosts, and it 
appears that phosphorus needed for metabolic purposes is derived from the 
environment (Jared and Wallace, 1968). 

Mano and Lipmann (1966a,b) observed that there are several forms of 
ling, cod, and flounder phosvitins with varying degrees of phosphorylation 
which can be separated by chromatography on DEAE-cellulose. These frac- 
tions have the same amino-acid composition and therefore they are probably 
produced by stepwise dephosphorylation and phosphorylation. However, 
salmon phosvitin yields a single peak on DEAE-cellulose. 

At the beginning of vitellogenesis nonphosphorylated phosvitin is incor- 
porated by the oocytes. This is then phosphorylated to yield the final form 
containing 10% phosphorus without passage through any intermediate 
forms. During the course of vitellogenesis three phosvitins with intermedi- 
ate phosphorus contents appear and they are eventually phosphorylated to 
the final product. Phosphorylation of nonphosphorylated and the three par- 
tially phosphorylated phosvitin fractions to give the final hlly phosphory- 
lated form is accomplished by distinct protein kinases which have optimal 
activities at different levels of phosphorylation of the acceptor phosvitin 
molecule. However, the enzyme phosphoprotein phosphatase is not in- 
volved in the formation of these phostivin fractions with different degrees of 
phosphorylation. Accumulation of the final fully phosphorylated form of 
phosvitin provides a signal for the formation of the intermediate partially 
phosphorylated fractions (Mano, 1969, 1970). 

Mano and Lipmann (1966b) observe that the reactivity of teleost phos- 
vitin as an acceptor of phosphate ti-om protein phosphokinase and adenosine 
triphosphate decreases after enzymatic dephosphorylation in contrast to the 
case of hen phosvitin. The arrangement of four consecutive phosphorylated 
serine residues appears to confer specificity on the phosphate acceptor. 

Autoxidative degradation in the presence of ferrous salt leading to labil- 
ization and liberation of phosphate (Grant and Taborsky, 1966) may occur in 
fish phosvitin (Mano and Lipmann, 1966a,b), with the protein-bound phos- 
phoserine undergoing a, p dehydrogenation to form the corresponding enol 
phosphate derivative. 

The amino acid composition of trout p component is distinct from those 
of vitellogenin, lipovitellin, and phosvitin. However, it is related immu- 
nologically to vitellogenin and lipovitellin (Campbell and Idler, 1980). These 
characteristics of p component indicate that it is a protein different from 
vitellogenin, lipovitellin, and phosvitin. It may be a heterosynthetic or an 
autosynthetic yolk protein (Campbell and Idler, 1980). 

Leger and associates (1981) provided evidence that essential fatty acids 
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“22:6 (n - 3)” are enriched in trout lipoproteins, vitellogenin, egg 
lipovitellin, and oil globules. 

C. Differences from Other Vertebrates 

The ovarian lipovitellin and phosvitin of most vertebrates are complexed 
together in the form of crystalline platelets. However, most teleost eggs 
contain a nongranular fluid yolk and the yolk proteins are present in fluid- 
filled spheres together with the other egg components. However, Yamamoto 
and Oota (1967) observed in the zebrafsh that its ovarian yolk is deposited in 
a crystalline structure, although the crystalline pattern is distinct from the 
amphibian pattern. During the terminal stages of oocyte maturation the egg 
yolk coalesces and mixes with the other egg contents. 

The teleost yolk proteins are more soluble in water than those from other 
vertebrates because of their lower level of phosphorylation. A lower protein 
kinase activity is detected in the acetone powder of some fish ovaries. Het- 
erogeneity in the extent of phosphorylation is frequently observed among 
teleost yolk proteins (Jared and Wallace, 1968). 

Some workers found that teleost phosvitin has a molecular weight which 
is lower than that of other vertebrate phosvitins (Schmidt et al., 1965; Wal- 
lace et al., 1966; Markert and Vanstone, 1971), and it may sometimes be 
absent from the ovarian yolk (Jared and Wallace, 1968). Teleost lipovitellin 
possesses a very low amount of phosphorus (Campbell and Idler, 1980). 
Some yolk components distinct from lipovitellin and phosvitin can be found 
in the teleost ovary, e.g., p component (Markert and Vanstone, 1971; Camp- 
bell and Idler, 1980). The interesting work of Sand and others on ovarian wax 
esters was reviewed by Wiegand, (1982). 

111. VITELLOGENIN 

Vitellogenin is a word coined by Pan et al. (1969). Changes in the plasma 
electrophoretic pattern occur parallel to the progress of vitellogenesis. The 
most conspicuous change observed is the appearance of a lipophosphopro- 
tein identified as vitellogenin (Campbell and Idler, 1980; Emmersen and 
Petersen, 1976; Heesen and Engels, 1973; Thurston, 1967). Immunological 
methods have also been used to detect the presence of vitellogenin (Aida et 
al., 1973a; Fine and Drilhon, 1963; Utter and Ridgeway, 1967). Because the 
occurrence of vitellogenin is specific to the female, vitellogenin is also known 
as the female-specific plasma protein (Aida et al., 1973a). Its occurrence in 
plasma of maturing females coincides with the appearance of yolk granules 
beneath the vitelline membrane (Aida et aZ., 1973a). 



8. YOLK FORMATION AND DIFFERENTIATION IN TELEOST FISHES 379 

A. Isolation 

Methods for isolation of vitellogenin from plasma of Xenopus have been 
reviewed by Wallace and co-workers (Wiley et al.,  1979). They no longer 
advocate the use of TEAE-cellulose because the product did not behave as 
did a former preparation. This is reminiscent of experiences with other 
preparations, e.g., XAD-2 (Bradlow, 1977). The TEAE-cellulose (Cellex T, 
Bio-Rad) was used to prepare salmon vitellogenin (Idler et al.,  1979). If 
Ca2+ is used for precipitating vitellogenin, the preparation should be 
checked for possible degradation by Ca2+ -activated protease (Wiley et al . ,  
1979). For Xenopus a combination of Mg2+ and EDTA was satisfactory for 
precipitating a relatively undegraded vitellogenin. However, for goldfish 
vitellogenin the combination was ineffective, possibly because of the rela- 
tively low phosphorus content of the glycolipophosphoprotein (de Vlaming 
et al., 1980). 

1. ATLANTIC SALMON 

Blood from a mature female is treated with CaCI,, diluted with distilled 
water, and then dialyzed against 5 mM CaC1,. The precipitate is extracted 
with 0.5 M NaCI-5 mM EDTA. Chromatography of the yolk extract on 
TEAE-cellulose yields a single peak which is fractionated into three peaks on 
Bio-Gel with Tris-NaC1 buffer. The middle peak is identified as vitellogenin 
by its immunoreactivity toward an antiserum raised against a fraction of 
ovarian yolk proteins retarded on Sephadex G200 (Idler et al.,  1979). 

2. RAINBOW TROUT 

The starting material is serum from male trout treated with estradiol. 
The serum is treated with CaCI, until a final concentration of 20 mM is 
attained. The serum is then added to 30 volumes of cold, distilled water 
saturated with phenylmethylsulfonyfluoride (PMSF), stirred overnight,and 
centrifuged. The precipitate is dissolved in 10 ml buffer (0.25 M NaC1, 20 
mM CaCl,, 50 mM Tris, pH 8.0). Cold, distilled water is then added to the 
solution to dilute the NaCl concentration to 5 mM. The resulting precipitate 
is redissolved in buffer and chromatographed on TEAE-cellulose which is 
eluted with a linear gradient of citric acid-Mono1 buffer. The protein is 
eluted as a single peak and can be further purified on Ultrogel AcA 22. 
However, TEAE-cellulose chromatography can be omitted to minimize 
losses attributable to the solubility problem (Campbell and Idler, 1980). The 
integrity of vitellogenin prepared by this method is attested by the parallel 
displacement given by serum of estrogenized fish to the vitellogenin stan- 
dard used in radioimmunoassay (Campbell and Idler, 1980) and incorpora- 
tion into oocytes (Campbell, 1978; Campbell and Jalabert, 1979). Vitello- 
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genin can also be isolated from the blood of estrogenized trout by gel 
filtration on Sepharose 6B followed by affinity chromatography on Con 
A-Sepharose (Sumpter, 1982). 

Vitellogenin messenger ribonucleic acid (mRNA) has been isolated from 
liver of bullhead and rainbow trout (Roach and Davies, 1980; Chen et al., 
1982). 

3. CATFISH 

Serum from estradiol-treated Zctalurus nebulosus is chromatographed on 
DEAE-cellulose equilibrated and eluted with dilute citric acid-Mono1 buf- 
fer. Vitellogenin is eluted with buffer of high ionic strength. Phe- 
nylmethylsulfonylfluoride is used to inhibit proteolysis during isolation. In 
the absence of the protease inhibitor, vitellogenin is nicked by proteolysis as 
judged by the presence of numerous bands in SDS-polyacrylamide gel 
electrophoresis (Hickey and Wallace, 1974). 

Vitellogenin can also be prepared from the serum of mature female or 
estrogen-treated male flounder Platichthys Jesus (Emmersen and Petersen, 
1976) and catfish Heteropneustes fossilis (Nath and Sundararaj, 1981a) by gel 
filtration. 

4. GOLDFISH 

Vitellogenin has been isolated from goldfish blood by Hori et al., (1979) 
and de Vlaming et al. (1980). The latter chromatographed on DEAE-cel- 
lulose and used PMSF to inhibit proteolysis. 

B. Characteristics 

Vitellogenin is inducible in immature and male teleosts by estrogen 
treatment (Aida et al.,  1973a; Emmersen and Petersen, 1976; Nath and 
Sundararaj, 1981a; Campbell and Idler, 1980). Its production can be greatly 
augmented in the females by estrogen treatment (Bailey, 1957; Campbell 
and Idler, 1976). 

In oviparous vertebrates, vitellogenin undergoes posttranslational modi- 
fication including lipidation, glycosylation, and phosphorylation before 
being secreted into the blood (Tata and Smith, 1979). The lipophosphopro- 
tein nature of teleost vitellogenin has been demonstrated by Emmersen and 
Petersen (1976), Hori et al. (1979), Campbell and Idler (1980), and by Nath 
and Sundararaj (198la). It contains carbohydrate and it binds calcium (Hori 
et a!. , 1979). The calcium content of goldfish vitellogenin is only one-third of 
that of Xenopus laevis vitellogenin, probably because of losses during experi- 
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mental manipulation (Hori et al., 1979). Rainbow trout vitellogenin resem- 
bles vitellogenins from Xenopus laevis (Redshaw and Follett, 1971) and 
Gallus domesticus (Cristmann et a!. , 1977) in amino acid composition except 
for differences in serine and alanine contents. Similar chemical structure 
between vitellogenin and egg yolk protein has been demonstrated in the 
catfish by peptide mapping and SDS gel electrophoresis (Sundararaj, 1981). 
Analytical ultracentrifugation of trout vitellogenin gave peaks of 11.6 S, 18.9 
S and 23.8 S (Campbell and Idler, 1980) suggesting that polymerization 
occurs during experimental manipulation, as in the case of toad vitellogenin 
(Redshaw and Follett, 1971). A range of molecular weights has been re- 
ported for teleost vitellogenins: 330,000 and 280,000 for goldfish (Hori et al., 
1979; de Vlaming et al., 1980), 390,000 for Coho salmon (Markert and Van- 
stone, 1971), 400,000 for cod (Placket al., 1971), 470,000 for trout (Campbell 
and Idler, 1980), 550,000 for flounder (Emmersen and Petersen, 1976) and 
catfish (Nath and Sundararaj, 1981a), and 600,000 for trout (Hara and Hirai, 
1978). Vitellogenin of the catfish Amerieurus nebulosus is reported to have a 
molecular weight for the delipidated monomer of 145,000 by SDS-Poly- 
acrylamide gel electrophotesis PAGE (Roach and Davies, 1980). 

Trout vitellogenin has a lipid content of 21.5% and an alkali-labile phos- 
phorus content of 0.6% (Campbell and Idler, 1980). 

Hen vitellogenin has a MW 235,000 (Christmann et al., 1977) and 
Xenopus laevis vitellogenin has a MW 390,000 (Redshaw and Follett, 1971); 
therefore, some teleost vitellogenins (Campbell and Idler, 1980; Emmersen 
and Petersen, 1976) appear to be larger molecules than avian and amphibian 
vitellogenins. Van Bohemen et at. (1981) suggest that trout vitellogenin 
exists in forms with different degrees of phosphorylation. Campbell and 
Idler (1976) find that in sham-hypophysectomized winter flounder some 
dephosphorylation of vitellogenin occurs during incorporation into ovarian 
yolk. 

C. Measurement 

Various methods have been utilized to estimate plasma vitellogenin con- 
centration. The level in the pike Esox lucius was estimated to be 1-48 mg/ml 
by quantitative immunoelectrophoresis (Goedmaker and Verbroom, 1974) 
and 32 mg/ml in maturing female cod by indirect semiquantitative immu- 
nodiffusion (Plack et al., 1971). There were 9 mg/ml in sockeye salmon 
Oncorhynchus nerka by the difference in serum protein content between 
males and females (Ho and Vanstone, 1961). In flounder Platichthys Jesus, 
by alkali-labile phosphorus determination (Emmersen and Petersen, 1976) 
5-180 pg  P0,-3/ml were found, and in catfish Heteropneustes fossilis (Nath 
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and Sundararaj, 1981a) values ranged to 900 pg PO,-Yml. Vitellogenin 
levels of 0.1-13 mg/ml were detected in trout Salmo gairdneri by densi- 
tometric scanning following polyacrylamide gel electrophoresis (van Bohe- 
man et al., 1981), and 32 mg/ml in goldfish Carassius auratus by densitom- 
etry following polyacrylamide gel electrophoresis (Hori et al., 1979). It is not 
always clear whether alkali-labile phosphorus is expressed as P or Po,-3. 

Vitellogenin-enriched serum from estradiol-treated goldfish forms a sin- 
gle connecting precipitin arc with ovarian extract and serum of mature gold- 
fish (Hori et al., 1979). Immunological relationship between vitellogenin and 
ovarian extract has also been demonstrated in other teleost species (Utter 
and Ridgeway, 1967; Plack et al., 1971; Amirante, 1972; Aide et al., 1973b; 
Hara and Hirai, 1978; Idler et al., 1979). This fact has been used by Idler et 
a2. (1979) and Campbell and Idler (1980) to develop radioimmunoassays for 
measurement of circulating vitellogenin in salmonids. The assay for vitel- 
logenin of Atlantic salmon Sa2mo is set up, using an antiserum raised against 
the fractions of the ovarian yolk extract which are retarded on Sephadex 
G200, and the antigen as label and standard. A standard curve can be estab- 
lished from 0.05 to 10 ng. Despite a parallelism shown by a serial dilution of 
Atlantic salmon plasma to the standard curve, it requires 47-fold more 
vitellogenin than the ovarian yolk standard to give the same displacement. 
Analysis of a small plasma sample enables a male donor to be distinguished 
from a female donor (Idler et al., 1979, 1981) and also spawners of the year 
from nonspawners several months in advance of spawning (Idler et al., 
1981). The plasma vitellogenin content rises from 5 pg/ml in fish caught 14 
months away from spawning to a value of 6 mglml in animals 1-2 months 
prior to spawning. There is a significant correlation between the stage of 
gonadal development and the plasma vitellogenin concentration, the plasma 
estrogen level and the plasma vitellogenin level, the plasma estrogen titers 
and the gonadosomatic index, and the stage of gonadal development and the 
gonadosmatic index, indicating that estrogen and vitellogenin are involved 
in gonadal development and maturation and increase in gonadal size (Idler et 
a2., 1981). The validity of the salmon assay was questioned by de Vlaming et 
al. (1980), but the plasma levels found in the two sexes and in different 
physiological states (Idler et al., 1981) confirm the utility of the assay. Ideally 
one would wish to use a completely homologous assay, but the failure to 
label vitellogenin with radioactive iodine with any method then available 
prevented this (see further discussion). 

The assay for vitellogenin of trout Salmo gairdneri is set up using an 
antiserum against trout vitellogenin and labeled trout lipovitellin. Lipo- 
vitellin, vitellogenin p component, and serum give parallel displacement to 
the label; however, trout phosvitin does not displace the label. A similar 
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assay can be conducted using an antiserum against trout vitellogenin and 
labeled trout p component. In this assay system, trout vitellogenin, 
lipovitellin, and serum all give displacement parallel to the label. The three 
types of assay buffer investigated including barbital buffer, a low-salt buffer, 
and a buffer of 0.25 M NaCl, 20 mM CaCl,, 50 mM Tris, pH 8.0, exert no 
influence on the sensitivity of the assay or the slope of the displacement 
curve. However, under nonequilibrium condition the sensitivity of the assay 
is increased sevenfold (Campbell and Idler, 1980). 

In both the Atlantic salmon and the trout vitellogenin radioimmuno- 
assays, difficulty has been experienced in iodinating vitellogenin with the 
conventional chloramine T method (Greenwood et al., 1963), or with the 
microelectrolytic method (Donabedian et d., 1972), but the yolk proteins, 
phosvitin in case of Atlantic salmon, and lipovitellin and p component in case 
of rainbow trout, can be easily iodinated (Idler et al . ,  1979; Campbell and 
Idler, 1980). 

Even in species as closely related as the Atlantic salmon and the rainbow 
trout, it is found that the vitellogenin radioimmunoassay is specific to each 
species. In the Atlantic salmon vitellogenin assay, no parallel displacement is 
given by trout vitellogenin or vitellogenic trout serum. In the trout vitel- 
logenin assay, parallel displacement is given by serum samples from chinook 
(Oncorhynchus tshawytscha) and sockeye (0. nerka) salmon, but not by 
those from coho salmon (0. kisutch) and Atlantic salmon (Salmo salar) 
(Campbell and Idler, 1980). Species specificity is also a characteristic of the 
reptilian vitellogenin assay (Gapp et al., 1979). Vitellogenin from other ver- 
tebrates cannot be measured with the hen vitellogenin radioimmunoassay 
(Redshaw and Follett, 1971). 

Because of the possibility of loss of immunological potency of vitellogenin 
with purification (Redshaw and Follett, 1976), the results obtained from the 
vitellogenin assays (Campbell and Idler, 1980; Idler et al., 1979) may not 
represent the absolute values but they permit valuable comparisons. Camp- 
bell and Idler (1980) estimate that the assay values are close to the absolute 
values because a plasma vitellogenin level greater than 5 mg/ml can achieve 
a daily increase in ovarian weight of about 1 g which can account for a 
gonadosomatic index of 15 at the end of 6 months of vitellogenic growth. 

The advent of a very mild method for incorporating radioiodine into 
proteins and peptides “without damage” is a major contribution (Salacinski 
et al., 1979); the reagent is Iodogen. Sumpter (1981) has used it to label 
rainbow trout vitellogenin and a homologous assay was developed. In this 
assay, immature female trout had low levels of vitellogenin. Some male trout 
also had low levels of vitellogenin, but the levels did not correlate with the 
degree of sexual maturity. In the maturing female, the level increased from a 
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value of 0.5 mg/ml in March to 50 mg/ml in December. Ng and Idler have 
labeled salmon and flounder vitellogenin with Iodogen and are now using a 
homologous assay for these species (Y. P. So and D. R. Idler, unpublished). 

Van Bohemen and Lambert (1981) delineate the reproductive cycle of 
the rainbow trout into four periods: May-July, endogenous vitellogenesis; 
July-December, exogenous vitellogenesis; December, spawning time; De- 
cember-March, postspawning and previtellogenesis. The plasma vitel- 
logenin level is low during the period of endogenous vitellogenesis, rises to 
0.5 mg/ml at the beginning of exogenous vitellogenesis and continues to 
increase throughout the period of exogenous vitellogenesis, attaining a level 
of 2 mg/ml during spawning. By March, the plasma vitellogenin titer in- 
creased to 5 mg/ml, probably because of a combination of continued hepatic 
synthesis and a lack of gonadal incorporation. There is a correlation between 
the plasma levels of estrogen and vitellogenin during vitellogenic growth of 
the ovary; during previtellogenesis and endogenous vitellogenesis the es- 
trogen level is only 1 ng/ml, but it increases to a value of 17 ng/ml during 
exogenous vitellogenesis (van Bohemen and Lambert, 1981). In the catfish 
Heteropneustes fossilis, the plasma vitellogenin and estrogen titers in- 
creased with ovarian vitellogenic growth. The estrogen level declined to a 
basal level about 1 month before spawning and the vitellogenin concentra- 
tion fell to an undetectable level after spawning (Lamba, 1981). 

D. Mechanism of Vitellogenesis 

Bailey (1957) proposed a hypothesis for the mechanism of vitellogenesis 
in the goldfish. Vitellogenin is synthesized in the liver, under stimulation of 
estrogens produced from the ovary, secreted into the circulation, and is 
transported to the ovary where it is taken up into the oocytes. The mecha- 
nism is analogous to that operating in the amphibian and fowl (see Follett 
and Redshaw, 1974). Evidence for such a mechanism was obtained in the 
zebrafish by Korfsmeier (1966). Injected labeled amino acids are first incor- 
porated into hepatic proteins and the rate of incorporation is maximal 3 hr 
postinjection; subsequently the labels appear in ovarian proteins and the 
process of incorporation still proceeds after 24 hr. Heesen and Engels (1973) 
observe the presence in the zebrafish ovary of a major lipophosphoprotein 
component which can also be located in the serum and the liver. Sundararaj 
and Nath (1981) have demonstrated that radiophosphate administered into 
catfish gets incorporated into hepatic phosphoproteins as early as 1 hr postin- 
jection, the incorporation r a g  peaks at 12 hr postinjection after which la- 
beled vitellogenin starts to appear in the circulation. Yolk proteins are de- 
tected in the liver, but not in the gonad of sexually immature cod after 
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estrogen treatment, indicating the hepatic source of vitellogenin (Plack and 
Fraser, 1970). Estrogen treatment promotes the incorporation of [3H]leu- 
cine into hepatic yolk proteins in immature female and male cod in vitro 
(Plack and Fraser, 1970; 1971). Campbell (1978) demonstrated that oocytes 
from immature trout incorporate labeled vitellogenin. Campbell and Idler 
(1976) observe that radioactive phosphate injected into the flounder 
Pseudopleuronectes americanus occurs as labeled yolk proteins in plasma 
and ovary; their finding has been confirmed by Ng and Idler (1978a). 

Ultrastructural evidence for ovarian incorporation of exogenous yolk by 
micropinocytosis is provided by Droller and Roth (1966) in the guppy 
Lebistes reticulatus, by Anderson (1968) in the pipefish S yngrtathus fuscus, 
and by Wegmann and Gotting (1971) in the swordtail Xiphophorus helbri. 
Droller and Roth (1966) suggest that there are two types of micropinocytic 
structures which incorporate different exogenous yolk material. 

In the amphibian, vitellogenin is converted into yolk proteins by pro- 
teolysis (Bergink and Wallace, 1974). Catfish vitellogenin is very susceptible 
to proteolytic attack, implying that a mechanism similar to that in the am- 
phibian operates in the teleost (Hickey and Wallace, 1974). The p compo- 
nent of salmonid ovarian yolk is believed to be derived from the plasma of 
mature females (Markert and Vanstone, 1971). Teleost vitellogenin, lipo- 
vitellin, and phosvitin exhibit similarities in amino-acid composition to the 
corresponding yolk proteins from other vertebrate classes, further support- 
ing the operation of a similar mechanism of vitellogenesis (Campbell and 
Idler, 1980). Trout lipovitellin manifests a marked resemblance in amino- 
acid composition and lipid content to those of trout vitellogenin (Campbell 
and Idler, 1980). Idler and Campbell (1980) find that following treatment of 
male trout with estradiol the serum vitellogenin concentration increases at 
the expense of other proteins, but there is no gonadal growth. Evidence for 
selectivity of incorporation of macromolecules into the teleost ovary is pro- 
vided by Campbell (1978) and by Campbell and Jalabert (1979). 

E. Metabolic Changes during Vitellogenesis 

Sensitivity of the processes of vitellogenesis and oocyte maturation to the 
nutritional state of the animal has been suggested by Wallace and Selman 
(1980). Petersen and Emmersen (1977) studied the variation in the plasma 
titers of several metabolites throughout the reproductive cycle of the 
flounder Platichthys Jesus, and there was a correlation between the serum 
phospholipid level and the serum vitellogenin level throughout the re- 
productive cycle. Phospholipid is necessary for the biosynthesis of yolk pro- 
teins and oocyte membranes. Large amounts of glucose and lipids occur in 
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the circulation before ovarian vitellogenic growth begins and plasma con- 
centrations decline during the early phase of vitellogenesis and then increase 
to a maximum at spawning after which the levels drop again. 

The liver glycogen content does not bear a distinct relation to either 
ovarian growth or plasma glucose level. Liver glycogen content is the net 
result of the activities of the enzymes glycogen synthetase and glycogen 
phosphorylase; the plasma glucose level represents a balance between nutri- 
tion, hepatic supply, and tissue uptake. Hepatic glycogen and lipid probably 
represent energy sources to meet the metabolic needs encountered in 
ovarian growth and spawning (Petersen and Emmersen, 1977). An increase 
in the plasma level of lipids during vitellogenesis has been demonstrated in 
the cod Gadus morhua (Plack and Woodhead, 1966). This phenomenon is 
probably attributable to the lipid mobilizing effect of estrogen as shown in 
the amphibian (Follett and Redshaw, 1974). 

The metabolism of protein, RNA, and DNA also increases with the 
progress of vitellogenesis in the flounder (Emersen and Emmersen, 1976). 

F. Microscopic Changes in Ovary and Liver during 
Vitellogenesis 

In trout, during endogenous vitellogenesis, the hepatocytes contain 
moderately developed rough endoplasmic reticulum, small Golgi bodies 
containing no electron-dense material, and an increased amount of cyto- 
plasmic glycogen and lipid. There is no difference in the ultrastructure of the 
liver in the two sexes during this stage. During exogenous vitellogenesis the 
rough endoplasmic reticulum is strongly developed, the Golgi bodies are 
much enlarged with electron-dense inclusions, the mitochondria possess 
densely packed and concentrically arranged membrane configurations, the 
cytoplasm is depleted of glycogen granules and lipid droplets, and the nu- 
cleus and nucleolus present a hypertrophied appearance. All these ultra- 
structural changes suggest that the endoplasmic reticulum is involved in 
protein synthesis, that the Golgi is responsible for the packaging of secretion 
of these proteins, and that the mitochondrion strives to meet the energy 
demands of these processes. Concomitant with the increased activity of the 
liver is the enhancement in the steroidogenic activity in the ovarian follicular 
envelope (Aida et al . ,  1973b; Peute et al . ,  1978; van Bohemen et al . ,  1981). 
The dramatic structural changes undergone by the liver during exogenous 
vitellogenesis are similar to the changes induced by estrogen in the livers of 
male and immature fish. In contrast to the female liver, the male liver of the 
nonestrogen treated trout shows little changes in the ultrastructure with 
gonadal maturation (Aida et al . ,  1973b). 
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G .  Gonad 

The microscopic structure of the vitellogenic teleost egg is described in 
detail by Guraya (1978). The zona pellucida is divisible into two layers, the 
layer immediately adjacent to the oocyte is termed the zona radiata, the 
layer further away from the oocyte is the zona pelucida proper. However, 
depending on species and the stage of oocyte growth, the zona pellucida can 
be divided into one, two, or three layers. Above the zona pellucida lie the 
follicle cells. These cells usually undergo mitosis to form a continuous epi- 
thelial layer. During oocyte growth the nucleus of the follicle cell assumes a 
spherical shape and the cell possesses an activated protein synthetic ma- 
chinery. Microvilli arise from the surface of the oocyte and the follicle cells. 
Nutrients may reach the microvilli directly from the follicle cells when the 
microvilli pass through the zona radiata and the zona pellucida proper and 
come into contact with the follicle cells. It is believed that the follicle cells 
may secrete the zona pellucida; the zona radiata originates from the oocyte 
(Guraya, 1978). The zona radiata thickens and the microvilli widen as the 
oocyte grows in diameter. However, the thickness of the zona pellucida, the 
total area, and the number of microvilli initially increase and then decrease 
to a basal level with the progress of oocyte growth (Hurley and Fisher, 1966). 

The sequence of endogenous and exogenous vitellogenesis has been ob- 
served in the zebrafish Bruchydanio rerio (Ulrich, 1969), in the guppy 
Lebistes reticularis (Droller and Roth, 1966), in the killifish Fundulus het- 
eroclitus and in the pipefish Syngnathus fuscus (Anderson, 1968), and in the 
goldfish Curussius uuratus (Khoo, 1979). The polysaccharide nature of “en- 
dogenous yolk” has been demonstrated by a number of researchers (Aketa, 
1954; Malone and Hisoaka, 1963; Guraya, 1965; Yamamoto, 1956; Yamazaki, 
1965; Korfsmeier, 1966; Heesen and Engels, 1973; Khoo, 1979). Its origin is 
believed to be either the Golgi (Yamamoto and Onozato, 1965; Yamamoto 
and Oota, 1967; Droller and Roth, 1966; Anderson, 1968; Ulrich, 1969) or 
the endoplasmic reticulum (Droller and Roth, 1966; Anderson, 1968; Ulrich, 
1969; Beams and Kessel, 1973). Endogenous yolk has also been described as 
yolk vesicles, cortical alveoli, intravesicular yolk, vacuoles, yolk globules, 
and yolk spheres by various researchers (see Khoo, 1979). According to 
Beams and Kessel(1973), the Balbiani body, which is a duplex body distinct 
from Golgi and mitochondria and which consists of a nonbasiphilic portion 
called the idiosome and a highly basiphilic portion called the pallial sub- 
stance, may contain a yolk precursor. 

At their first appearance, the yolk vesicles take up a peripheral position 
in the ooplasm and then spread toward the center as time goes on until the 
whole ooplasm is filled with them. They are revealed as vacuoles after hema- 
toxylin and eosin staining, but stain light blue with Mallory trichome. Dur- 
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ing endogenous vitellogenesis the zona radiata is poorly developed, but 
toward the end of the stage it assumes a striated appearance. By this time the 
granulosa cells and the thecal cells in the follicular envelope have become 
fully developed. Yolk granules then begin to appear and they gradually 
replace the yolk vesicles. Although generally two types of yolk inclusion, 
yolk vesicles and yolk granules, are found, e.g., in zebrafsh (Malone and 
Hisoaka, 1963), in Liopsetta obscura and in Clupea pallasii (Yamamoto, 
1956), three types designated yolk vesicles, yolk globules, and lipid globules 
have been identified in Hypomesus japonicus (Yamamoto, 1956) and in 
Channa marulius (Guraya, 1965). Khoo’s histochemical work (Khoo, 1979) 
reveals that yolk vesicles differ from yolk granules in a number of aspects. 
Yolk vesicles contain glycogen and complex acidic polysaccharides but no 
lipids are present. Yolk granules contain lipids (neutral fats and phos- 
pholipids) but no polysaccharides. The protein content in yolk vesicles is 
lower than that in yolk granules, and sulfhydryl groups are present in yolk 
vesicle proteins but not in yolk granule proteins. The zona radiata contains 
phospholipids but neither neutral fats nor polysaccharides. 

A dramatic increase in oocyte diameter occurs during vitellogenic growth 
because of deposition of yolk. Hydration of the oocyte prior to ovulation also 
brings about an increase in oocyte size (Wallace and Selman, 1979). 

H. Relation of Vitellogenesis to Oocyte Maturation 

Ovarian incorporation of vitellogenin declines to a negligible level after 
germinal vesicle breakdown in both the landlocked Atlantic salmon Salmo 
sahr sebago and the winter flounder Pseudopkuronectes americanus. The 
plasma level of vitellogenin in the landlocked salmon does not change appre- 
ciably after germinal vesicle breakdown. Therefore, the decrease in the 
incorporation of radioactivity into ovarian yolk is presumably attributable to 
a change in the ability of the oocyte to incorporate vitellogenin (Ng et al., 
1980b). 

I. Hormonal Control of Vitellogenesis 

1. STEROIDS 

Estrogen elevates the plasma calcium concentration in the rainbow trout 
Salmo gairdneri (Elliot et al., 1979), in the goldfish and snakehead fish 
(Oguri and Takada, 1967). The hypercalcemic effect is specific to estrogens. 
Other steroids tested including testosterone, progesterone, and hydrocor- 
tisone acetate are without effect. The plasma calcium level correlates well 
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with ovarian maturation (Oguri and Takada, 1967; Yaron et al.,  1977) but not 
with testicular maturation (Oguri and Takada, 1967). Estrogen elevates the 
serum content of nonultrafilterable calcium and phosphorus and proteins 
without affecting the content of ultrafilterable calcium and phosphorous. A 
part of the increase in nonultrafilterable calcium is attributable to the in- 
crease in the serum concentration of vitellogenin which is a calcium-binding 
protein. The increase in serum protein level can also be accounted for by the 
increase in serum vitellogenin (Aida et al., 1973a). 

A relationship exists between the plasma calcium level and vitellogenin 
level in the rainbow trout (Whitehead et al., 1980), and between the plasma 
estrogen level and protein concentration in Tilapia aurea (Yaron et al.,  
1977). 

Estrogen elevates the plasma contents of calcium and proteins in the 
goldfish (Hori et al., 1979) and in Tilapia aurea (Yaron et al., 1977) and also 
the contents of lipids and protein-bound phosphorus in the goldfish (Hori et 
al., 1979). 

The effects of the sex steroids estrone, estradiol, progesterone, and tes- 
tosterone on plasma lipids were studied in the goldfish Carassius aurutus by 
Wiegand and Peter (1980b). In fish adapted at 12" C only estrone and es- 
tradiol elevated the plasma concentrations of total cholesterol and lipid phos- 
phorus. Progesterone increased the plasma triglyceride level in maturing 
fish at 12" C; estrone had a similar action in regressed fish. Testosterone did 
not produce an effect on plasma lipids at the temperature used and the 
reproductive stages of the fish examined. 

In the catfish Heteropneustes fossilis estrogen increases the hepatosoma- 
tic index, the hepatic protein and RNA contents, and the plasma protein 
content, but does not affect the muscle protein and RNA contents. Estrogen 
induced hepatic hypertrophy in all the teleost species studied to date: 
Oryzias Zatipes (Egami, 1955), flounder Platichthys flesus (Emmersen and 
Petersen, 1976), trout Salmo gairdneri (Campbell and Idler, 1980), winter 
flounder Pseudopleuronectes americanus (Campbell and Idler, 1976), Mis- 
gurnus anguillicaudatus (Kobayashi, 1953), and catfish Heteropneustes fos- 
silis (Medda et al., 1980; Nath and Sundararaj, 1981b). Estrogen also in- 
creased the hepatic RNA content in the male flounder (Emmersen et al . ,  
1979). However, estrogen does not affect the gonadosomatic index in female 
teleosts (Plack et al., 1971; Campbell and Idler, 1976; Medda et al., 1980). 
Most researchers are in favor of a concept of negative feedback at the level of 
the hypothalamus exerted by estrogen on pituitary gonadotropin secretion 
(Egami, 1955; Egami and Ishii, 1962; Sundararaj and Goswami, 1968). How- 
ever, Olivereau and Olivereau (1979b) observed a positive feedback of es- 
trogen on the pituitary gonadotrops in the silver eel. In the rainbow trout, 
estrogen synthetic capacity of the ovary increases gradually from May during 
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endogenous vitellogenesis to a maximum in October during exogenous 
vitellogenesis (Elliot et al., 1979). The absence of a significant level of es- 
trogen in the male teleost and in the immature teleost accounts for the 
virtual absence of vitellogenin from their circulation (Idler and Campbell, 
1980). 

The stimulatory action of estrogen on vitellogenin production is universal 
throughout the nonmammalian vertebrate classes: lamprey (Pickering, 
1976), hagfish (Yu et aZ., 198l), elasmobranch (Craik, 1978), amphibian (Wal- 
lace and Bergink, 1974; Wangh and Knowland, 1975), reptile (Hahn, 1967; 
Callard and Banks, 1970; Ho et aZ., 1981), and bird (Heald and McLachlan, 
1965). 

The ability of estrogen to induce formation of vitellogenin in immature 
teleost and male teleost is well documented (Idler and Campbell, 1980; 
Emmersen et aZ., 1979; Campbell and Idler, 1980; Hori et ul., 1979; Nath 
and Sundararaj, 1981a; Medda et al . ,  1980; Plack and Fraser, 1970; Plack et 
al.,  1971). 

Estrogen increases plasma opalescence in the eel Anguilla anguilla prob- 
ably because of increased secretion of vitellogenin into the bloodstream 
(Olivereau and Olivereau, 1979a). 

Sundararaj and Nath (1981) compare the activities of estradiol, estrone, 
and estriol in inducing vitellogenin in the catfish and discover that the 
relative potencies of estrone and estriol differ depending on dosage em- 
ployed. Estradiol is the most active, but other steroids including testoster- 
one, progesterone, and cortisol are ineffective. Estrone induces vitellogenin 
synthesis in the bass Paralabrux clathratus (Urist and Schjeide, 1961). Es- 
trone and estradiol are implicated in the regulation of vitellogenin produc- 
tion in the rainbow trout (van Bohemen and Lambert, 1981). Estrone by 
itself has only 5-10% the potency of estradiol in stimulating hepatic 
vitellogenin production. Estrone treatment concurrent with estradiol ad- 
ministration or estrone pretreatment followed by estradiol treatment poten- 
tiates the action of estradiol (Lambert and van Bohemen, 1981). 

Vitellogenin synthesis in the catfish can be amplified by three injections 
of estradiol given at intervals (Sundararaj and Nath, 1981). This phenomenon 
can be explained by a memory effect in which the first estrogen treatment 
primes the liver to respond to subsequent estrogen treatments, as in the case 
of the amphibian (Bergink et al . ,  1974). 

In the hypophysectomized goldfish estradiol, estrone and estriol induce 
the formation of yolk vesicles; however, pregnenolone induces the produc- 
tion of yolk granules (Khoo, 1979). Stimulation of yolk granule formation 
induced by pregnenolone differs from the normal physiological process in 
that the granules are formed without the prior appearance of yolk vesicles 
and also when the vitelline membrane of the oocyte is not yet fully de- 
veloped. 
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In the goldfish, massive doses of the androgen methyltestosterone evoke 
in the liver the same response as that elicited by estrogen. In the hepato- 
cytes there is an extensive proliferation of rough endoplasmic reticulum, 
hypertrophy of the Golgi body, a marked increase in the number of secreto- 
ry granules, and a decrease in the number of glycogen granules: vitellogenin 
appears in the serum. Ethynyltestosterone and methylandrostenediol also 
elicit the same response but testosterone, dihydrotestosterone and meth- 
yldihydrotestosterone are much less potent; progesterone and meth- 
ylprogesterone are totally inactive (Hori et al., 1979). These results are 
explicable if testosterone is converted into estrogen. However, testosterone 
has no effect on vitellogenin production in the catfish Heteropneustes fossilis 
(Medda et al., 1980). 

The source of estrogen has been demonstrated to be the ovary. In Tilapia 
aurea the plasma calcium and protein levels are raised following estrogen 
treatment and decline after ovariectomy (Yaron et & l a ,  1977). The salmon 
gonadotropin preparation SG-G100 (Donaldson et al., 1972) has no influence 
on the plasma vitellogenin level in ovariectomized catfish; however, es- 
trogen elevates the level (Nath and Sundararaj, 198lb). There is no unanimi- 
ty in opinion on the type of estrogen-producing cells in the ovary. In the 
theca cells of some fish 3P-hydroxysteroid dehydrogenase activity is most 
intense when vitellogenesis commences and the intensity of the enzyme 
activity decreases with the progress of follicular maturation (Guraya, 1978). 
In some species the theca cells appear to be the site of steroidogenesis; in 
others the granulosa cells are responsible for steroid production (Elliott et 
al . ,  1979; Hoar and Nagahama, 1978). Nagahama et al. (1981, 1982) have 
shown that in the amago salmon ovary the theca cells produce androgens 
which are converted to estrogen in the granulosa layer. 

Studies on the variation in the plasma levels of estrogen and testosterone 
throughout the reproductive cycle of the female plaice Pleuronectes platessa 
reveal that the curve for testosterone lags immediately behind the curve for 
estradiol, suggesting that testosterone may serve as a precursor of estrogen 
during vitellogenesis (Wingfield and Grimm, 1977). A similar opinion is held 
by Campbell et al. (1976) on the winter flounder Pseudopleuronectes amr i -  
canus and by Lamba (1981) on the catfish Heteropneustes fossilis. 

The effect of estrogen in inhibiting atresia of oocytes after hypophysec- 
tomy is controversial (Lam et a!!., 1978). 

2. PITUITARY HORMONES 

Unilaterally ovariectomized Tilapia aurea exhibit the phenomenon of 
compensatory hypertrophy of the remaining ovary. Microscopic examination 
reveals changes in the zona radiata and the granulosa cells of the follicles 
compatible with enhanced vitellogenesis (Dadzie and Hyder, 1976). Hypo- 
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physectomy results in a decrease in gonadosomatic index and a diminished 
incorporation of yolk into the gonad (Campbell and Idler, 1976). This finding 
confirms the observation of many investigators that vitellogenesis is arrested 
by ablation of the pituitary, e.g., Vivien (1941) on Gobius paganellus, Barr 
(1963) on plaice Pleuronectes platessa, Yamazaki (1965) on goldfish Carassius 
auratus, and Sundararaj and Goswami (1968) on catfish Heteropneustes 

Salmon gonadotropin SG-G100 (Donaldson et al . ,  1972) increases the 
plasma concentrations of triglycerides and total cholesterol in goldfish with 
small ovaries. The lipid mobilization may be mediated by estrogen produced 
by the ovary under gonadotropic stimulation. The same treatment produces 
a decrease in the plasma concentrations of lipids in fish with big ovaries, 
probably because of gonadotropin-stimulated uptake of the lipids into ovary 
(Wiegand and Peter, 1980a). 

Oogonial multiplication during the postspawning period may be under 
the control of a pituitary factor other than gonadotropin, and the primary 
growth phase of the nonvitellogenic oocytes may occur independently of the 
pituitary. The secondary growth phase or vitellogenesis is pituitary-depen- 
dent (Dodd, 1972). The pituitary control of folliculogensis is not clear. There 
is also some evidence that gonadotropin directly or indirectly regulates 
oogonial mitosis through steroidogenesis; however, there is also evidence to 
the contrary (see Tokarz, 1978; Lam et al . ,  1978). 

Hurlburt (1977) suggests that thyroxine may synergize with gonadotropin 
in vitellogenesis. 

Vitellogenic activity in the teleost gonadotropin preparation SG-G100 
(Donaldson et al., 1972) and carp gonadotropic hormone (GtH) (Burzawa- 
GBrard, 1971) has been noted by Burzawa-GQard (1974), Funk et al. (1973), 
and Sundararaj et al. (1972). A similar gonadotropin preparation has been 
shown to stimulate vitellogenesis in the eel Anguilla anguilla (Fontaine et 
al . ,  1976). Nath and Sundararaj (1981b) report that SG-G100 and carp GtH 
stimulate vitellogenin and yolk granule production; however, the mam- 
malian gonadotropins including luteinizing hormone, pregnant mare serum 
gonadotropin, human chorionic gonadotropin, and the subunits of luteiniz- 
ing hormone stimulate vitellogenin production without yolk granule produc- 
tion. The activities of follicle stimulating hormone, thyrotropin, growth hor- 
mone, and prolactin on vitellogenin production are attributable to contami- 
nation with luteinizing hormone. 

Campbell and Idler (1976) discovered that the Con A1 (unadsorbed on 
Concanavalin A-Sepharose) fraction of the pituitary extract of American 
plaice (Hippoglossoides platessoides) stimulated incorporation of radiophos- 
phate labeled plasma yolk into the ovary of winter flounder Pseudopleu- 
ronectes americanus. Idler and Ng (1979) and Ng and Idler (1978a,b, 1979) 

fossilis. 
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confirmed this finding by extending the study to the Con A1 fractions of 
winter flounder, chum salmon (Oncorhynchus nerku) and carp (Cyprinus 
curpio) pituitaries. Campbell (1978) demonstrated that chinook salmon (0. 
tshawytscha) pituitary Con A1 fraction stimulated incorporation of 
vitellogenin into immature trout oocytes in uitro. The vitellogenic activity of 
chinook salmon pituitary Con A1 fraction was also inferred by the finding of 
Upadhyay et al. (1978): salmon maturational hormone (Breton et al . ,  1976) 
was incapable of inducing vitellogenin incorporation in the immature trout; 
however, the whole pituitary extract produced ultrastructural changes in the 
ovary characteristic of exogenous vitellogenesis. 

Vitellogenic hormone* administered to estrogenized or nonestrogenized 
flounder, hypophysectomized when they were actively undergoing vitello- 
genesis (in November- January), stimulates incorporation of vitellogenin into 
the ovary (Idler and Ng, 1979; Ng and Idler, 1978a,b, 1979), but is not able 
to do so in nonestrogenized flounder at an earlier phase of vitellogenesis in 
September (Ng et al . ,  1980b). Presumably the discrepancy in results is 
attributable to the low plasma titer of vitellogenin in fish hypophysectomized 
at the earlier phase with the consequence that the stimulatory effect of 
vitellogenic hormone on vitellogenin incorporation is not obvious. Fish ac- 
tively undergoing vitellogenesis before hypophysectomy would be expected 
to continue producing vitellogenin at an appreciable, albeit decreased, rate 
after hypophysectomy. 

Dependence of ovarian estrogen production on the pituitary has been 
established by various investigators. In uitro evidence was obtained by 
Yaron and Barton (1980) using plaice ovaries and homologous pituitary ex- 
tract and by Yaron and Bogomolnaya (1981) using Sarotherodon aureus 
ovarian fragments and pituitary extracts of fish representing different tax- 
onomical groups. Nagahama et u2. (1981) showed that SG-G100 enhances 
the output of estrogen by isolated follicle cells. In duo evidence was ob- 
tained by Crim and Idler (1978) by administering salmon pituitary extract to 
trout, and by Fostier et al. (1979) by using the homologous carp system. 
Bhattacharya et al. (1981) find in the freshwater perch Anabas testudineus 
that the activity of ovarian 17P-hydroxysteroid dehydrogenase, the enzyme 
regulating the conversion of estradiol into estrone, increases after SG-G100 
administration. 

Juvenile female rainbow trout have an extremely low plasma concentra- 

*The vitellogenic gonadotropin is also referred to as the “carbohydrate-poor” or “Con AI” 
gonadotropin and was isolated from the pituitary polypeptides which are not adsorbed when an 
appropriate extract is passed through Concanavalin A-Sepharose (e.g., Campbell and Idler, 
1976; Idler and Ng, 1979). The hormone isolated from the protein adsorbed on Cancanavalin 
A-Sepharose is referred to as the “Con AII” gonadotropin or the “carbohydrate-rich” 
gonadotropin or the “maturational” hormone. 
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tion of estrogen, and, as a consequence, the plasma vitellogenin level is 
negligible. The production of both estrogen and vitellogenin in these fish can 
be boosted by treatment with a salmon pituitary Con A11 fraction (absorbed 
on Concanavalin A-Sepharose) which contains the maturational hormone. 
The Con A1 fraction (unabsorbed on Concanavalin A-Sepharose (Idler et al., 
1975), immunologically purified by adsorption with an antiserum to the 
maturational hormone, manifests no such activity. Male trout treated with a 
salmon pituitary Con AII fraction do not respond by producing vitellogenin 
as in the female because of the inability of their gonads to produce estrogen 
(Campbell and Idler, 1979; Idler and Campbell, 1980). Upadhyay conducted 
ultrastructural investigations on the ovaries and livers of juvenile rainbow 
trout that had received injections of estrogen, salmon maturational hormone 
(Breton et al., 1976), or the injection vehicle (Upadhyay et al., 1978); he 
observed morphological changes in the protein synthetic machinery of the 
cell such as the endoplasmic reticulum and the Golgi apparatus. His data are 
suggestive of the induction of hepatic vitellogenin production following chal- 
lenge with estrogen or with gonadotropin. Accumulation of lipid bodies in 
the oocytes in fish treated with maturational hormone indicates endogenous 
vitellogensis. However, no development of micropinocytotic processes oc- 
curs. This observation is consistent with the finding of Campbell (1978) that 
chum salmon pituitary Con A11 fraction does not stimulate in vitro incorpo- 
ration of vitellogenin into juvenile trout oocytes. However, in the hypo- 
physectomized mature flounder maturational hormone stimulates the forma- 
tion of oocytes with a prominent zona radiata (Ng et al., 1980b) and also the 
incorporation of radiophosphate into ovarian yolk proteins (Idler and Ng, 
1979; Ng and Idler, 1979) suggesting that maturational hormone stimulates 
vitellogenin incorporation. The disparity in the actions of maturational hor- 
mone on the juvenile and adult teleost may be attributed to the priming of 
the adult fish oocytes, by a hormone present in the pituitary of the adult 
which is absent in the juvenile, to facilitate response to maturational hor- 
mone by incorporating vitellogenin. A possible candidate is vitellogenic hor- 
mone. The vitellogenic activity of the gonadotropin preparations SG-G100 
and carp GtH in the hypophysectomized teleost (Burzawa-GBrard, 1974; 
Sundararaj et al., 1972) may therefore be attributable to either the combined 
actions of vitellogenic hormone and maturational hormone in the prepara- 
tion (although the vitellogenic hormone content of the two gonadotropin 
preparations is unknown), or to a vitellogenic action of maturational hor- 
mone on oocytes which have been primed for responding to the hormone. 

In a brief report, Nath and Sundararaj (1977) state that plasma vitel- 
logenin level and ovarian weight in vitellogenic catfish decrease after treat- 
ment with an antiserum raised against a catfish gonadotropin fraction. Be- 
cause of the method of gonadotropin preparation it is not possible to 
attribute the observed action to vitellogenic or maturational hormone. 
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Vitellogenic Atlantic salmon treated with an antiserum to maturational 
hormone have lower plasma levels of vitellogenin and estradiol than those 
treated with an antiserum to vitellogenic hormone or normal rabbit serum. A 
decreased incorporation of radioactive phosphate into gonadal yolk occurs in 
fish treated with either type of gonadotropin antiserum (Ng et al.,  1980a). An 
antiserum to vitellogenic hormone arrests vitellogenesis and induces follicu- 
lar atresia in vitellogenic flounder; an antiserum to maturational hormone 
does not have any appreciable effect on the histological appearance of the 
ovary (Ng et al., 1980b). When taken together these findings suggest that 
maturational hormone is responsible for initiating vitellogenesis, at  least 
exogenous vitellogenesis by inducing ovarian estrogen secretion and there- 
fore hepatic vitellogenin synthesis, but its role in promoting gonadal 
vitellogenin incorporation is relatively minor compared with that of vitello- 
genic hormone. The inhibitory effect of the maturational hormone antiserum 
on gonadal vitellogenin incorporation (Ng et a l . ,  198Oa) may be a conse- 
quence of its influence on plasma estradiol and vitellogenin rather than a 
direct effect. 

These roles of vitellogenic hormone and maturational hormone are sup- 
ported by immunofluorescent localization of the hormones in the ovary. The 
hormones are detected, probably bound to their respective receptors, in 
specific regions of the ovarian section. Vitellogenic hormone is found in the 
ooplasm of both large immature and vitellogenic oocytes and in follicular 
envelopes of vitellogenic oocytes, implying that the hormone prepares or 
primes the large immature oocytes for the vitellogenic phase, and it stimu- 
lates the vitellogenic oocytes to incorporate vitellogenin. Maturational hor- 
mone is located in follicular envelopes in interstitial tissue and large imma- 
ture oocytes suggesting its role in steroidogenesis and vitellogenesis through 
estrogen and vitellogenin production. However, it cannot be located in the 
ooplasm of vitellogenic oocytes (Ng et al., 1980b). 

J. Conclusion and Update 

The process of vitellogenesis in teleosts has been shown to be similar to 
that operating in other oviparous vertebrates. The contribution of auto- 
synthetic processes (endogenous vitellogenesis) to the yolk mass in the tele- 
ost ovary, relative to exogenous yolk acquired by incorporation of vitel- 
logenin, has not been estimated. Exogenous vitellogenesis can be 
considered to consist of two phases. The first phase involves the induction of 
hepatic vitellogenin production under stimulation of ovarian estrogen. Dur- 
ing the second phase vitellogenin is taken up from the blood stream and 
incorporated into ovarian yolk proteins. 

An interpretation as to how gonadotropins function to control these pro- 



396 T. BUN NG AND DAVID R. IDLER 

cesses follows. In salmonids maturational gonadotropin occurs at high levels 
in plasma around spawning time but is near the lower limit of the radioim- 
munoassay during the phase of active incorporation of vitellogenin (Crim et 
al . ,  1973, 1975). There appears to be a small increase in maturational 
gonadotropin coincident with an increase in estradiol in trout plasma early in 
vitellogenesis (Billard et al.,  1978), and antibody to maturational gonado- 
tropin inhibits ovarian growth immediately prior to the rapid and massive 
increase in the ovarian weight (Wiegand and Idler, 1983). Therefore, there 
appears to be a low level of maturational hormone present when the fish 
resumes ovarian development after spawning, but it is sufficient to establish 
vitellogenin production by the liver. When flounder were treated during the 
stage of rapid ovarian growth (September) with antibody to carbohydrate- 
poor vitellogenic hormone the gonadosomatic index was greatly reduced and 
many vitellogenic oocytes underwent atresia. Immunofluoresence estab- 
lished that vitellogenic gonadotropin is bound to ooplasm of yolky oocytes 
and to the follicular envelope suggesting that the hormone acts on the yolky 
oocytes to stimulate incorporation of vitellogenin (Ng et al.,  1980b). This 
finding is consistent with the fact that the pituitary fraction containing the 
vitellogenic gonadotropin stimulated uptake of vitellogenin into trout 
oocytes in uitro; the maturational gonadotropin did not (Campbell, 1978). 

Sundararaj et al. (1982) found that carp carbohydrate-rich gonadotropin 
induced some “vitellogenic oocytes” and at higher doses some yolky oocytes 
in postspawned hypophysectomized catfish and concluded that low levels 
maintained the sensitive system. It is not known what role the low levels of 
contaminating Con A1 protein, known to be an impurity (Burzawa-Gkrard, 
1982a), play in the processes. In fact, it has only recently been reported that 
the Con A1 (carbohydrate-poor) impurity in carp gonadotropin induced pi- 
nocytosis in a teleost, Gobius niger (Burzawa-GBrard, 1982b). Given the 
current state of knowledge, we suggest that low levels of maturational 
gonadotropin initiate vitellogenesis through its action on ovarian estrogen 
secretion which in turn augments hepatic vitellogenin synthesis although 
other actions on ovarian growth are not precluded. Ovarian yolk deposition 
and growth is then primed and maintained primarily by vitellogenic gonado- 
tropin. One possible flaw in the preceeding observations is that knowledge 
gained from one species may not be directly applicable to another species. It 
is regretable that so much work was done and is still being reported on the 
maturational carbohydrate-rich gonadotropin from which the carbohydrate- 
poor vitellogenic hormone has not been totally removed. It has now been 7 
years since we reported a simple way to achieve this goal using Concanavalin 
A-Sepharose (Idler et al . ,  1975). 

Teleost vitellogenin shares many of the characteristics of avian and am- 
phibian vitellogenins. It is a glycolipophophoprotein inducible in the imma- 
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ture male and in the nonvitellogenic female. Teleost yolk proteins comprise 
lipovitellin and phosvitin which are similar in amino-acid composition to 
their avian and amphibian counterparts. 

Radioimmunoassays have been developed to monitor the concentration 
of vitellogenin in plasma and that of yolk proteins in ovary. Generally, there 
is a correlation between the levels of plasma estrogen and plasma vitello- 
genin with vitellogenic growth of the ovary. 
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I. INTRODUCTION 

Hormones behave as chemical messengers in a complex system of cellu- 
lar communication that coordinates and regulates metabolic processes. Al- 
though hormones are released into the general circulation, their actions are 
restricted to specific target cells. Primarily on the basis of mammalian stud- 
ies, it has been established that hormone specificity is a consequence of 
molecules termed receptors which are located in those tissues that respond 
to hormone stimulation. Hormone receptors may be defined as cellular 
proteins which serve the dual functional properties of recognition and trans- 
mission of the hormone signal into a specific biological response. Func- 
tionally, recognition is manifested by the binding of the hormone to the 
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receptor. After binding, the hormone-receptor complex undergoes a confor- 
mational change which results in the initiation of the chain of events leading 
to a specific response. 

Although all hormone receptors share common functional properties, 
differences emerge with respect to hormone specificity, cellular localization, 
and the means by which the hormone signal is transmitted. Several excellent 
reviews discuss the means by which the binding of reproductive hormones 
to their receptors is coupled to a specific response (e. g., Khan, 1975; Catt 
and Dufau, 1976; Gorski and Gannon, 1976; Chan and O’Malley, 1978; 
Dufau and Catt, 1978; Hseuh, 1978; Insel, 1978; Means et al., 1978; Baxter 
and Funder, 1979; Clark and Peck, 1979; Jensen et al., 1982). Reproductive 
peptide hormones including luteinizing hormone (LH), human chorionic 
gonadotropin (HCG), follicle stimulating hormone (FSH), and luteinizing 
hormone releasing hormone (LHRH) bind to receptors located on the exter- 
nal surface of their respective target cell plasma membranes. For these 
hormones, receptor binding results in the activation of adenylate cyclase 
thereby increasing the intracellular concentration of cyclic 3’,5’-adenosine 
monophosphate (CAMP). Cyclic AMP then binds to a CAMP-dependant pro- 
tein kinase causing activation of the enzyme and phosphorylation of intra- 
cellular regulatory protein substrates. Reproductive steroids (e. g., an- 
drogens, estrogens, and progestins) pass readily through the cell membrane 
and bind to soluble receptors located in the cytoplasm. Following binding 
the cytoplasmic hormone-receptor complex undergoes a conformational 
change termed activation or transformation to enable passage through the 
nuclear membrane. Following translocation to the nucleus, the activated 
steroid-receptor complex binds to specific acceptor regions of nuclear chro- 
matin. This binding to nuclear chromatin regulates the levels of specific 
messenger RNAs and consequently the rates of synthesis of specific proteins. 

This discussion is based on the premise that a working knowledge of 
receptor theory is essential to an understanding of reproductive endocrinol- 
ogy in fish. Because the literature dealing with the study of hormone- 
receptor interactions is so extensive, subsequent discussion is restricted to 
gonadotropin receptors. Although current knowledge pertaining to these 
receptors is largely a consequence of mammalian studies, no attempt is made 
to provide a detailed list of their properties; a more general approach has 
been adopted. The discussion focusses on the techniques used to identify 
gonadotropin receptors and the operational features that a hormone-binding 
site must possess to function as a receptor. Considerable emphasis is given to 
the technical aspects of receptor-binding studies performed by direct bind- 
ing of hormone to gonadal tissue incubated in vitro. A final comment is made 
on the application of receptor-binding techniques to studies of fish 
gonadotropins. Because the investigation of gonadotropin receptors in fish is 
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currently in its infancy, it is hoped that this discussion will provide back- 
ground for researchers entering this field. Technical aspects relevant to the 
identification of steroid-hormone receptors have been reviewed by Clark 
and Peck (1978, 1979) and Schrader et al. (1978). 

II. GENERAL PRINCIPLES OF RECEPTOR 
BINDING 

A. Experimental Approaches to Receptor Study 

Gonadotropin (GtH) receptors, including those in nonmammalian verte- 
brates, have been studied by a variety of approaches which can be broadly 
classified as either indirect or direct (Licht, 1980a). 

By the indirect approach, the characteristics of a receptor can be inferred 
from the measurement of a physiological response following hormone treat- 
ment. For example, by comparing the ability of a variety of hormones to 
elicit a response, a measure of receptor specificity can be obtained. Several 
in uitro assays have been useful for studies with fish gonadotropins. These 
are based on the activation of adenylate cyclase (Fontaine et d., 1970, 1972; 
Idler et al., 1975; Fontaine-Bertrand et al., 1978), the induction of germinal 
vesicle breakdown (Jalabert et al., 1974; Epler et al., 1979; Hirose, 1980; 
Goetz, Chap. 3, Vol. 9B), and the activation of steroidogenesis (Yaron and 
Barton, 1980; Bona Gallo and Licht, 1981; Fostier et al., Chap. 7, this 
volume; Yaron et al., 1982; G. Van Der Kraak and E. M. Donaldson, unpub- 
lished). Although the initiation of these responses is specific to 
gonadotropins, individual species show wide variations in their specificity for 
gonadotropins of different origins. In the goby, steroid production follows 
the mammalian pattern by being highly specific for LH type gonadotropins, 
but cichlids in general lack gonadotropin specificity (Bona Gallo and Licht, 
1981; Yaron et al., 1982). In contrast, salmonids tend to be highly specific for 
homologous gonadotropins (Kagawa et al., 1982; G. Van Der Kraak and E. 
M. Donaldson, unpublished). It remains to be determined whether these 
diverse patterns of hormone specificity in fish relate to changes in the native 
hormones or their receptors. 

Although the expression of a biological response is the ultimate test of a 
hormone-receptor interaction, a different approach is required to investi- 
gate the molecular interaction of the hormone with the target cell. The 
development of techniques to produce “tagged gonadotropins which retain 
their biological integrity has made it possible to conduct receptor studies by 
the direct approach and follow the actual binding of hormone to the target 



408 GLEN VAN DER KRAAK 

tissue. Several variations of the direct approach have been used to localize 
hormone uptake to specific cell types. For example, Cook and Peter (1980) 
used autoradiography to study the uptake of lZ5I-labeled carp gonadotropin 
by goldfish ovaries following injection in oioo . The lZ5I-labeled carp gonado- 
tropin was localized in the follicular epithelium of the largest follicles with no 
evidence of accumulation by first growth stage, by perinucleolar oocytes, or 
by atretic follicles. The greatest accumulation of label corresponded to the 
position described for “special thecal cells” (Hoar and Nagahama, 1978; 
Nagahama et al., 1982) which are considered to be steroidogenic in this 
species. A more common route for autoradiographic analysis involves the 
incubation of tissue slices in vitro with either radiolabeled hormone alone or 
in competition with excess unlabeled hormone. When competition studies 
are conducted the specificity of hormone uptake can be examined. This 
approach has been successful for studies in all vertebrate groups, but it 
remains to be tested in fish. Alternatively, fluorescent hormone probes have 
been used following incorporation of ferritin (Luborsky and Behrman, 1979) 
or fluorescein groups (di Zerega and Hodgen, 1980) to mammalian 
gonadotropins. Developments in the field of immunohistochemistry have 
made it possible to conduct direct-binding studies thereby eliminating the 
use of modified gonadotropins. For example, Ng et al. (1980) used an indi- 
rect immunofluorescence procedure to localize the sites of gonadotropin 
accumulation in the ovary of the winter flounder. In this procedure, ovarian 
sections were incubated with gonadotropin followed by sequential treatment 
with anti-flounder-gonadotropin rabbit serum and a florescein isothiocya- 
nate-labeled goat anti-rabbit-y-globulin. The uptake of flounder 
gonadotropin was localized to ovarian interstitial tissue and the follicular 
envelope which is consistant with the role of this hormone in promoting 
steroidogenesis. By the same technique the uptake of a second pituitary 
fraction, termed vitellogenic gonadotropin, was restricted to the follicular 
envelope and ooplasm of yolky oocytes which is consistant with the actions of 
this fraction in promoting vitellogenin uptake. These results support the 
hypothesis that teleosts possess two gonadotropins with distinct sites of ac- 
tion (Ng et al. ,  1980; Idler and Ng, see Chapt. 5, this volume). 

Although the histological approach to receptor study is widely used, 
application to routine studies is hindered by the technique being qualitative 
rather than quantitative. By far the most powerful technique involves the 
direct binding of radiolabeled hormone to the target tissue with binding 
quantified through inhibition studies with unlabeled hormone. Cook and 
Peter (1980) using an in vioo approach were able to demonstrate gonado- 
tropin binding sites in the ovary of goldfish undergoing gonadal recrudes- 
cence. Following intraarterial injection of l=I-labeled carp gonadotropin, 
radiolabeled hormone accumulated in the ovary and its uptake was reduced 
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in a dose-dependent manner by preinjection with unlabeled hormone. Com- 
petitive uptake of '25I-labeled carp gonadotropin by the ovary indicates the 
presence of a limited number of gonadotropin binding sites and corresponds 
to a major criterion for receptor identification. 

Currently most receptor-binding studies are performed in uitro because 
a large number of tests can be performed using a single tissue preparation 
and the complicating effects of hormone turnover, common to in uiuo stud- 
ies, is minimized. The requirements for direct-binding studies performed in 
uitro include an isotopically labeled hormone, a suitable receptor prepara- 
tion, and a means of separating the hormone-receptor complex from free 
hormone. The general principles involved in receptor studies are similar to 
those for other radioligand binding techniques such as radioimmunoassay 
(RIA). This involves establishing a competition between radiolabeled hor- 
mone and increasing amounts of unlabeled hormone for a limited number of 
hormone-specific binding sites. A receptor site can be provisionally identi- 
fied provided that the tissue binds radiolabeled hormone and that this bind- 
ing is reduced by unlabeled hormone. Several terms have been used to 
describe the competitive binding component including displaceable, satura- 
ble, and specific binding. Residual radioactive hormone bound to tissues in 
the presence of excess unlabeled hormone has been termed nonspecific 
binding. Although excess unlabeled hormone is sufficient to displace all the 
specifically bound radioactive hormone, nonspecifically bound radioactivity 
persists because of adsorbtion to the incubation tube and entrapment within 
the tissue preparation. The underlying assumption in this form of assay is 
that specific binding is caused by receptor binding. A frequent criticism of 
the in uitro approach is that binding is commonly studied under conditions 
in which the target tissue is no longer responsive to hormone stimulation. 
However, by careful preparation of the tissue for in uitro binding studies the 
binding of hormone can be quantified and also be directly related to the 
actions of the hormone by the simultaneous measurement of a biological 
response. 

High-&nity FSH-binding sites have been identified by the binding of 
radiolabeled mammalian FSH preparations to gonadal tissues from mammals 
(Catt et al.,  1976; Darga and Reichert, 1978; Dufau and Catt, 1978), birds 
(Ishii and Farner, 1976; Licht and Midgley, 1976; Burke et al., 1979b; Sakai 
and Ishii, 1980; Etches and Chen, 1981), reptiles (Licht and Midgley, 1976; 
Licht et al., 1977a,b; Bona Gallo et al., 1980), and amphibians (Adachi et al., 
1979; Adachi and Ishii, 1980). Similarly by using radiolabeled turkey FSH, 
specific FSH-binding sites have been identified in bird, mammal, and rep- 
tile gonads (Licht and Bona Gallo, 1978; Bona Gallo and Licht, 1979). Stud- 
ies using radiolabeled sea turtle FSH have demonstrated the presence of 
FSH-binding sites in several reptilian species (Licht et al.,  1977a,b; Licht 
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Fig. 1. Analysis of 1mI-labeled salmon gonadotropin binding to a 3ooO-g particulate fraction 
obtained by centrifugation of immature chum salmon ovarian homogenates. (A) Specific binding 
of 1sI-labeled salmon gonadotropin in relation to increasing amounts of ovarian tissue. For 
binding, 50 p1125I-labeled chinook salmon gonadotropin (SGA-2359, 3.5 x SG-G100 based on 
in oitro testosterone production) in 0.01 M phosphate buffer, 0.1 M NaCI, 2.5 mM CaCI2, 0.1% 
bovine serum albumin, pH 7.5, was combined with 50 pl of buffer or unlabeled competitor and 
200 pI of tissue suspension. Samples were incubated at 20" C for 20 hr with constant shaking. 
The reaction was stopped by the addition of 1 ml ice-cold buffer followed by centrifugation at 
3000 g for 10 min. The supernatant was decanted and the centrifugation process repeated. 
Specific binding was calculated using the formula (Tb - NSB)/Tc x 100, where Tb is the 
binding of 125I-labeled salmon gonadotropin in the absence of competitor, N S B  is the uptake of 
'W-labeled salmon gonadotropin in the presence of 10 pg SG-Gl00, and Tc is the total counts 
of radiolabeled hormone used in the incubation. Values are the mean of closely agreeing 
determinations made in triplicate. (B) Competition curves for 1251-labeled salmon gonadotropin 
binding as a function of increasing amounts of unlabeled SGA-2359. Binding was expressed as 
the percentage of the total specific binding at each tissue concentration. (C) Scatchard plot for 
the competition data shown in (B) The boundlfree hormone ratio and bound hormone were 
calculated as described in Section I11 after applying a correction for the maximum binding 
activity of the 1sI-labeled salmon gonadotropin preparation as described in Section IVB. Data 
are as follows: (A) tissue wt. 38 mg, k, 1.5 X IOQ, capacity 1.7 ng, and capacity 44 pg/mg; (B) 
tissue wt. 83 mg, k, 2.8 x loQ, capacity 3.1 ng, and capacity 37 pg/mg; (C) tissue wt. 188 mg, k, 
3.5 x lOQ, capacity 7. lng, and capacity 38 pg/mg. 
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and Bona Gallo, 1978). High-affinity LH-binding sites in mammalian gonad 
preparations have been identified using either radiolabeled mammalian LHs 
or HCG (Catt et a,?., 1976; Saxena, 1976; Dufau and Catt, 1978). Radio- 
labeled turkey LH displays a high affinity for bird and lizard gonad prepara- 
tions, but only a weak affinity for turtle and mammalian gonad preparations 
(Licht and Bona Gallo, 1978; Bona Gallo and Licht, 1979). Unlike FSH, 
mammalian LH and HCG are more species specific and cannot be used to 
identify high-affinity binding sites in nonmammalian species (Licht et al.,  
197%). Studies using radiolabeled sea turtle LH also did not reveal specific 
binding sites in sea turtle gonads (Licht, 1980b). These results indicate that 
receptor-binding techniques used for the identification of LH receptors in 
mammals may not be appropriate in all vertebrate classes (Licht et al.,  
197%; Licht, 1980a). Whether this represents a problem associated with 
methodology or a distinct form of hormone-receptor interaction occurring in 
some nonmammalian vertebrates remains to be determined. 

Recent unpublished data from K. Aida and S. Ishii, B. Breton, and R. E. 
Peter and from Van Der Kraak and Donaldson,(1982) indicate that the in 
oitro approach may be appropriate for the measurement of gonadotropin- 
binding sites in fish gonads. The interaction of lmI-labeled salmon 
gonadotropin with ovarian tissue from immature chum salmon is shown in 
Fig. 1. (Van Der Kraak and Donaldson, 1982). The specific binding of lmI- 
labeled salmon gonadotropin as a function of increasing amounts of a 3000 g 
particulate ovarian fraction is shown in Fig. 1A. Specific binding increased in 
relation to tissue concentration such that 4.3% of the I25I-labeled salmon 
gonadotropin bound specifically to 188 meq (original wet weight) of ovarian 
tissue. The specific binding of 1251-labeled salmon gonadotropin was re- 
duced in a dose-dependant manner by the addition of unlabeled salmon 
gonadotropin at all three tissue concentrations (Fig. 1B). The addition of 3.7 
ng salmon gonadotropin markedly reduced specific binding, and 100 ng 
salmon gonadotropin reduced specific binding to near nonspecific binding 
levels. Analysis of the competition data using a Scatchard plot (Section I1,B) 
revealed that specific binding was attributable to a single class of high- 
a n i t y  binding sites present in low numbers (Fig. 1C). The high affinity of 
the salmon gonadotropin-binding sites ( K ,  1.5-3.5 X lo9 M- l )  was not 
unlike that described for gonadotropin receptors in other vertebrate groups 
(Catt et al.,  1976; Saxena, 1976; Bona Gallo and Licht, 1979). The close 
agreement between the binding capacities (37-44 pg gonadotropinlmg origi- 
nal wet tissue weight) suggests the same sites are measured at each tissue 
concentration. Additional data (not shown) indicates that ovine LH and 
FSH, which are essentially inactive when tested for their ability to stimulate 
ovarian steroid production in chinook and coho salmon, are virtually ineffec- 
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tive in reducing the specific binding of 1251-labeled salmon gonadotropin to 
immature chum salmon ovaries. Additional research will be required to 
determine whether the actions of salmon gonadotropin are mediated by 
binding to these sites. 

B. Mathematical Models of Receptor Binding 

A number of mathematical models have been applied to data obtained 
from in vitro binding studies (Rodbard, 1973; Birnbaumer et al., 1974; Catt 
et al. ,  1976; Cuatrecasas and Hollenberg, 1976; Baxter and Funder, 1979; 
Clark and Peck, 1979). Hormone-receptor binding may be viewed as a 
simple bimolecular process with the hormone and the receptor as reactants 
and the hormone-receptor complex as the product. The binding reaction 
can be described by the equation 

k, 

k2 
[HI + [R] [H.R] 

where [HI is the concentration of free hormone, [R] is the concentration of 
unoccupied receptor, and [H-R] is the concentration of the hor- 
mone-receptor complex.The rate of the forward reaction is dependant on 
[HI and [R] and a constant k, which describes the inherent rate at which 
they combine. Similarly the reverse reaction is dependent on [H-R] and a 
rate constant k2. Therefore, 

Rate of forward reaction (association) = k, [H][R] (2) 

Rate of reverse reaction (dissociation) = k, [HsR] (3) 

At equilibrium, for each hormone and receptor which combine to form a 
hormone-receptor complex, a preformed hormone-receptor complex dis- 
sociates to give a free hormone and receptor. Therefore, Eq. (2) is equal to 
Eq. (3) and by rearrangement 

or 

where K ,  is equilibrium association or affinity constant and Kd is the equi- 
librium dissociation constant. When 50% of the receptors contain hormone, 
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[H-R] and [R] are equal and may be cancelled in equation (4b) leaving Kd = 
[HI. Therefore, Kd represents the concentration of free hormone necessary 
to half-saturate the available receptor sites. This provides a working defini- 
tion of affinity; the lower the Kd the greater the binding affinity. 

Data suitable for the estimation of receptor characteristics can be ob- 
tained by incubation of a constant amount of receptor together with a con- 
stant amount of radioactive hormone and increasing amounts of unlabeled 
hormone. At  equilibrium, radioactivity bound to the receptor preparation 
represents that bound in both a specific and a nonspecific manner (Section 
11,A). The nonspecific binding component must also be identified by parallel 
incubation with excess unlabeled hormone. Specifically bound radioactivity 
at each unlabeled hormone concentration can then be determined by sub- 
traction of the nonspecifically bound radioactivity. From the total concentra- 
tion of labeled and unlabeled hormone added and the proportion of total 
radfoactivity specifically bound, the quantity of receptor-bound hormone 
can be determined. Similar data can also be obtained following incubation of 
the receptor preparation with increasing amounts of radioactive hormone. 

Receptor-binding data are most frequently analyzed using the Scatchard 
plot (Scatchard, 1949), although the validity of this technique has been 
questioned (Klotz, 1982). For Scatchard analysis, the total receptor con- 
centration is denoted by [N,,] such that: 

",,I = [RI + tH.Rl (5) 

Solving for [R] in Eq. (4a) and by rearrangement the basis for the Scatchard 
plot is obtained: 

[H'R1 = Ka ([N,,] - [H.R]) 
[HI 

Specifically bound 
Free 

or = Ka (Nmm - specifically bound) 

When a single class of independent binding sites is present, a plot of specifi- 
cally bound hormone-free hormone against specifically bound hormone re- 
sults in a straight-line relationship with slope of - K,. The X intercept of the 
resulting line equals [N,,]. By this method it has been possible to charac- 
terize the binding properties of gonadotropin receptors in the majority of 
studies. Nonlinear Scatchard plots can arise from the presence of a hetero- 
logous population of receptor sites as is frequently seen in steroid-receptor 
studies (Clark and Peck, 1979). In addition, they may result from a failure to 
meet one of the several assumptions necessary to perform this analysis 
(Khan, 1975; Catt et al.,  1976). These assumptions include: 
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1. Achievement of complete equilibrium. 
2. Identical behavior of labeled and unlabeled hormone and their pres- 

3. Absence of site-to-site interactions. 
4. Univalence of hormone and receptor. 
5. Behavior of receptor binding as a simple bimolecular reversible reac- 

6. Perfect separation of bound and free hormone without disturbing the 

7. Absence of reactant degradation during incubation. 

The equilibrium constant K, can also be derived from the ratio of the 
association and dissociation rate constants (see Eq. 2 and 3). Determination 
of the association rate constant involves measuring receptor-bound hormone 
at various intervals following initiation of the binding reaction. The dissocia- 
tion rate constant can be estimated by following the time course of dissocia- 
tion of preformed hormone-receptor complexes. For a discussion of the 
theoretical and technical aspects of these approaches see Khan (1975), Catt 
et al.  (1976), and Ryan and Lee (1976). 

ence in a homogeneous form. 

tion. 

equilibrium. 

III. RECEPTOR CRITERIA 

The demonstration that the target tissue binds radiolabeled hormone in a 
specific manner is not sufficient justification to state that a hor- 
mone-receptor interaction has been observed. Although receptor binding is 
characterized by specific binding, not all specific binding interactions neces- 
sarily reflect receptor binding. For example, specifrc binding could result 
from binding to a site responsible for hormone degradation and in certain 
instances from binding to the incubation tube or filters used in the separa- 
tion of bound hormone (Cuatrecasas and Hollenberg, 1976). The identifica- 
tion of a hormone-receptor interaction depends on the ability to correlate 
the properties of a hormone-binding site with features which define the 
expected operational characteristics of a hormone receptor (Birnbaumer et 
al., 1974; Khan, 1975; Cuatrecasas and Hollenberg, 1976; Munck, 1976; 
Ryan and Lee, 1976; Clark and Peck, 1978; Hecheter, 1978; Insel, 1978). 
These operational features include: (1) a finite number of binding sites, (2) a 
high binding affmity, (3) appropriate hormone specificity, (4) target organ 
specificity, (5) reversibility, (6) a functional relationship between binding 
and the initiation of an appropriate biological response. Each of these is 
considered further. 

If the formation of a hormone-receptor complex is an obligatory first step 
in the initiation of a biological response, receptors must be present in limited 
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numbers so that they may be saturated at hormone concentrations which 
have physiological relevance. By possessing a limited number of receptor 
sites, the number occupied by hormone can be sensitive to small physiologi- 
cal changes in hormone concentration. 

To function as a receptor, a hormone-binding site must have a binding 
affinity which is appropriate to the low concentrations of hormone found in 
body fluids (10-9-10-11 M). Receptor affinity may be equated to the con- 
centration of hormone required to half-saturate the receptor (Section 11,B). 
If the affinity of a receptor was greater than the physiological concentrations 
of hormone, the receptor would be continually saturated. In this case, a 
tissue would be unable to respond to changes in hormone concentration. 
Should the receptor affinity be low, a receptor would be unable to recognize 
the hormone in the vast array of other molecules. 

Hormone receptors are expected to display high affinity for a hormone or 
class of hormones. A given hormone-receptor binds one type of hormone 
and the binding of hormone to the receptor should be correlated with the 
biological activity of the hormone. This concept implies that there is no 
competition for receptor sites by substances unrelated to the hormone in 
question. More specifically, in the case of hormones which compete for a 
receptor-binding site, the relative potency of the competing hormones 
should be in direct proportion to their bioactivities. For an additional discus- 
sion of this aspect see Section V. 

The establishment of an appropriate tissue distribution of receptor sites 
forms an important criterion essential to any receptor validation scheme. 
Because only certain tissues respond to a given hormone, the quantity of 
receptor present should parallel tissue responsiveness. The specific uptake 
of 1251-labeled gonadotropin was restricted to the ovary from chum salmon 
and could not be demonstrated in the liver, kidney or muscle, tissues which 
are considered to be nonresponsive to gonadotropins (Fig. 2) (Van Der Kraak 
and Donaldson, 1982). Care must be taken in evaluation of this particularly 
when a tissue considered to be nonresponsive contains a binding site with 
properties synonymous with those of a hormone receptor. Such a case re- 
quires a close comparison of binding data with those obtained from a recog- 
nized target tissue. 

Reversibility of binding is an important functional criterion for receptor 
identification because it is necessary to account for the reversal of physiologi- 
cal effects when hormone is removed from the incubation media. Further, 
receptor analysis (Section 11) is based on the assumption that receptor bind- 
ing is a reversible process. However, in practice, receptor binding is gener- 
ally not completely reversible. Kinetic analysis of HCG receptor binding 
reveals an initial phase of binding which is readily reversible, followed by a 
second phase of slow and incomplete reversibility (Ketelslegers et al., 1975; 
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Fig. 2. The binding of 1251-labeled salmon gonadotropin binding to 3000 g particulate fractions 
equivalent to 50 mg original-wet-weight of ovary, liver, kidney, and muscle from immature 
chum salmon. Results are expressed as the mean & 2 SEM based on triplicate determinations of 
the total lmI-labeled salmon gonadotropin uptake in the presence of buffer alone, 0.1 and 10 pg 
unlabeled SG-Gl00. In the case of binding to glass tubes, incubation buffer was used in 
replacement of the tissue. 

Ryan and Lee, 1976). When the dissociation constant (Kd) is calculated from 
the association rate constant (k,) and the initial rapid phase of the dissocia- 
tion constant (k2), there is excellent agreement with the value obtained by 
equilibrium experiments. Because of the formation of irreversible gonado- 
tropin-receptor complexes there must be processes in addition to simple 
dissociation which operate to terminate receptor binding. Although these 
processes have not been completely elucidated, the formation of irreversible 
hormone-receptor complexes appears to be a more common feature of hor- 
mone-receptor interactions than traditionally believed (Catt et a1 ., 1979). 
Considerable evidence has accumulated that suggests gonadotropins, con- 
trary to traditional views, enter their target cells following receptor binding 
(Chen et a1 ., 1977; Conn et a1 ., 1978; Anderson et a1 ., 1979; Catt et a1 ., 1979; 
Luborsky and Behrman, 1979; Suter et al., 1980; Ahmed et al., 1981). This 
process, termed internalization, involves entry of the hormone-receptor 
complex into the cell by way of small endocytotic vesicles. The internalized 
hormone subsequently undergoes degradation by the action of lysosomal 
enzymes. Internalization may represent a major route by which the cell 
terminates the stimulatory effects of receptor binding, because in the case of 
HCG binding to ovine corpora lutea, up to 84% of the membrane-bound 
HCG undergoes internalization within 24 hr (Ahmed et al., 1981). Although 
the data are far from clear, evidence provided by Ahmed et al .  (1981) and 
that obtained during periods of desensitization (see further discussion) sug- 
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gest that the functional life of the receptor may be restricted to a single 
binding of hormone. 

Without question, the establishment of a functional relationship between 
binding and the initiation of a biological response is the most important 
criterion for identification of a hormone receptor. This is difficult to establish 
and is not often met. However, for studies with gonadotropins, three ap- 
proaches have proven successful. These are as follows: 

1. Correlation between binding and response at varied stages of the life 

2. Correlation between binding and response following an alteration in 

3. Simultaneous evaluation of binding and response at varied levels of 

If gonadotropin-binding sites are receptors, then their numbers should 
change in direct relation to tissue responsiveness. For example, the ap- 
pearance of LH-binding sites in the fetal rabbit testis corresponds to the 
maturation of Leydig cells and the ability of these cells to produce testoster- 
one in response to HCG (Catt et al., 1975). The most frequent correlation 
has involved the relationship between the number of LH-binding sites and 
ovarian maturation. The number of LH-binding sites has been correlated 
with follicular size in pigs, sheep, and cows (Channing and Kammerman, 
1973; Lee, 1976; Ryan and Lee, 1976; Gosling et al., 1979) and with stage of 
the estrous or menstrual cycle in rats, sheep, and humans (Nimrod et al., 
1977; Diekman et al., 1978; McNeilly et aE., 1980). For example, Lee (1976) 
reported that the binding of HCG to porcine ovarian follicles progressively 
increased in relation to follicle size and was accompanied by a concomitant 
change in cAMP production in response to HCG. Similarly, during the 
luteal phase, maximum binding of HCG to the corpus luteum coincides with 
the time of greatest progesterone secretion. No direct comparisons have 
been described for gonadotropin binding and tissue responsiveness in fish. 
However, Cook and Peter (1980) reported the increased total uptake of lZ5I- 
labeled carp gonadotropin in viuo by the ovaries from maturing and mature 
goldfish compared to sexually regressed individuals. A necessary avenue for 
future research would be to complement these findings with the simul- 
taneous evaluation of specific gonadotropin binding and steroidogenic 
activity. 

The functional significance of LH-binding sites in the adult rat testis has 
been studied extensively following injection of LH and HCG in uiuo (Conti 
et al.,  1976, 1977a,b; Dufau and Catt, 1978; Catt et al., 1979, 1980; Sharpe 
and McNeilly, 1980). After an initial activation of cAMP production and 
steroid production the testis enters a refractory or desensitized state charac- 

cycle or physiological states. 

target organ sensitivity. 

added hormone. 
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terized by a marked impairment of these responses when tested in uitro. 
Desensitized tissues display a reduced sensitivity to hormone stimulation 
when tested in dose-response experiments (i.e., response curve shifted to 
the right), or in extreme cases a reduction in the maximum response evoked 
by hormone stimulation. By simultaneous evaluation of the number of LH- 
binding sites, it has been possible to demonstrate a reduced number of 
binding sites during desensitization and a concurrent increase in the number 
of binding sites as hormone sensitivity returns. Studies of this type have 
proven most useful in the establishment of a functional role for gonadotropin 
binding sites in mammals and may have application in studies with fish. 

In an analogous manner, it has been possible to establish a role for 
gonadotropin binding sites under conditions in which target tissue sen- 
sitivity is increased. Numerous mammalian examples can be found in the 
literature (see Catt et d., 1979, 1980; Gosling etal . ,  1979; Henderson, 1979; 
Richards, 1979; Ahren et al., 1980). For example, in the ovary 17P-estradiol 
has a stimulatory effect on FSH receptor levels, whereas FSH and 17P- 
estradiol increase the amount of LH receptors. 

One aspect of fish reproduction physiology that has received consider- 
able attention relates to the use of a priming dose of gonadotropin prior to 
the induction of ovulation with a higher gonadotropin dose 3 days later 
(Donaldson and Hunter, Chap. 7, Vol9B). Whether the effect of the priming 
dose of gonadotropin is to increase receptor numbers or to activate the 
synthesis of steroid precursers remains to be considered. Direct evidence for 
an effect of a fish gonadotropin on its own binding sites comes from the 
unpublished research of Breton and Peter. In their experiments, which 
involve the binding of lSI-labeled carp gonadotropin to intact goldfish 
oocytes in vitro, no specific uptake of hormone could be distinguished dur- 
ing a 1-hr incubation. By exposing the oocytes to low doses of carp 
gonadotropin for 1 hr prior to addition of the labeled hormone, a competitive 
binding component could be recognized. Whether the action of carp 
gonadotropin is to induce the synthesis of new receptor or to effect a re- 
distribution of receptors within the membrane remains to be established. 

A third approach used to determine the significance of gonadotropin 
binding sites is based on the assumption that the relative degree of binding 
should be reflected by the intensity of the biological response. This approach 
necessitates the use of intact functional cells so that hormone binding and 
cellular response can be measured in the same preparation. The relationship 
between HCG binding, CAMP accumulation, and testosterone production 
has been extensively studied in the rat testis either by the use of interstitial 
cells prepared by collagenase dispersal or Leydig cells purified on Metriz- 
amide gradients (Catt and Dufau, 1976, 1977; Dufau and Catt, 1978). In 
these cases, incubation of graded amounts of HCG was accompanied by 
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commensurate increases in hormone binding and cAMP production. Such 
findings provided evidence that binding sites can be regarded as functionally 
active receptors. However, when responses more distal to binding and 
cAMP production are considered, interpretation of dose-response data be- 
came more complicated. For example, the dose-response curve for testoster- 
one production was shifted far to the left compared to that for hormone 
binding and cAMP production. Actually only about 1% of the available HCG 
binding sites need be occupied to elicit a full steroidogenic response. This 
marked discrepancy between hormone binding and steroid production in 
the testis and also in isolated luteal cells (Dufau et aZ., 1977) casts doubt on 
the role of hormone-binding sites in controlling steroidogenesis. Subsequent 
analysis of intracellular cAMP pools including that bound to the regulatory 
subunit of protein kinase revealed good correlation between hormone bind- 
ing, cAMP production, protein kinase activation, and steroidogenesis (Dufau 
et al., 1977). Clearly, an examination of the significance of hormone-binding 
sites through dose-response relationships is a complex issue. These experi- 
ments led to the concept that gonadal tissues contain “spare” or excess 
receptors beyond those required for maximal steroid production. The exis- 
tance of a receptor reserve need not imply that these excess binding sites are 
without physiological significance. For example, excess hormone-binding 
sites could serve to maintain tissue sensitivity in the presence of low hor- 
mone levels by enhancing the probability of a hormone-receptor interaction 
(Baxter and Funder, 1979; Catt et al., 1980). A receptor reserve could also 
serve as a reservoir of sites to replace those utilized or processed during 
normal physiological control of steroid production (Catt et al., 1980). 

Whether gonadotropin receptors in excess of those needed for the activa- 
tion of steroidogenesis are present in fish is not known. Such an arrangement 
would explain the low and often undetectable levels of gonadotropin in the 
plasma of salmonids prior to maturation (Crim et al., 1975). Based on data 
regarding in uitro activation of adenylate cyclase and steroid production, it is 
possible to speculate that this may indeed be the case. Bioassays used to 
measure gonadotropin activity in fish based on steroid production are fre- 
quently greater than 100-fold more sensitive than those based on cAMP 
production (Fontaine et al., 1972; Idler et al., 1975; Nagahama et al., 1982; 
Yaron et al., 1982). Again further research is necessary to clady this aspect. 

IV. TECHNICAL CONSIDERATIONS 

In this section, the experimental procedures for the investigation of 
gonadotropin receptors in fish is described. Discussion is based on the ex- 
tensive literature available &om other vertebrate groups. The general ap- 
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proach to gonadotropin-receptor studies involves the preparation of a radio- 
labeled derivative of a highly purified gonadotropin, characterization of the 
biological properties of the labeled derivative, and finally, direct-binding 
studies with the target tissue (Birnbaumer, 1978). 

A. Preparation of Labeled Gonadotropins 

The most critical step for receptor-binding studies is the preparation of a 
labeled derivative. It must be stressed that conditions routinely employed to 
prepare labeled gonadotropins for use in a RIA are generally not suitable for 
receptor-binding studies. Gonadotropins are susceptible to damage during 
radiolabeling and frequently show a marked reduction in biological activity 
while retaining the capacity to bind to specific antisera in a RIA. For exam- 
ple, using salmon gonadotropin iodinated to a level of about 150 pCiipg, 
greater than 85% of the label was bound by excess antibody, but no specific 
binding could be demonstrated following incubation with gonadal tissue (G. 
Van Der Kraak and E. M. Donaldson, unpublished). Radiolabeled 
gonadotropins are commonly prepared using 1Z51 with iodination achieved 
by modification of the chloramine T (Hunter and Greenwood, 1962) or lac- 
toperoxidase (Thorell and Johansson, 1972) methods. Several features identi- 
fy  125 I as the isotope of choice, including its availability in a virtually carrier- 
free state, high isotope abundance, relatively long half-life, and high count- 
ing efficiency (Khan, 1975; Saxena, 1976; Birnbaumer, 1978). The obvious 
disadvantage of using lZ5 I is that iodide is not a normal constituent of 
gonadotropins. Incorporation of 125 I into gonadotropins involves an oxida- 
tion and in most methods a reduction step both of which may lead to a loss of 
activity. By careful selection of conditions used during iodination and main- 
tenance of the level of incorporation to about 1 atom of lZ51 per molecule, 
biological activity can be retained. As an alternative to iodination, labeled 
gonadotropin may be prepared with tritium which offers a longer half-life 
tracer and labeling accomplished by substitution rather than addition. The 
disadvantages of using tritium include a labeling protocol involving extensive 
chemical modifications which can result in biological inactivation coupled 
with the production of a very low specific activity tracer (Means and Vai- 
tukaitas, 1972; Khan, 1975; Saxena, 1976). 

The choice of chloramine T or iactoperoxidase methods for iodination 
depends to a large extent on the past experience and preference of the 
particular investigator. Although no difference has been reported for the 
binding properties of HCG iodinated by chloramine T or lactoperoxidase 
methods, mammalian LH and FSH preparations are generally more satisfac- 
torily prepared by the lactoperoxidase method (Catt et al. ,  1976). For studies 
with salmonids, no difference could be distinguished between the binding 
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properties of salmon gonadotropin iodinated to less than 1 molel25I/mole 
gonadotropin prepared by either method (G. Van Der Kraak and E. M. 
Donaldson, unpublished). Similarly B. Breton and R. E. Peter (personal 
communication) could distinguish no difference in the binding of carp 
gonadotropin prepared by either method when incubated with goldfish ov- 
aries. For both methods, no single protocol has gained widespread accep- 
tance; for specific protocols, refer to Miyachi et al. (1972), Catt et al. (1976), 
Reichert (1976), Saxena (1976), and Licht et al. (1977a). In general, the level 
of oxidizing agent, chloramine T or hydrogen peroxide in the case of the 
lactoperoxidase method, should be reduced to the lowest effective level. 
Other steps which have proven useful include performing the iodination for 
short periods at low temperature and when possible omitting the use of a 
reducing agent. 

Apart from the chloramine T and lactoperoxidase methods which rely on 
the incorporation of lZ5I to tyrosyl residues, alternate methods of labelling 
proteins with '=I are available. Most common of these involves the conjuga- 
tion of 1251-labelled N-succinimidyl 3-(4-hydroxyphenyl) propionate to free 
amino groups of proteins (Bolton and Hunter, 1973). This method offers the 
potential advantage of reducing the problems associated with the exposure of 
proteins to oxidizing and reducing agents and warrants testing with fish 
gonadotropins. 

Following iodination, labeled hormone is separated from free lz5I most 
frequently by chromatography on a small (1 x 10-20 cm) Sephadex G50 
column. The protein peak may then be used directly for receptor-binding 
studies. A drawback of this procedure is that damaged hormone is not sepa- 
rated from intact hormone. To increase the proportion of labeled hormone 
capable of receptor binding, one of several chromatographic procedures may 
be employed. In each instance, a screening is done by direct-binding studies 
to select only that portion of the 125I-labeled gonadotropin peak which dis- 
plays the highest binding activity. Methods include gel filtration on a much 
larger column (up to 100 cm) of either Sephadex G100, Bio-Gel P60 or 
Sephacryl S200 which expand the protein peak (Catt et al., 1976; Licht and 
Bona Gallo, 1978; Sairam, 1979). Damaged hormone may also be partially 
resolved from intact labeled hormone by chromatography on dry cellulose 
powder (Catt et aZ., 1971, 1972; Tsuruhara et al., 1972). In this procedure, 
damaged gonadotropin passes through the powder and intact gonadotropins 
are retained. The gonadotropin bound to the cellulose powder can then be 
eluted in buffers containing increasing amounts of bovine serum albumin or 
y-globulin. A more frequently used technique involves group-specific af- 
finity chromatography on Concanavalin A (Con A)-Sepharose (Dufau et al., 
1972a, 1973). In this procedure, intact gonadotropin binds to the gel and 
damaged hormone and nonglycoprotein contaminants pass through the gel 
when eluted with carbohydrate-free buffer. By adding competing carbohy- 
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drate in the form of either glucopyranoside or mannopyranoside the labeled 
gonadotropin is eluted from the column. 

Two exeriments have been conducted to evaluate the effects of further 
chromatographic purification on the binding of 1251-labeled salmon gonado- 
tropin to chum salmon ovaries. By chromatography on Con A-Sepharose the 
specific binding of 1251-labeled salmon gonadotropin was increased from 
2.7% to 4.0%. Chromatography on a 1.3 X 35 cm Sephacryl S200 column 
increased the specific binding of the tracer from 1.7% to 2.5%. In both 
instances the increased binding was attributed to a reduction in the amount 
of nonspecific binding. Clearly further research is needed in this area. 

The most effective means of increasing the proportion of labeled gonado- 
tropin that binds to receptor sites is by receptor purification. This method is 
based on the premise that, in a mixture containing biologically intact and 
inactivated labeled gonadotropin, only the intact hormone will bind to the 
receptor site. Following incubation of labeled gonadotropin with the target 
tissue, the 'mixture is centrifuged to remove free gonadotropin. Labeled 
gonadotropin is then dissociated from the receptor by reduction of pH or 
elevated temperature and collected in the supernatant (Dufau et aZ., 1972b; 
Ketelslegers and Catt, 1974; Catt et aE., 1976). Both of these procedures 
elute the receptor-bound gonadotropin with minimal release of non- 
specifically bound radioactivity. Labeled gonadotropin recovered in this 
manner possesses an increased capacity to bind to receptor sites and a con- 
comitant increase in biological activity when compared to the starting mate- 
rial. For example, 1251-labeled human FSH eluted from testis receptors at 
pH 5 displayed 28% specific binding when incubated with fresh tissue com- 
pared to only 8.2% specific binding for the original tracer subjected to acid 
treatment (Ketelslegers and Catt, 1974). The major disadvantage of this 
technique is that the yield of labeled gonadotropin is low, representing 
about 5% of the starting radioactivity (Catt et al., 1976). Receptor purifica- 
tion, although not a frequently used technique, can be particularly useful 
when the tracer preparation displays a low level of binding and may have 
application for studies with fish gonadotropins. 

B. Characterization of Labeled Gonadotropins 

Gonadotropin-receptor studies ultimately depend on the ability to char- 
acterize the labeled hormone. A primary consideration involves testing the 
hormone preparation for biological activity following radiolabeling. In addi- 
tiun, when kinetic parameters are to be measured it is necessary to accu- 
rately determine the quantity of hormone incubated in the receptor assay. A 
major complication arises in all gonadotropin-receptor-binding studies be- 
cause purified gonadotropins are seldom of maximal attainable biological 
activity (Ketelslegers et al., 1975; Dufau and Catt, 1978). Consequently, 
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even in the absence of damage during labeling, a portion of radioactivity 
taken to represent gonadotropin will be inactive. Although specific activity 
can be estimated from the incorporation of lz5I during iodination, a more 
meaningfd value can be obtained in an assay which reflects the biological 
activity of the tracer preparation. Because it is generally assumed that only 
biologically active hormone is capable of receptor binding, this fraction must 
be identified and used to calculate specific activity. Failure to apply these 
corrections will lead to a false determination of both the affinity and capacity 
of gonadotropin receptor sites. These principles are detailed in Catt et al. 
(1976) and Dufau and Catt (1978). In an example provided by Catt and co- 
workers, 100,000 cpm of ”I-labeled HCG corresponded to 1 ng of native 
hormone as determined by receptor assay. However, only 50% of this radio- 
activity was capable of receptor binding. Therefore, a more accurate esti- 
mate of the specific activity would be 50,000 cpm/ng because 50% of the 
radioactivity represents inert material. In the case where 20,000 cpm of lZsI- 
labeled HCG out of a total of 100,000 cprn binds specifically to a receptor 
preparation this corresponds to 0.4 ng of bound (B) HCG, 0.6 ng of free (F) 
HCG and a B/F ratio of 0.67. Failure to make these corrections leads to the 
erroneous conclusion that 0.2 ng of HCG was bound, and 0.8 ng HCG was 
free, with a B/F ratio of 0.25. 

Conventional in uiuo bioassays can be used to quantlfy the activity of 
labeled gonadotropins, but are of limited application because of their inher- 
ent imprecision which makes quantification of a loss of bioactivity difficult 
when this is less than 50% (Reichert, 1976). A convenient method for assess- 
ing the effect of iodination on gonadotropin activity involves testing serial 
dilutions of the iodination mixture by in vitro bioassay based on CAMP or 
steroid production. In addition, the activity of the starting material and 
hormone iodinated in the absence of iodine or oxidizing agent should be 
tested. If no damage is incurred during the iodination procedure, a series of 
identical curves should be obtained for all preparations (Birnbaumer, 1978; 
Abramowitz et a1 ., 1982). This approach was used to quantlfy the activity of 
salmon gonadotropin prepared by the lactoperoxidase method (Fig. 3) (Van 
Der Kraak and Donaldson, 1982). No difference could be distinguished 
between the capacity of intact hormone and iodinated hormones to augment 
testosterone production in minced testis pieces incubated in vitro . These 
results suggest the lack of effect of lactoperoxidase iodination on the biolog- 
ical activity of salmon gonadotropin. 

Although in vitro bioassay can be used to determine the specific activity 
of labeled gonadotropin preparations, a convenient method involves “self- 
displacement” in a receptor assay. For this procedure, two displacement 
curves are required. The first is generated from the binding of a constant 
amount of labeled gonadotropin and competition resulting from the addition 
of increasing amounts of unlabeled hormone. A second displacement curve 
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Fig. 3. The effect of lactoperoxidase iodination on the biological activity of salmon gonadotropin 
SGA-2359. Briefly, 10 pl of iodide (0.6 nmoles of KI supplemented with 100,ooO cpm Iz5I) was 
combined with 25 p10.5 M phosphate buffer followed by 50 pI(10 pg) gonadotropin and 10 pl 
lactoperoxidase (100 IU/ml Calbiochem). Iodination was achieved by two 10 p1 Ha02 (30% 
HzOz diluted 1:30,000) additions at 2-min intervals. The reaction mixture was then serially 
diluted in physiological fish saline for determination of biological activity by incubation with 
minced coho salmon testis pieces in oitro according to the methodology described by Bona 
Gallo and Licht (1981). The activity of this preparation was compared to that for intact hormone 
and SGA-2359 iodinated with either the KI or HzOz omitted. Testosterone production was 
measured by radioimmunoassay. The A for the assay was 0.19. The incorporation of 1251 to 
gonadotropin was determined by TCA precipitation described by Cook and Peter (1980). Sym- 
bols are as follows: 0, intact; 0 no iodine; H, no HzOz; 0 1251-labeled GtH (0.88 I per GTH). 

is generated by incubating increasing amounts of labeled gonadotropin. By 
plotting the percentage bound as a function of unlabeled hormone con- 
centration or cpm 1Z5I-labeled gonadotropin added, two parallel displace- 
ment curves can be obtained (Catt et d . ,  1976; Diekman et d . ,  1978; Baren- 
ton and Pelletier, 1980). Specific activity can be determined from the 
amount of labeled hormone (pCi) required to achieve a 50% reduction of 
specific binding divided by the quantity of unlabeled hormone (pg) to 
achieve the same inhibition. The self-displacement method can be per- 
formed in a RIA, although values may not be valid in terms of biological 
activity (Catt et al., 1974). Specific activity estimated by receptor assay 
commonly provides a higher value than that determined by RIA (Catt et al., 
1974). 

The proportion of radiolabeled hormone that binds to receptor prepara- 
tion is routinely identified by incubation of labeled hormone with increasing 
amounts of tissue in a receptor assay. Generally, the specific binding of 
labeled hormone increases with increasing amounts of tissue and reaches a 
plateau corresponding to the proportion of hormone capable of receptor 
binding. When investigating this parameter, particular attention must be 



9. GONADOTROPIN RECEPTOR STUDIES IN FISH 425 

directed to the effects of tissue concentration and temperature. For exam- 
ple, decreased binding may occur at high tissue concentrations and may 
relate to increased degradation of the hormone or the receptor (Catt et aZ., 
1976). Temperature affects both the rate of binding and the proportion of 
hormone bound to receptor preparations (Catt et al., 1976; Licht and Mid- 
gley, 1976; Darga and Reichart, 1978; Adachi et al . ,  1979; Kubokawa and 
Ishii, 1980). Some of the effects of temperature may relate to an influence on 
tracer or receptor degradation (Catt et aZ., 1976). A second explanation for 
the effects of temperature may relate to the intrinsic nature of receptor 
molecules or the membrane-receptor complex for individual species 
(Kubokawa and Ishii, 1980). An additional discussion of these points is pro- 
vided in Section IV,D. 

The binding characteristics of labeled gonadotropins vary depending on 
the type of gonadotropin and the source of the receptor preparation. For 
example, up to 60% of labeled HCG will bind to excess mammalian gonad 
preparations compared to only 20-40% binding for mammalian LH prepara- 
tions (Catt et al . ,  1974, 1976). Turkey LH has a low binding activity when 
compared to these preparations because only about 5% of '*SI-labeled tur- 
key LH binds specifically to avian gonad preparations, but 10% specific 
binding could be demonstrated in lizard gonad preparations (Bona Gallo and 
Licht, 1979). Labeled-FSH preparations commonly exhibit less than 15% 
specific binding to mammalian receptor preparations (Catt et aZ., 1976; Nim- 
rod et aZ., 1976; Sairam, 1979) (Catt et al.,  1976; Nimrod et al . ,  1976; Sairam, 
1979) although values of up to 40% specific binding have been reported 
(Darga and Reichert, 1978; Chiauzzi et al.,  1982). Mammalian FSH prepara- 
tions have a high binding activity (up to 40% specific binding) when tested in 
birds, reptiles, and amphibians (Licht and Midgley, 1976; lshii and Farner, 
1976; Adachi et al.,  1979; Bona Gallo and Licht, 1979). Nonmammalian FSH 
preparations have a low binding activity in that about 7-15% specific binding 
was obtained for turkey FSH and sea turtle FSH preparations (Licht et al., 
1977b; Bona Gallo and Licht, 1979). Radiolabeled fish gonadotropin prepara- 
tions have only low levels of specific binding to fish gonad preparations. 
Katsumi Aida and S. Ishii (personal communication) observed a maximum of 
2.5% specific binding of purified salmon gonadotropin when incubated with 
particulate fractions obtained from rainbow trout testes. Studies using a 
different purified salmon gonadotropin (G. Van Der Kraak and E. M. Don- 
aldson, unpublished) demonstrated up to 6.0% specific binding to chum 
salmon ovaries. In studies of the binding of lZ5I-labeled carp gonadotropin to 
goldfish ovaries B. Breton and R. E. Peter (personal communication) ob- 
served up to 7.5% specific binding. An explanation for the low levels of 
specific binding that characterizes the binding of radiolabeled nonmam- 
malian gonadotropin preparations is not readily apparent. Although it may 
be suggested that nonmammalian gonadotropins contain a higher proportion 



426 GLEN VAN DER KRAAK 

of biologically inactive molecules than mammalian gonadotropins, the avail- 
able data dealing with the biological activity of these hormones generally 
does not support this hypothesis. Whether the inability to demonstrate high 
binding activity for fish gonadotropins is merely a technical problem will 
require additional research. The application of chromatographic or receptor 
purification schemes (Section IV,A) may be of considerable benefit for future 
studies with fish gonadotropins. Perhaps an alternate method of preparing 
labeled fish gonadotropin may be appropriate. For example, the incorpora- 
tion of (N-succinimidyl3-(4-hydroxy5-[ lwI] iodophenyl propionate) (Bolton, 
1977) to free amino groups rather than directly incorporating iodine to 
tyrosine residues as for chloramine T or lactoperoxidase methods may prove 
useful. 

C. Receptor Preparations 

The preparation of gonadal tissue as a source of receptors has taken 
several forms including tissue slices, dispersed cells, whole homogenates, 
crude particulate fractions obtained from homogenates, and membrane frac- 
tions at various stages of purification (Catt et al., 1976; Ryan and Lee, 1976; 
Dufau and Catt, 1978). It is important to keep in mind that the gonads are 
composed of several cell types and that not all cell types contain 
gonadotropin receptors. Particularly when receptor concezltration is low the 
inclusion of extraneous cell types can result in high levels of nonspecific 
binding which masks receptor binding. For example, in the mammalian 
testis, L-H receptors are present in Leydig cells which form part of the 
interstitial cell compartment, but FSH receptors are restricted to Sertoli 
cells which are found in the seminiferous tubule compartment (Catt et aZ., 
1976). In the ovary, LH receptors are present in granulosa and thecal cells as 
well as the corpus luteum (Catt et aZ., 1976; Richards, 1979). Ovarian FSH 
receptors are restricted to granulosa cells (Catt and Dufau, 1976). The use of 
specific cell types as the source of gonadotropin receptors has become a 
common practise in mammalian studies. Recently, Nagahama et al. (1982) 
reported that granulosa and thecal cells could be separated from fish oocytes. 
This technique may have application in the distinction of sites of 
gonadotropin binding in fish ovaries. 

Gonadotropin-binding studies were initially performed using tissue 
slices (Lee and Ryan, 1971; Means and Vaitakaitis, 1972) which minimizes 
manipulation of the target tissue, but adds the complicating feature of a 
diffusion barrier. Currently most gonadotropin-binding studies utilize par- 
ticulate fractions obtained by centrifugation of a crude gonadal homogenate. 
When particulate receptors are prepared, the centrifugal force required to 
sediment binding sites varies depending on the media used. For example, 
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80% of the LH-binding sites present in the rat testis are recovered by 
centrifugation at 1500 g when prepared in phosphate buffered saline (Catt et 
al., 1974). For testis homogenates prepared in buffers containing 0.3 M 
sucrose, a broader distribution of binding sites is evident necessitating cen- 
trifugation at 10,000-15,000 g (Catt et al. ,  1976; Dufau and Catt, 1978). In 
immature chum salmon, the greatest uptake of 1251-labeled salmon 
gonadotropin was localized to a 3000 g particulate fraction of an ovarian 
homogenate prepared in phosphate-buffered saline (Fig. 4) (G. Van Der 
Kraak and E. M. Donaldson, unpublished). Crude particulate fractions offer 
the advantage of a rapid and reproducible technique for receptor prepara- 
tions. Crude particulate fractions contain extraneous tissue in the form of 
nonreceptor cell types and intracellular organelles with associated degrading 
enzymes. Extensively purified membrane fractions may be advantageous 
because they lessen the risk of including degrading enzymes (Saxena, 1976). 
However, the use of purified membrane fractions poses additional problems. 
For example, the yield of membrane protein is frequently low, and the 
membrane preparation is often not representative of the target tissue be- 
cause of preferential accumulation of membranes from a given cell type. 
Purification of plasma membranes is a lengthy process and comparative 
studies of tissues in different functional states could be complicated by differ- 
ent degrees of purification and recovery (Khan, 1976). For studies in which 
binding and biological response are to be correlated, intact viable cells are 
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Fig. 4. Specific binding of '251-labeled salmon gonadotropin to increasing quantities of3000 g 
and 3000-10,000 g particulate fractions of ovarian homogenates from immature chum salmon. 
Specific binding was calculated as described in Fig. 1. Values are the mean f 2 SEM for duplicate 
determinations. 
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required. These may be obtained by enzyme or mechanical dispersal and by 
tissue culture. A potential problem associated with viable cells is that, along 
with the retention of metabolic activity, hormone degradation may be en- 
hanced. Another problem that may arise because of enzyme dispersal is that 
enzyme treatment could affect the affinity or number of binding sites. 

The ability to demonstrate receptor binding can be facilitated by use of 
animals in a particular stage of their life cycle. For example, rat testicular 
FSH receptors are most easily demonstrated in immature animals when 
receptors are most abundant on a wet tissue weight basis (Catt et al., 1976). 
Similar results have been described for FSH-binding sites in the domestic 
chicken (Bona Gallo and Licht, 1979; Etches and Cheng, 1981) and in a 
number of reptilian species (P. Licht, personal communication). In the case 
of LH receptors in the ovary, receptor numbers increase markedly in the 
progression from small to medium to large follicles. Although LH receptors 
are present in low numbers in the immature rat ovary, pretreatment with 
pregnant mare serum gonadotropin to produce pseudopregnant ovaries pro- 
vides an abundant source of receptors (Lee and Ryan, 1973; Catt et d. ,  
1976). 

Although gonadotropin receptors are relatively insoluble in aqueous me- 
dia, treatments with nonionic detergents such as Triton X-100, Lubrol PX, 
and Lubrol WX are effective in solubilization of the receptor (Dufau et al., 
1974; Catt et al., 1976; Saxena, 1976; Dufau and Catt, 1978). The definition 
of a soluble receptor is somewhat arbitrary (Catt and Dufau, 1977). Soluble 
receptors are not sedimented by centrifugation at 360,000 g for 3 hr, and are 
retarded by gel filtration on 6% agarose. They can be identified by direct- 
binding studies, and various chromatographic techniques can be used to 
determine the physiochemical properties of the receptor. Technical prob- 
lems associated with receptor solubilization tend to preclude the use of 
solubilized receptors as the initial protocol for receptor identification. Ex- 
traction with detergent usually results in the loss of the functional coupling 
between hormone binding and the activation of cellular response such as 
adenylate cyclase activity. Comparison of binding properties determined for 
solubilized and particulate receptors are often difficult to interpret. Sol- 
ubilized receptors are generally more labile than particulate receptors. 
Quantitative studies of extraction efficiency indicate that not all gonado- 
tropin receptors are extracted; performed hormone-receptor complexes are 
extracted with a greater efficiency than unoccupied receptors. A further 
complication arises from a change in receptor-binding affinity following sol- 
ubilization. For example, LH-receptor affinity tends to decrease but FSH- 
receptor affinity increases following solubilization (Dufau and Catt, 1978). It 
should also be noted that the physiochemical properties of solubilized recep- 
tors differ depending on the detergent used. 
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D. Methods of Separation 

Receptor studies require a simple and rapid means of separating free 
hormone from that bound to the receptor. For gonadotropin-receptor stud- 
ies using intact cells or particulate fractions centrifugation or filtration meth- 
ods are most common. The problems associated with these methods are 
discussed by Birnbaumer (1978). 

For separation by centrifugation, the receptor preparation is diluted with 
1-2 ml of incubation buffer and then centrifuged in the cold to compact the 
receptor preparation. Frequently, the receptor preparation is resuspended 
in incubation buffer and recentrifuged to reduce the quantity of radioactivity 
trapped on the compacted tissue. This procedure has been used in studies of 
gonadotropin binding in fish (Van Der Kraak and Donaldson, 1982; K. Aida and 
S. Ishii, personal communication). Particular care must be taken to ensure 
that the centrifugal or “g” force used is sufficient to compact the entire 
receptor preparation. Catt et al .  (1974) suggest that the g force used for the 
separation of bound hormone should be the same as that used to prepare the 
original binding fraction. Failure to comply with this protocol can result in a 
proportion of the receptor-bound hormone being included in the free hor- 
mone fraction. Exceptions to this general rule exist, because centrifugation 
at 1500 g is sufficient to sediment all LH-binding particles in rat testis 
homogenates prepared by centrifugation at 20,000 g. This is because of 
aggregation of smaller binding particles during incubation (Dufau and Catt, 
1978). 

Separation of bound and free hormone can be effected by filtration 
through glass-fiber or millipore filters. By this method, receptor-bound hor- 
mone is retained on the filter but free hormone passes through the filter. 
Particular attention must be given to the nonspecific trapping (adsorption) of 
free hormone to the filter. Nonspecific binding can in some cases be mini- 
mized by selection of an appropriate type of filter and by presoaking the 
filter with a high concentration of competing protein, usually albumin 
(Khan, 1975; Birnbaumer, 1978). Following the initial binding of receptor to 
the filter, nonspecific binding can be reduced by washing with buffers con- 
taining albumin. Problems may arise as a result of clogging of filters by large 
amounts of membrane or cells, but the filtration technique can be of particu- 
lar advantage when the mass of receptor protein is low (Catt et al . ,  1974). 

Alternate methods of separation are required for soluble receptors (Du- 
fau et al., 1974). Free and receptor-bound hormone can be separated by gel 
filtration or sucrose density centrifugation. Because these techniques are 
cumbersome, a more rapid means of separation involving precipitation of 
receptor-bound hormone by polyethylene glycol has been used (Dufau et 
al.,  1973; Catt et al.,  1976; Saxena, 1976). 
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E. Additional Considerations 

A necessary requirement for gonadotropin-receptor analysis involves de- 
termination of the extent of labeled hormone and receptor degradation oc- 
curring during incubation. Damage during incubation has been associated 
with several variables including the nature and amount of the tissue prepara- 
tion, time, and temperature (Lee and Ryan, 1973; Ketelslegers et al., 1975; 
Catt et al.,  1976; Ryan and Lee, 1976). The process of degradation or inac- 
tivation is not clearly understood. For example, LH inactivation which oc- 
curs following incubation with particulate rat ovarian receptors has not been 
accompanied by fragmentation of the molecule or a loss in immunoreac- 
tivity. Incubation damage tends to be greatest in whole homogenates and 
crude membrane fractions. In some cases it has been possible to reduce 
incubation damage by further purification of the tissue preparation and by 
the use of proteolytic enzyme inhibitors such as Trasylol or phenylmethyl 
sulfonylfluoride (Saxena, 1976; Morris and Saxena, 1980). Temperature ap- 
pears to be a major factor contributing to incubation damage. In mammalian 
studies, incubation damage tends to be minimal at 4" C with the degree of 
damage increasing at elevated temperatures (Ketelslegers et al., 1975; Diek- 
man et al., 1978; Cameron and Stouffer, 1982). The rate of incubation 
damage at 37" C was greater than that observed at 24" C for HCG binding to 
rat testicular homogenates. The extent of hormone damage can vary depend- 
ing on the gonadotropin, with HCG being more stable than LH (Lee and 
Ryan, 1973; Cameron and Stouffer, 1982). 

To determine the extent of hormone inactivation during incubation, la- 
beled gonadotropin is first preincubated with the receptor preparation and 
the supernatant or filtrate remaining after separation of bound hormone is 
assessed for its ability to bind to a fresh receptor preparation. The degree of 
inactivation can be determined from the loss of binding activity when com- 
pared to fresh tracer or labeled gonadotropin preincubated in buffer alone. 
For this calculation it is necessary to account for inactive hormone initially 
present in the labeled hormone preparation and the amount bound to the 
receptor during the first incubation (Catt et al., 1976). Receptor degradation 
can be monitored in a similar fashion. This involves preincubation of the 
receptor preparation in the absence of hormone for various times followed 
by an examination of the capacity of the preincubated tissue to bind radio- 
labeled hormone. Comparisons can be made with the binding activity of ice- 
stored or freshly prepared receptor preparations (Ketelslegers et d., 1975; 
Ryan and Lee, 1976) or with portions of the receptor preparation not sub- 
jected to a period of preincubation (Diekman et al., 1978). 

Inactivation of the labeled hormone and receptor during incubation will 
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obviously have a marked effect on the calculation of binding parameters. 
Catt et al. (1976) have suggested that inactivation will affect only free hor- 
mone and free receptor owing to the observation that receptor-bound hor- 
mone retains its biological activity. When equilibrium-binding studies are 
performed, damaged hormone will affect the calculation of free hormone and 
consequently the calculation of Kd, but not the number of binding sites. 
Receptor damage affects the bound fraction and, therefore, the calculation of 
both Kd and the number of sites. Although corrections can be applied to 
account for incubation damage (Ketelslegers et al., 1975; Ryan and Lee, 
1976), the obvious solution is to select incubation conditions under which 
damage is minimal. 

The potential that an inhibitor of receptor binding may be present or 
formed during incubation must be recognized. Aqueous extracts from 
pseudopregnant or pregnant ovaries from several mammalian species have 
been demonstrated to inhibit the specific binding of LH and HCG to ovarian 
receptors in uitro (Yang et al.,  1976, 1978, 1979; Sakai et al., 1977). Similar- 
ly, inhibitors of FSH binding to both testicular and ovarian receptors have 
been reported (Reichert and Abou-Issa, 1977; Reichert, 1978; Darga and 
Reichert, 1978; Sato et al., 1980). Both LH- and FSH-binding inhibitors are 
low-molecular-weight compounds; therefore, inhibition of binding can not 
be explained by the presence of gonadotropins in the tissue extracts. Several 
approaches can be used to determine the presence of binding inhibitors, for 
example, by testing receptor binding in crude homogenates versus exten- 
sively washed or purified tissue particulate fractions. 

V. THE APPLICATION OF RECEPTOR-BINDING 
STUDIES 

This section reviews the application of studies involving gonadotropin 
receptors and discusses the future application for studies with fish gonad- 
otropins. 

Gonadotropin receptors have been used extensively to measure gonado- 
tropins in a manner analogous to the use of antibodies in a RIA. When a 
radioreceptor assay (RRA) is used, the quantity of hormone in a sample will 
be reflected by the extent to which the receptor binding of radiolabeled 
hormone is inhibited. In theory, RRA more closely resembles a bioassay 
than does RIA because the detection of hormone by RRA depends on the 
specific molecular conformation for receptor binding. This property differs 
from RIA which uses antibodies that are more likely to be directed to other 
portions of the molecule (Catt and Dufau, 1976). It must be stressed that 
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RRA analysis will not ncessarily provide the same information as bioassay 
and as such should not be viewed as a replacement. Results from a series of 
experiments by Licht and co-workers indicate a marked difference in 
gonadotropin activity may occur when determined by bioassay and RRA 
(Licht et al.,  1977a,b, 1979; Bona Gallo et al . ,  1978; Bona Gallo and Licht, 
1979; Licht, 198Oa). An example of this phenomena comes from studies of 
LH- and FSH-binding sites in turkey gonads using homologous radioligands. 
Turkey LH-binding sites are highly specific for turkey LH in that turkey 
FSH has less than 1% LH activity. In sharp contrast, turkey FSH-binding 
sites were less specific because turkey LH had 13-48% FSH activity in 
binding studies although immunological studies indicate less than 0.2% con- 
tamination by FSH in the LH preparation. Similarly Licht et al. (1977a) 
demonstrated an unexpected high potency of LH for FSH-binding sites in 
the sea turtle when either human FSH or sea turtle FSH was used for 
radiolabeling. Additional studies indicate a marked discrepancy between the 
activity of equine LH when tested in several hetrologous FSH RRA and 
bioassay methods (Licht et al . ,  1979). In summary, these results indicate that 
although a gonadotropin shows a high activity when tested by RRA it does 
not necessarily imply a high potency in physiological action (Licht, 1980a). 
These results also suggest that the properties of a hormone that are related to 
receptor binding must be considered distinct &om those that enable it to 
stimulate a physiological response. For example, Channing et al .  (1978) 
demonstrated that the removal of carbohydrate groups from HCG had little 
effect on receptor binding when compared to its ability to augment CAMP 
production. One possible explanation for these discrepancies between bind- 
ing data and bioassay data may be that a hormone or a derivative may behave 
as an antagonist and bind to the receptor but fail to elicit a response. Such a 
situation occurs for asialogonadotropins. Asialo-HCG has a lower activity 
than does HCG when tested by in vivo or in vitro bioassay, but has a higher 
binding affinity for HCG receptors than does HCG (Tsuruhara et al . ,  1972; 
Catt et al . ,  1976; Saxena, 1976; Brand et al., 1981). 

Although the previous discussion suggests that RRA may not always be 
appropriate for the prediction of biological activity of gonadotropins, there 
are instances when RRA may be the appropriate analysis. For example, RRA 
results in a higher potency estimate than does conventional in vivo bioassay 
when a gonadotropin is characterized by a short plasma half-life. This has 
been documented for comparisons of ovine LH and human menopausal 
gonadotropin which have short and long plasma half-lives, respectively (Du- 
fau and Catt, 1978). In such cases, an in vitro bioassay or RRA provides a 
more accurate measure of the intrinsic biological activity. 

Despite these limitations, the RRA technique has widespread application 
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(Catt et al., 1974, 1976; Reichert, 1976; Dufau and Catt, 1978). The most 
common use of the RRA technique has been for the measurement of 
gonadotropin activity in purified hormone preparations. The high sensitivity 
afforded by the RRA makes it a valuable tool when used to follow gonado- 
tropin activity in individual column fractions during purification (Reichert, 
1976; Sakai and Ishii, 1980). The RRA technique offers a rapid method for 
quantlfying gonadotropin activity following chemical modification and in 
studies of subunit dissociation and association (Catt et a1 ., 1974, 1976; Burke 
et al., 1979a; Sairam and Schiller, 1979). Application to studies with fish 
gonadotropin(s) would be most valuable. Through the use of techniques to 
quantify receptor binding it may be possible to distinguish whether fish 
species contain one or two gonadotropins and also evaluate their specificity. 

An additional application, although not widely used, is the measurement 
of plasma gonadotropins by RFL4 (Catt et al., 1976; Saxena, 1976; Dufau and 
Catt, 1978). The work of Tan and Dodd (1978) and Bye et al. (1980) suggests 
that the measurement of plasma gonadotropin in a wide array of fish species 
will require the purification of gonadotropins from at least each family and 
probably genus. Such an undertaking would be an enormous task as would 
be the search for a heterologous RIA system. A number of studies indicate 
that gonadotropin from one species can be used to quantify gonadotropin 
receptors in gonadal preparations from other vertebrate classes (Licht et al., 
1977b; Bona Gallo et al., 1978; Adachi et al., 1979; Burke et al., 1979b; 
Kubokawa and Ishii, 1980). Notable in this regard has been the use of 
radiolabeled human FSH to define FSH-binding sites in birds, reptiles, and 
amphibians (Section I1,A). However, studies using human FSH as a means 
of detecting gonadotropin receptors in fish gonad preparations have been 
unsuccessful (Adachi et a1 ., 1979; Adachi and Ishii, 1980). Whether other 
gonadotropins of nonpiscine origin or some fish gonadotropin preparations 
display a lack of species specificity toward fish gonadotropins warrants addi- 
tional research. 

Apart from the foregoing applications, gonadotropin-receptor studies 
have provided new insight into the mechanism of hormone action and the 
endocrine control of gonadal development in mammals. Several of these 
features have been discussed in Section 111 as a means of defining a func- 
tional role for gonadotropin-binding sites. In mammals, three distinct pat- 
terns of hormone regulation of receptor numbers have been defined. These 
include: (1) autoregulation where hormones affect the concentration of their 
own receptor, (2) coordinate regulation in which a steroid and protein hor- 
mone interact and affect the receptor concentration for the same or a differ- 
ent protein hormone, and (3) heteroregulation in which one hormone regu- 
lates the concentration of a different hormone (Richards et al., 1976). Studies 
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of this type have resulted in major advances toward the understanding of 
ovarian development and the necessary coordinate hormone interactions 
required for oocyte maturation (Henderson, 1979; Richards, 1979; Ahren et 
al., 1980). 

It would be of considerable theoretical interest to define gonadotropin- 
receptor numbers throughout the life cycle of fish with different reproduc- 
tive strategies. Studies pertaining to the control of receptor number and 
gonadal responsiveness will provide new insight to controlled reproduction 
studies. Induction of oocyte maturation, ovulation, and spermiation by the 
classical hypophysation technique, for example, assumes that gonadotropin 
receptors are present in suitable number to respond to hormone stimulation. 
In the future, techniques may be available to assess if this is indeed the case. 
With increased understanding of the factors controlling receptor numbers it 
may be possible to develop humoral schemes to alter receptor numbers and 
subsequent gonadal responsiveness. 

VI. CONCLUDING REMARKS 

Recent developments in the bioassay of fish gonadotropins and promising 
preliminary results on the identification of binding sites for these hormones 
open this field as a major area for research pertaining to fish reproductive 
physiology. 
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Addendum: In a recent paper Schlaghecke (Gen. Comp. Endocrinol. 49,261-269,1983) demon- 
strated the presence of high-affinity limited-capacity binding sites for 125I-labeled HCG in 
testicular extracts from adult rainbow trout. These binding sites were restricted to testicular 
tissue and could not be demonstrated in brain, heart, kidney, or muscle tissue. Crude rainbow 
trout pituitary extracts and partially purified pituitary fractions, which were retained on Con A- 
Sepharose, inhibited the binding of ‘25I-labeled HCG. In contrast, pituitary fractions, which 
were not retained on Con A-Sepharose, failed to compete for these binding sites. Although the 
lsI-labeled HCG binding sites in rainbow trout testis share several features associated with a 
hormone-receptor interaction, their physiological significance must bequestioned in view ofthe 
high temperature (37°C) used to measure binding in this study. 
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Note: Names listed are those used by the authors of the various chapters. No attempt has 
been made to provide the current nomenclature where taxonomic changes have occurred. 
Boldface letters refer to Parts A and B of Volume 9. 

A 

Acanthias vulgaris, see Squalus acanthias 
Acanthogobius jlavimunus, A, 112, 363 
Acara, brown, see Aequidens portalegrensis 
Acheilognathus 

A. lanceolata, B, 316 
A .  tabira, B, 316 

A .  guldenstadti, B, 327 
A .  stellatus, A, 194, 202; B, 123, 133, 

Acipenser 

137, 383 
Aequidens 

A. latifrons, B, 19, 30 
A. portalegrensis, B, 38, 43, 88 
A. pulcher, A, 323 

Alewife, see Alosa pseudoharengus 
A h a  pseudoharengus, B, 308 
Ameirus nebulosus, A, 381 
Amphiprion, B, 176 

A .  alkallopisos, B, 206, 208 
A. bicinctus, B, 206, 208 
A. melanopus, B, 86, 87, 89, 206 

Amur, black, B, 365, 366 
Anabas testudineus, A, 320, 322, 324, 393 
Anchovy, see Stolepholus 
Anemonefish, see Amphiprion melanopus 
Angelfish, B, 30, see also Pterophyllum 

Anguilliformes, B, 307 
scalare 

Anquilla 
A .  anguilla, A, 123, 151, 157, 165, 172, 

199, 249, 285, 286, 297, 304, 320, 
321, 325, 333, 338, 390, 392; B, 
121, 123, 133, 137, 174, 201, 204, 
205, 266, 387 

320, 339; B, 121, 366, 387 
A .  japonica, A, 103, 166, 248, 249, 300, 

Anolis carolinesis, B, 45, 46 

Anthias squamipinnis, B, 179, 206-208, 210 
Aphanius dispar, A, 237 
Apode, A, 138, 139 
Aristichthys noblis, A, 113; B, 331, 362, 409 
Astronotus ocellatus, B, 30 
Asyntanax 

A .  bimaculatus, B, 373 
A. mexicanus, B, 13, 93 
A .  taeniatus, B, 373 

Belone belone, A, 301 
Dermogenys pusillus, A, 301 
Fundulus 

F .  confluentus, B, 73, 83 
F .  heteroclitus, A, 106, 249, 251, 260, 

281, 300, 301, 303, 318, 320, 323, 
333, 342, 344, 387; B, 28, 29, 48, 
70, 73, 83, 86, 87, 91, 93, 120, 
124, 133, 136, 137, 312, 315, 321, 
327 

Atheriniformes, A, 226, 227, 281; B, 175 

F .  similis, A, 118 
Jenynsia lineata, A, 285, 303, 308 
Oryzias latipes, A, 111, 117, 161, 171, 

197, 200, 201, 224, 281, 283, 284, 
300, 301, 328, 331-333, 339; B, 4, 
26, 28, 29, 40, 67, 69, 77, 78, 89, 92, 
94, 95, 120, 126, 134, 137, 183, 191, 
206, 224, 227, 228, 231, 233, 
236-240, 242, 245, 249, 251, 258, 
259, 263, 275, 326, 327, 363, 416 

Poecilia 
P .  caudofasciata, B, 183 
P .  latipinna, A, 107, 142, 143, 145, 

147, 148, 151, 162, 165, 170-172, 
247, 281, 300, 301, 303, 308, 314, 
320, 328, 333, 340, 342 

P .  reticulata, A, 143, 145, 147, 226, 
232-233,254, 281, 283, 285, 290, 
297, 300, 301, 303, 328, 333, 

463 
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Atheriniformes (cont.) 
338-340; B, 4, 41, 42, 44, 78, 81, 
92, 94, 174, 179, 182, 185, 191, 
197, 209, 210, 227, 228, 231, 237, 
240, 259, 262, 264, 266, 307, 309, 
312, 313, 315, 316 

P .  shenops, A, 235 
P oittala, B ,  183 

Tenynsia lineata, A, 290 
Xiphophorus 

X .  helleri, A, 281, 283, 301, 303, 385; 
B, 8, 11, 183, 185, 191, 197, 231, 
238 

X .  maculatus, A, 103, 144, 148, 162, 
167, 173, 206, 281, 301, 303; B, 
27, 47, 183, 186, 200, 226, 229, 
231 

Aulopiformes, B, 175 
Ayu, B, 146, see also Plecoglossus altioelis 

X .  oariatus, B ,  81 

0 

Bagre, see Rhamdia hilarii 
Bairdella icistiu, B, 73, 83, 92, 376, 386 
Barb, see Puntius 
Bass, see Paralabrax clathratus 

sea, see Dicentrarchus labrax 
striped, B,  21, see also Morone saxatilis 
white, see Roccus chrysops 

Bathygobius soporator, B ,  13, 24 
Belontiformes, B, 42 
Belontiid, B, 10, 11, 13, 21 
Beluga, see Huso huso 
Betta splendens, B,  22, 43, 201, 204, 205, 

Bitterling, see Acheilognathus 
228 

European, see Rhodeus amaurus 
Japanese, see Rhodeus ocellatus 

B. boops, B ,  175 
B. salpa, A, 152 

Boops 

Boreogadus saida, A, 143 
Bream 

blunt-snout, see Megalobrama 

gilthead sea, see Sparus aurata 
Bryconamericus emperador, B ,  85 
Bullhead, A, 380 
Buffalo, bigmouth, see Zctiobus cyprinellus 

amb ylocep hala 

C 

Callorhynchus, A, 77 
Capelin, see Mallotus oillosus 
Carcharhinidae, A, 83 I 

Carcharhinus, A, 33 
C .  dussumieri, A, 34, 45, 54-57, 84 
C. falciformis, A, 54, 84 

Carp, A, 100, 104-107, 109, 110, 112, 124, 
125, 127, 188, 194, 196-211, 319, 321, 
329, 336, 340, 392, 396, 408-409, 419, 
420, 423, 427; B, 133, 154, 156, 159, 
359, 363, 373, 385, 409, 412-415, 418, 
419, 421, 422, 424, 425 

bighead, B, 365, 366, see also Aristichthys 

black, B,  365, see also Mylopharyngodon 

Chinese, B,  365 
common, see Cyprinus carpi0 
crucian, see Carassius auratus 
grass, B, 226, 261, 289, 333, 365, 366, see 

Indian, see Labeo rohita and Cirrhina 

Java, see Puntius jaoanicus 
mud, see Cirrhrinus molitorella 
silver, B, 365, 366, see also Hypo- 

phthalrnichthys molitrix 
silver 

tawes, see Puntius gonionotus 

nobilis 

picus 

also Ctenopharyngodon idellus 

mrigala 

spotted, see Aristichthys noblis 

Catfish, A, 194, 197, 390, 394, 396; B, 120, 
122, 131, 135, 138, 139, 141, 145, 160, 
see also Mystus tengara, Mystus oit- 
tatus, Clarias batrachus, Ameirus 
nebulosus, Heteropneustes fossilis, Tra- 
chycoristes striatulus, Pagasius sutchi, 
Wallago attu 

African, see Clarias 
channel, B,  423-425, see also Zctalurus 

punctatus 
Indian, A, 202; B, 138, 160, see also 

Heteropneustes fossilis 
white, see lctalurus catus 

Catla catla, B ,  385 
Catostomus commersoni, B, 26, 39, 308, 

Cetorhinus maximus, A, 37, 39, 46, 54, 
309, 315, 377 

56-58, 60 
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Centrophorus, A, 81 

Centrop yge 
C .  squamosus, A, 52 

C .  interruptus, B, 207 
C.  resplendens, B, 207 

C. marztlius, A, 388 
C .  punctatus, A, 143, 197, 322; B, 94 

Chanos chanos, A, 138; B, 79, 86, 89, 93, 

Char, see Saluelinus 

Channa 

322, 324, 333, 374, 387 

whitespotted, A, 253, 336, see also Sal- 
oelinus leucomaenis 

Characidae, A, 147 
Chasmichthys doligognathus, A, 1421, 143 
Chelidoperca, B, 176 
Chimaera monstrosa, A, 38, 50, 59 
Chlamydoselachus, A, 34 
Chondrichthyes, A, 31, 32 
Chrysemys picta, A, 199 
Chub, lake, see Couesius plumbeus 
Cichlid, A, 407 
Cirrhina 

C. molitorella, A, 111, 161 
C. mrigala, A, 198 
C. reba, B, 75 

C .  harengus, B, 321, 323, 325, 326, 328, 

C .  harengus pallasi, B ,  12, 37, 88, 313, 

C .  pallasi, A, 388 
Clupeid, A, 138, 139 
Cnesterodon decemmacuhtus. B, 351 
Cod, A, 101, 374, 376, 377, 384, 385, see 

Clupea 

331, 333, 335, 336 

316, 321, 323, 325, 327 

also Gadus morhua 
polar, see Boreogadus saida 

Colisa lalia, B,  21 
Colossoma mitrei, B, 374 
Conger conger, A, 285, 297 
Coregonus, B, 333 

C .  lauaretus, A, 194 
C .  muksun, B, 331, 334-336 

C .  riisei, B, 12, 42 
Corynopoma, B ,  16 

Couesius plumbeus, B ,  70, 85, 91 
Crappie, black, see Pomoris nigromaculatus 
Crenilabrus ocellatus, B, 29 
Crenimugil labrosus, B, 379 

Ctenopharyngodon idellus, A, 113, 160, 
166, 197; B, 226, 227, 257, 269, 288, 
331, 335, 352, 362, 376, 408 

Culaea inconstans, A, 235; B ,  69 
Cunner, see Tautogolabrus adspersus 
Cyclid, A, 142 
Cynolebias 

C .  ladiqesi, A, 260 
C. melanotaeniu, A, 260 

Cyprinidae, A, 116, 117, 147, 193, 200, 201, 

Cypriniformes, A, 226, 280 
208 

Acanthobrama terraesanctae, A, 250, 280, 

Anoptichthysjordani, A, 144, 152, 301 
Barbus 

282 

B .  schuberti, A, 301 
B. tetrazoni, A, 301; B, 186, 231 

282, 283, 285, 288, 296, 301, 

88, 94, 120, 123, 133, 137, 174, 179, 
229, 331, 335, 337, 338, 410 

Brachydanio rerio, A, 145, 149, 239, 280, 

320-322, 325, 387; B, 11, 13, 14, 24, 

Carassius, A, 143; B,  326 
C .  auratus, A, 145, 146, 151, 160, 166, 

171, 193, 200, 230, 243, 250, 261, 
280, 284, 301, 307, 321, 328, 340, 
342, 343, 382, 387, 389, 392; B, 

133, 137, 186, 191, 227, 231, 261, 
262, 267, 268, 270, 272, 312, 357, 
374, 416 

3-5, 25, 67, 80, 82, 91, 120, 123, 

C.  auratus cuvieri, B ,  410 
C. auratus gibelio, B ,  406 
C. auratus langsdo& B,  413 

C .  carpio, A, 98, 99, 145, 146, 150, 
Cyprinus, B ,  326 

193, 197, 280, 282, 284, 285, 289, 
296, 297, 303, 320, 322, 327; B, 5, 
80, 81, 83, 84, 95, 97, 99, 120, 
124, 133, 153, 226, 257, 265, 266, 
269, 280, 286, 288, 290, 307, 312, 
326, 331, 333, 335, 336, 353, 358, 
361, 374, 379, 408 

C .  reba, B,  98 
Tinca tinca, A, 301; B, 83, 90, 98, 411 
Tribolodon, B, 326 

T .  hakonensis, A, 308; B,  312 

244, 269 
Cyprinodontidae, A, 116, 117, 142, 238; B, 



466 SYSTEMATIC INDEX 

Cyprinodontiformes, B ,  42 
Cyprindon macularis, B ,  200 

D 

Dab, see Limanda limanda 
Dace, see Leuciscus 

Darter, see Etheostoma lepidum 
Dasyatidae, A, 34, 83 
Dasyatis, A, 52 

D. centroura, A, 82 
D. sabina, A, 72 
D. violacea, A, 82 

Delphyodontos dacrijormes, A, 80 
Dentex dentex, B, 175 
Didelphys uirginiana, B, 234 
Discus fish, see Symphysodon aequifasciata 
Dogfish, A, 70, 74, 75, 86, see also 

Squal i joms  
Japanese, see Mustelus manazo 

smooth, see Mustelus griseus 
lesser spotted, see Scyliorhinus canicula 
spiny, A, 83 
viviparous, see Mustelus canis 

Japanese, see Leuciscus hakonensis 

Drosophila, B,  416, 423 

Eptatretus, A, 13, 22 
E. burgeri, A, 4, 5, 11, 13, 16, 22, 23 
E. cirrhatus, A, 4 
E .  stouti, A, 5, 8-10, 12, 14, 15, 19, 22 

Esox lucius, A, 227, 302, 307, 315, 317, 381; 
B, 83, 124, 129, 133, 137, 312, 315, 
331, 369, 379 

Etheostoma lepidum, B, 70 

F 

Flagfish, American, see Jordanella jloridae 
Flounder, A, 192, 194, 200-205, 210, 377, 

395, 396; B, 423-425 see also 
Pleuronectus jlesus, Liopsetta abscura, 
Platichthys jlesus 

Japanese, see Limanda yokahamae 
winter, A, 100, 101, 188, 321, 323, 327, 

337, 381, 408 see also 
Pseudopleuronectes americanus 

Frillfin, see Bathygobius soporator 
Fugu 

F .  niphobles, A, 103, 144; B, 86 
F .  stictonotus, A, 144 

G 
E 

Eel, A, 139, 236, see also Anguilla 
Japanese, A, 104, see also Anguilla 

pike, A, 188, 200, 203-207, see also Mar- 

ricefield, see Monopterus albus 
silver, A, 334, see also Anguilla anguilla 

japonica 

aenesox cinereus 

Eigenmannia virescens, B ,  76, 79, 86, 92 
Electric fish, see Sternopygus dariensis 
Ellobius lutescens, B ,  186 
Elopiformes, B, 307 
Elops sauncs, A, 138 
Embiotocidae, B, 307 
Emys orbiculuris, B, 231 
Enchelyopus cimbrius, B, 86 
Enneacanthus obesus, B, 73 83 
Entropiichthys vacha, A, 143 
Epilatys chaperi, B, 202 
Epinephelus, B, 175, 176, 184, see also 

Serranus 
E .  akaara, B, 178 
E. tauuina, B, 235, 269, 331, 332 

Gadiformes, B, 42 
Microgadus proximus, A, 285 
Zoarces vivipancs, A, 290, 301, 339 

G. callarias, A, 297 
G. morhuu, A, 100, 327, 386; B, 6, 95, 

G. morhua mucrocephalus, B, 312 

Gadus 

308, 326, 331, 335, 336 

Galaxias attenuatus, B ,  86 
Gallus domesticus, A, 381 
Galeus, A, 33 
Gambusia, A, 163, 339; B, 42 

G. affinis, B ,  67, 69, 206, 240, 262, 312 
Gasterosteiformes 

Gasterosteus 
G. adea tus ,  A, 118, 143, 146, 161, 

18, 28, 67, 68, 82, 90, 92, 124, 
202, 205, 227, 421 

170, 248, 300, 301, 303; B, 3, 7-9, 

G. pungitius, B ,  7 
Gephyrocharax ualencia, B, 42 
Ging lymos tm ,  A, 34 
Glyptothorax pectionopterus, A, 143 
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Gnathopogon elongatus caerulescence, B, 

Gobiid fish, see Gillichthys mirabilis, 

Gobio gobio, A, 262 
Goby, A, 407, see also Acanthogobiusjla- 

69, 74, 75, 85, 90, 94, 97 

Pterogobius zonoleucus 

oimanus, Gillichtys mirabilis 
black, B, 16 
fresh water, see Rhinogobius brunneus 
frillfin, see Bathygobius soporator 
longiaw, see Gillichthys mirabilis 

Goldfish, A, 99, 103, 105, 107, 109, 110, 
112-120, 122, 124, 125, 127, 161, 
197-202, 209-11, 229, 231, 242-247, 
251-254, 259, 262, 263, 327, 328, 331, 
334, 336, 338, 340, 343, 344, 379, 380, 
388, 390, 391, 408; B, 13, 28, 35, 36, 
40, 44, 47, 71, 88, 89,129-131,136,145, 
147, 148, 150, 153, 155, 156, 158, 261, 
358, 369, 370, 372. 374, 376, 380, 385, 
386, 389, 420 

Gonostoma, B, 176, see also Stomiatiformes 
Goodeidae, A, 236 
Gouramy 

blue, B, 31, see also Trichogaster 

giant, see Osphronemus gouramy 
Osphronemus, B, 84, 99 

trichopterus 

Grayling, arctic, see Thymullus arcticus 
Grouper, see Epinephelus tauoina 
Grunion, see Leuresthes 
Gudgeon, see Hupseleotris galii 
Gulf croaker, see Bairdella icistia 
Guppy, A, 237, 247, 248, 250, 319, 340, B, 

14, see also Poecilia reticulata, Lebistes 
reticulutus 

Gymnura ahve la ,  A, 54, 82-83 

H 

Haddock, see Melanogrammus aeglefinus 
Hagfish, see Myxine, A, 390 
Halibut, Greenland, See Reinhardtius 

Halichoeres poecilopterus, B, 182, 192 
Harriotta, A, 77 
Hemichromis bimuculatus, B, 19, 30, 43, 89 
Hemihaplochromis multicolor, B, 19, 227, 

Herotilapia multispinosa, B, 89 

hippoglossoides 

236-238, 245, 265, 274, 275 

Herring, A, 374; B, 338 
Pacific, see Clupea 

Heterandria formosa, A, 242 
Heterodontus francisci, A, 41, 77 
Hexanchus, A, 46 
Hippocampus 

H. cuda, A, 171 
H. erectus, A, 260 
H. hippocampus, B, 28 

Hippoglossoides platessoides, A, 99, 192, 

Holocephali, A, 31, 32, 46, 62, 79 
Honmoroko, see Gnathopogon elongatus 

Horai masu, B, 277 
Hupseleotris galii, A, 334 
Huso huso, B, 377 
Hyborhynchus notatus, B, 10 
Hydrolagus, A, 77 

Hyla regilla, B, 384 
Hypomesus, B, 326 

392; B, 374 

caerulescence 

H. colliei, A, 38, 50, 59, 62, 66, 77, #80 

H. japonicus, A, 239, 388 
H. olidus, B, 12, 13 
Hypophthalmichthys molitrix, A, 113; B, 

Hypoplectrus, B, 175 
Hypseleotris galii, B, 125, 134, 137, 382 
Hypsoblennius, B, 10, 12 

261, 262, 331, 362 

I 

lcliobus cyprinellus, B, 386 
Ironfish, see Carassius hybr. 
lstiophorus platypterus, A, 144, 152 

J 

Jenysiidae, B, 307 
Jordanellajloridae, B, 28, 29, 38, 95 

K 

Kareius bicoloratus, B, 312 
Killifish, B, 121, 135, see also Fundulus 

marsh, see Fundulus confluentus 

L 

Labeo rohita, A, 198; B, 326, 331, 376, 385, 
386 
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Labridae, B, 175 
Lubroides dimidiatus, B, 182, 206, 208, 212 
Labrus 

L. bergylta, B ,  182 
L. merula, B, 182 
L. ossifagus, B, 182 
L. turdus, B, 182 

Lucerta viridis 
Lumna, A, 82 
Lumpetra, B, 10 

L. fluviatilis, A, 2-4, 14, 17-21, 23 
L. planeri, A, 2-4, 7 
L. richardsoni, A, 23 
L. trihntata,  A, 23 

brook, A, 10 
stream, A, 10 

Lamprey, A, 390, see also Petromyzon 

Lutes calcarifer, B ,  181 
Lebeo, A, 227 
Lebistes reticulatus, A, 385. 387; B, 118 
Lepomis, B, 308, 309 

L. cyanellus, A, 120, 152; B, 12, 47, 48, 

L. gibbosus, B, 22, 23, 30 
L. mucrochirus, B,  22, 24, 48, 94 
L. megalotis, B, 22, 67 

Leptocharias smithii, A, 33 
Leuciscus 

67, 90, 386 

L. hakonensis, A, 143, 151 
L. leuciscus, B, 83 
L. rutilus, A, 107, 151, 152 

L. sardina, B ,  86 
L. tenuis, B, 86, 87 

L. limunda, B, 97 
L. yokohamue, A, 112; B, 36, 312, 363, 

Leuresthes 

Limunda 

374 
Ling, A, 377 
Liopsetta abscura, A, 230, 388 
Loach, A, 200, 250, see also Misgurnus 

anguillicaudutus 

M 

Maccullochella mucquariensis, B ,  83, 84 
Mackerel, A, 254, see also Scomber scomber 

Macropodus 
King, see Scomberomus cavalla 

M. opercularis, A, 120; B,  21, 38, 121, 
174, 179 

Maenidae, B, 175 
Mallotus villosus, B, 328 
Maraenesox cinereus, A, 195 
Mata merah, see Puntius orphroides 
Medaka, A, 119, 225, 237, 245, 246-248, 

250, 251; B, 8, 10 
Japanese, B, 130, 135, 137, 149, 150, see 

also 0 yz ias  latipes 
Megalobrama ambylocephala, B ,  362 
Melanogrammus aeglefinus, A, 327 
Menidia menidia, B, 86 
Mexican cave fish, see Anoptichthys jordani 
Milkfish, see Chanos chanos 
Minnow, see Phoxinus laevis 

bluntnose, see Hyborhynchus notatus 
fat, see Sarcocheilichthys variegatus 
fathead, see Pimephales promelas 

Mirogrer terraesanctae, A, 328; B, 76, 91 
Misgurnus 

M .  anguillicaudutus, A, 122, 160, 245, 
284, 342, 389; B, 13, 38, 120, 134, 
137, 149, 156, 357, 382 

380, 408 
M .  fossilis, A, 159, 171, 201; B, 28, 125, 

M .  guillicaudatus, B, 204 

also Poecilia latipinna 
Mollienisia latipinna, A, 165, 177, 228 see 

Molly 
black, A, 248, see also Mollienisia 

green sailfin, see Poecilia latipinna 
latipinna 

Mornyriformes, B ,  307 
Mormyrus kannume, B, 87 
Morone saxatilis, B, 120, 121, 335 
Mosquito fish, see Gambusia affinis 
Mudfish, A, 194 
Mullet, A, 142, 335, 336, 343, see also 

Mugil 
grey, B, 333, 388 

Murgenesox cinereus, B, 374 
Murrel, see Channa punctatus, 

Mustelus, A, 33, 60 
M .  canis, A, 34, 39, 65, 67, 76, 83 
M .  griseus, A, 50 
M .  manazo, A, 45, 50, 51, 54, 82 
M .  mediterraneus, A, 46 

Ophicephalus 

M. concolor, B ,  174 Mylio mucrocephalus, B ,  192 
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Myliobatis, A, 52 
Mylopharyngodon picus, A, 113, B ,  362 
Myxine, A, 9, 12, 13, 16 

Myxinoid, A, 2 
M .  glutinosa, A, 5, 6, 11 

N 

Nematocentris splendida, B ,  75 
Neon tetra, see Paracheirodon innesi 
Neurospora, B,  416 
New Zealand fish, see Galaxias attenuatus 
Nilem, see Osteochilus hasselti 
Noemacheikas barbatulus, A, 262 
Notemigonus crysoleucas, A, 99, 117, 118; 

B, 67, 69, 70, 72, 74, 83, 91 
Notropis 

N .  bifrenatus, B ,  67 
N.  umbratilis, B, 12 

0 

Odontaspis taurus, A, 82 
Ophicephalus 

0. gachua, B,  386 
0. marutius, B, 386 
0. punctatus, B, 386 
0. striatus, B, 386 

Opsanus, B ,  308 
0. tau, B, 185 

Oreochromis, B, 269 
0. aureus, B, 227, 229, 237, 246, 247, 

252, 253, 261, 274, 275, see also 
Tilapia 

0. hornorum, B ,  228, see also Tilapia 
hornorum 

0. macrochir, B ,  228, 252, 274, see also 
Tilapia rnacrochir 

0. mossambicus, B ,  226-228, 236, 252, 
253, 261, 263, 264, 271-273, 275, 
312, 313, 324, see also Tilapia 
mossambica 

0. niloticus, B ,  227, 228, 246, 249, 252, 
253, 272, 274, 275, see also Tilapia 
niloticus 

Osteochilus hasselti, B ,  99 

P 

Pacu, see Colossoma mitrei 
Pagellus 

P. acarne, B ,  188, 189 
P. erythrinus, B, 188 

Pagrus ehrenbergii, B, 85 
Pandalus jordani, B, 212 
Pangasius sutchi, B, 326, 331 
Pantodontidae, B, 307 
Paracheirodon innesi, B, 79, 92 
Paradise fish, B, 47, see also Macropodus 

Paragobiodon, B ,  206 
Paralabrax clathratus, A, 390 
Pecoglossus, B, 326 
Peloicachromis pulcher, A, 240 
Perch, A, 324, see also Perciformes 

golden, see Plectroplites ambignus 
spangled, see Therapon unicolor 
yellow, A, 201, 202; B, 120, 121, 

opercularis 

129-131, 135, 139, 142, 154, 158, see 
also Perca flaoescens 

Perciformes, A, 226, 281; B, 42, 175 
Blennius, A, 247 

B. ocellatus, A, 302 
B .  pauo, A, 302; B, 10, 12 
B .  sanguinolentus, A, 302 
B. tentacularis, A, 302 

Centropristes striatus, A, 293, 296; B, 187 
Cichlasoma 

C .  biocellatum, A, 301; B,  236, 274 
C. citrinelkrm, A, 198 
C.  nigrofasciatum, A, 248, 249, 251, 

C .  seuerum, B ,  30 
253, 260, 281, 300; B, 30 

Coris julis, A, 292, 296, 302, 311, 315, 
338; B, 179, 182, 188, 189, 191, 192, 
197 

247, 249, 281, 300, 302, 320, 321, 
324, 342; B, 16, 69, 70, 72, 92, 309, 
316 

315; B, 84, 85, 97, 311, 312, 315, 
318, 321, 331, 335 

Cymatogaster aggregata, A, 145, 171, 

Dicentrarchus labrax, A, 285, 293, 309, 

Diplodus 
D.  annularis, A, 285, 291; B, 192 
D. sargus, A, 314; B,  188 
D. vulgaris, B, 175 

mirabilis, A, 107, 161, 171, 172, 285, 
291, 313, 314, 322, 328, 333; B, 
69, 72, 92, 93, 311, 312, 323 

Gillichthys, A, 229 
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Perciformes (cont.) 
Gobius 

G .  jozo, A, 248, 285, 291, 300, 312, 

G .  niger, A, 319, 323, 338, 341, 342, 

G. paganellus, A, 247, 302, 312, 392; 

314, 325; B, 10, 11, 14 

396 

B, 193 
Haplochromis 

H .  burtoni, B, 8, 13, 19, 20, 186, 231 
H. multicolor, A, 2.51, 252, 281 

M .  auratus, A, 151, 281 
M .  capito, A, 250, 251, 281-283, 292, 

297, 320, 338; B, 78, 311, 322 
M. cephalus, A, 151, 152, 170, 171, 

Mugil 

292, 296, 297;311, 334; B, 3-5, 
76, 78, 91, 98, 312, 322, 331, 333, 
335, 374, 375, 377, 381, 387 

P. acarne, A, 291, 296, 310, 314, 338 
P .  erythrinus, A, 314 

P. flaoescens, A, 200, 243, 291, 296; B, 

P .  fluoiatilis, A, 152, 253, 281, 282, 

Pagellus 

Perca 

118, 119, 126, 134 

310, 317; B, 84 

R. chrysops, B, 322 
R .  saxatilis, A, 309, 314 

S .  aureus, A, 281-285, 292, 297, 299, 
319, 321, 322, 334, 337, 343, 393; 

Roccus 

Sarotherodon 

B, 6 
S .  heudeloti, B. 19 
S .  mucrocephala, B, 7-9, 19, 43 
S. mucrochir, B, 9 
S .  mariae, B, 9 
S .  mossambicus, A, 99, 100, 143, 145, 

161, 170, 171, 198, 225, 232, 234, 
302; B, 7, 9, 13, 19, 32, 77, 374 

S .  niloticus, A, 281; B, 9, 19 
S .  spirulus, B, 374 

S .  japonicus, B, 386 
S .  scomber, A, 2.51, 281, 284 

Serranus, B, 175, 176 

Scomber 

S .  cabrilla, A, 294, 296, 309, 314, 336; 

S .  scriba, A, 299, 336; B, 187 
B, 188, 190, 197 

Sparus 
S .  auratus, A, 291, 297, 310, 314, 320, 

332; B, 97, 175, 185, 187, 190, 
197, 312, 313, 331, 335, 387 

S .  longispinis, B, 175 

S .  chryselis, A, 300 
S .  maena, A, 293, 296, 311; B, 189, 192 

Spicara 

Trachurus mediterraneus, A, 251, 281, 
283, 284 

Petromyzon, A, 2-4, 6, 14-16, 22 
P .  marinus, A, 7 ,  10, 11, 14, 18; B, 10, 

12, 13, 152 
Phoxinus 

P .  laeois, A, 334; B, 7, 70 
P. phoxinus, B, 68, 84, 90, 93 

Pike, A, 324; B, 130, 131, 136, 154, 159, see 
also Esox lucius 

northern, A, 228 
Piubucina panamensis, B, 85 
Pimphales promelas, B, 8, 84, 94 
Pipefish, see Syngnathus fuscus 
Plaice, A, 198-200, 204, 336,. 337; B, 6, 

419, 423-425, see also Limanda 
yoko hamae 

American, A, 192, 205, see abo Hippo- 

Plutichthysflesus, A, 380, 381, 385, 389; B, 

Platycephalidae, see Scorpaeniformes 
Platyfish, A, 104, 120, see also Xiphophorus 

Platypaecilus maculatus, B, 28, 32, 203 
Plectroplitus ambiguus, A, 145; B, 76, 83, 

Pleurodeles waltii, B, 230, 231, 237 
Pleuronectiformes 

glossoides platessoides 

4 14 

muculatus 

85, 89 

Microstamus kitt, A, 281, 282, 295, 302, 
313, 314 

Pleuronectus 
P .  flesus,. A, 163 
P .  platessa, A, 300, 319, 320, 322, 334, 

341, 343, 391, 392; B, 3-5, 146, 
331, 335, 357, 408 

Pseuakpleuronectes 
P .  amricanus, A, 99, 100, 162, 163, 

169, 192, 285, 302, 327, 341, 376, 
385, 388, 389, 391, 392; B, 3, 6, 
84, 92, 141, 188, 374 
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Soleae 
S .  impar, A, 285, 295 
S. solea, A, 302; B, 97 

13, 14, 16, 244, 269, 307, 308 
Poeciliidae, A, 147, 162, 225, 232, 2%; B, 

Polydactylus sexfilis, B ,  86 
Polynemidae, B, 175 
Pomdcentrid, B, 176 
Pomatus saltator, A, 335 
Ponioris nigromaculatus, B, 84 
Pondloach, see Misgurnus fossilis 
Porichtys notatus, B ,  307 
Poroderma africanum, A, 71 
Prionace glauca, A, 84 
Pristiophorus, A, 33 
Prochilodus 

P. argenteus, B ,  352 
P. platensis, B, 352 
P. scrofa, B, 89 

Protopterus annectens, A, 299 
Pterogobius zonoleucus, B, 8 
Pterophyllum scalare, B, 11, 28, 30, 43, 88, 

Puffer, see Fugu 
Puntius, B ,  85 

89 

P. gonionotus, B ,  36, 37, 39, 331 
P. jauanicus, B, 99 
P. orphroides, B, 99 
P. tetrazone, B, 38 
P. ticto, B, 387 

R 

Rabbitfish, see Siganus 
Raia 

R. Batis, A, 33 
R. binoculata, A, 39, 77 
R. brachyura, A, 45, 52 
R .  claoata, A, 45, 61, 64, 77 
R .  eglanteria, A, 45, 77 
R .  erinaca, A, 39, 43, 45 
R .  marginata, A, 77 
R. montagui, A, 45 
R. naevus, A, 77 
R .  radiata, A, 52 

Raiiformes, A, 31, 58, 76 
Rainbow fish, East Queensland, see Nemato- 

centris splendida 
Rana 

R .  catesbeiana, B, 237, 238. 385 

R .  dalmatina, B ,  235 
R .  esculenta, B, 384 
R .  pipiens, B, 45, 46, 186, 231 
R. ridibunda, B, 231 
R. sylvatica, B, 385 

Ray, A, 70, see also Raiiformes 
Red eye, see Puntius orphroides 
Reinhardtius hippoglossoides, A, 143, 145 
Rhabdosargus sarba, B, 175, 177, 178 
Rhamdia hilarii, A, 161 
Rhineodon, A, 76 
Rhinobatos 

R .  cerriculus, A, 83 
R .  rhinobatos, A, 83 

Rhdnogobius brunneus, A, 143 
Rhodeus, B ,  28 

R .  amaurus, A, 243; B,  10 
R. ocellatus, B, 10, 92, 316 
R .  ocelhtus ocellatus, B ,  69 

Rivulus mannoratus, B, 179, 184, 185, 

Roach, see Leuciscus rutilus, Rutilus rutilus 
Rockfish, see Sebastodes 
Rutilus rutilus, A, 143, 147, 151, 171, 172; 

8, 92, 186, 231, 361 
Rypticus, B, 176 

201-203, 206, 208, 211, 212, 228, 233 

S 

Sailfish, see lstiophorus platypterus 
Salmon, A, 197-211, 242,379, 392-394, 

amago, A, 249, 254, 391; B, 131, 144, 
146, 160, see also Oncorhynchus 
rhodurus 

Atlantic, A, 106-108, 122, 154, 199, 208, 
316, 319, 320, 323, 335, 338, 374, 
382, 383, 395, see also Salmo salar 

chinook, A, 188, 192, 203, 205, 253, 258, 
322, 323, 410, 411, see also On- 
corhynchus tschawytscha 

429, see also Oncorhynchus keta 

426; B,  144, 146, 159, 338, see also 
Oncorhynchus kisutch 

masu, see Oncorhynchus masou 
Pacific, A, 10, 188, 201, 324; B, 8, 367, 

417, 425; B, 135 

chum, A, 188, 196, 204, 410, 415, 427, 

coho, A, 125, 208, 249, 336, 381, 411, 

369, 370, 373, 426, see also On- 
corhynchus tschawytscha 
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Salmon (cont.) 
pink, A, 208, 249, see also Oncorhynchus 

sockeye, A, 315, 343, 344, see also On- 

Salmonid, A, 138, 139, 152-159, 200, 201, 

Salrnoniformes, A, 226, 280, 282 

gorbuscha 

corhynchus nerka 

208, 257, 407, 421 

Oncorhynchus, A, 229; B, 269, 281, 353, 

0. gorbuscha, A, 248, 252, 280, 300, 
386 

301, 339; B, 98, 255, 283, 284, 
314, 316, 320, 337, 374, 387, 415 

0. keta, A, 157, 192, 280, 301; B, 125, 
134, 137, 227, 255, 257, 262, 276, 
283, 310, 312, 317, 321, 325, 374, 
385 

0. kisutch, A, 109, 122, 145, 157, 200, 

B, 87, 125, 134, 137, 226, 257, 
265, 266, 269, 280, 286, 288, 290, 
318, 359, 360, 368, 374, 378, 415 

0. masou, A, 159, 280, 300, 301; B, 
227, 257, 262, 264, 265, 287, 408 

0. nerka, A, 145, 146, 148, 157, 285, 
299, 300, 303, 314, 321, 336, 341, 
381, 383, 393; B, 4, 6, 8, 141, 320, 
356, 377, 388 

0. rhodurus, A, 202, 253, 256, 280, 
284, 287, 296, 297, 300, 322, 324; 
B, 125, 129, 134, 137, 138 

0. tschawytscha, A, 150, 151, 191, 340. 
383, 393; B, 203, 227, 249, 255, 
257, 283, 287, 374, 422 

Plecoqlossus altioelis, A, 112, 143, 157, 

248, 252, 280, 300, 301, 340, 383; 

201, 287, 296, 322; B, 13, 36, 68, 97, 
127, 129, 361, 374 

S. clarki, B, 94, 374 

S. gairdneri, A, 98, 99, 147, 149, 150, 

230, 244, 257, 258, 280, 282, 

Salmo, B, 28, 261, 265, 269, 281, 353 

S. fQd0, A, 152 

152-158, 166-169, 172, 192, 198, 

283, 285-287, 297, 300, 301, 303, 
305, 314, 315, 321-323, 328, 329, 
332, 333, 339-343, 382, 388, 389; 
B, 3, 40, 68, 73, 95, 120, 127, 134, 
137, 174, 186, 225, 227, 231, 241, 
245-250, 253, 256, 258, 259, 262, 
277-79, 281, 284, 308-310, 

312-314, 316-318, 320, 334, 374, 
410 

134, 201, see also Salmo gairdneri 
S. irideus, A, 297, 303, 376; B, 73, 127, 

S. salar, A, 99, 145, 149, 227, 301, 303, 
306, 314, 315, 339-343, 383, 388; 
B, 3, 5, 144, 188, 254, 256, 279, 
285, 308, 309, 320, 332, 334, 336, 
369, 385, 411 

S .  trutta, A, 108, 124, 317, 319, 327, 
334, 335, 340-343, 376; B, 3, 5, 
201, 209, 227, 254, 256, 262, 280, 
285, 308, 310, 314, 317, 325, 326, 
337, 407, 418 

S .  alpinus, B, 186, 231 
S. fontinalis, A, 286, 296, 306, 329, 

Salvelinus 

340, 341; B, 3, 38, 71, 94, 95, 120, 
128, 134, 137, 256, 286, 317, 320, 
383, 411 

S .  leucomaenis, A, 159, 252, 280, 283; 
B, 146, 227, 262 

S. namaycush, B, 255, 256, 280, 286 
S. willughbii, A, 227 

Sarcocheilichthys variegatus, B, 316 
Scaridae, B, 175 
Scarus, B, 182 

Schizothorax richardsonii, A, 143 
Scleropages formosus, B, 85 
Scoliodon 

S .  palasorra, A, 34, 84 
S .  sorrakowah, A, 34, 39, 76, 84 

Scomberomus cavalla, A, 336; B, 6 
Scophthalmus 

S. sordidus, B, 181 

S .  maeoticus, A, 143, 145 
S. maximus, B, 97, 269 

Leptocottus armatus, A, 285, 295 
Myoxocephalus octadecimspinosus, A, 

Scorpaeniformes, B, 175 

123, 295, 317, 340 
Sculpin, see Myoxocephnlus oc- 

Scyliorhinus, A, 33 
tadecimspinosus, Leptocottus armatus 

S .  caniculu, A, 32-36, 38, 39, 41-53, 55, 

S. stellaris, A, 39-41, 43, 44, 50 

S. lichia, A, 64 

61-74, 77-79; B, 235 

Scymnus, A, 82 

Sea horse, see Hippocampus spp. 
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Seaperch, see Cymatogaster aggregata 
Sebastes taczanowskii, A, 232 
Sebastodes, B, 16, 120 
Shark, see Squaliformes 

basking, A, 85, see also Cetorhinus 

hammerhead, see Sphyrnidae 
porbeagle, see Lamna 
requiem, see Carcharhinidae 
sand, see Odontaspis taurus 
sumitsuki, see Carcharhinus dussumieri 
whale, see Rhineodon 

Shiner, see Notemigonus c ysoleucas 
bridle, see Notropis bifrenatus 
redfin, see Notropis umbratilis 

maximus 

Shrimp, see Pandolus jordani 
Siganus 

S .  canaliculatus, B ,  79, 87, 98 
S. guttatus, B, 87 
S.  riuulatus, B, 87 

Skate, A, 70, 77, see also Raiiformes, Raja 
Siluriformes 

Clarias 
C .  batrachus, A, 143, 162, 301; B, 99 
C. gariepinus, B, 85 
C. lazera, A, 146, 147, 162, 167-169, 

171, 180, 284, 289, 296, 319; B, 
36, 322, 323, 376, 380 

C.  macrocephalus, B ,  39, 376 
Heteropnustes fossilis, A, 118, 122, 142, 

143, 162, 166, 198, 200, 202, 243, 

28, 69, 74, 75, 85, 90, 94, 97, 124, 

376, 383, 387, see also Clarias 
batrachus 

1. catus, B, 422 
I .  melas, B, 14 
I .  nebulosus, A, 380 
1. punctatus, A, 162, 289, 297, 299; B, 

10, 14, 83, 84, 307, 312, 317, 323, 
335, 336, 422 

285, 289, 296, 320-323, 328, 392; B, 

134, 153, 237, 317, 355-357, 374, 

Ictalurus 

Mystus 
M .  cauasius, A, 251, 281, 282, 284 
M. tengara, A, 118; B, 75, 90 
M. oittatus, A, 143 

Silverside, Atlantic, see Menidia menidia 
Smelt, see Hypomesus japonicus 

pond, see Hypomesus olidus 

Snakehead fish, A, 388 
Sole, see Soleae impar 

Sphyrna, A, 33 

Sphyrnidae, A, 83 
Spondyliosoma cantharus, B ,  175 
Squaliformes, A, 31, 58, 76, 85 
Squalus, A, 60 

lemon, see Microstomus kitt 

S .  tibura, A, 54, 83 

S .  acanthias, A, 33, 34, 39-41, 43, 45, 
46, 49, 51, 52, 58, 59, 64, 67, 69, 81, 
83 

S .  breuirostris, A, 34 
S .  sctckleyi, A, 39, 43, 49 

Sternopygus doriensis, B, 26 
Stickleback, A, 339; B, 70, 71, 74, 121, 423, 

424 
brook, see Culaea inconstans 
five-spined, see Culaea inconstans 
three-spined, B, 36, see also Gasterosteus 

aculeatus 
Stizostedion uitreum, B ,  121, 134, 137, 315 
Stolepholus, B, 80 
Stomiatiformes, B, 175 
Sturgeon, A, 188, 192, 196, 200, 202, 203, 

205, 206, 328; B, 137, 138, see also 
Acipenser stellatus 

Sucker, white, see Catostomus commersoni 
Sunfish, see Lepomis 

banded, see Enneacanthus obesus 
bluegill, see Lepomis macrochirus 
green. B,  388, see also Lepomis cyanellus 

Sunperch, see Lepomis cyanellis 
Swordtail, see Xiphophorus helleri 
S ymphysodon 

S .  aequifasciata, B,  9 
S .  aequifasciatus axelrodi, B ,  30 

Synbrachiforrnes, B, 175 
Monopterus, B, 176, 178-180, 191-200, 

M .  albus, A, 152, 250, 281, 284, 295, 
213 

302, 313, 320, 332; B, 179, 180, 
187, 202, 206, 235 

Syngnathus fuscus, A, 385, 397 

T 

Taius tumifrons, B,  175 
Tautogolabrus adspersus, B, 95 
Tench, see Tinca tinca 
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Thalassoma 
T .  bifasciatum, B ,  179, 182, 206, 212 
T. cupido, B, 182 
T. pavo, B, 192 

Therapon unicolor, B ,  75, 85 
Threadfin, see Polydactylus sexfilis 
Thymallus arcticus, B ,  7 
Tilapia, A, 101, 165, 188, 195, 196, 198, 

199, 202-204, 210; B, 186, see also 
Sarotherodon, Oreochromis 

T.  aurea, A, 250, 389, 391; B, 77, 91, 93, 

T. heudeloti, B ,  236, 273 
T.  leucosticta, A, 303, 320; B, 77 
T. mariae, B, 30 
T.  mossambica, A, 231, 247, 249; B, 191, 

377, see also Sarotherodon nwssam- 
bica, Oreochromis mossambica 

T. nigra, A, 343 
T .  nilotica, A, 248; B, 201, 377, 381 
T. shirana, B, 201 
T .  oalcani, B, 201 
T. zillii, B, 77, 227, 252, 261, 263, 273, 

Tomcod, Pacific, see Microgadus prorimus 
Torpedo 

T. mannorata, A, 39-41, 43, 44, 46, 50, 

T. ocellata, A, 33, 39, 44, 73 
Trachycoristes, B, 16 

T. striatulus, B ,  42 
Triakis semifasciatus, A, 41 
Trichogaster 

201, 421 

275 

65, 69, 83 

T.  pectoralis, B ,  99 
T .  trichopterus, B, 7,  20, 29, 43 

T.  pumilus, B, 89 
T. oittatus, B, 89 

Trichopsis 

Trout, A, 201, 203, 204, 208, 210, 322, 
324-329, 333, 374-376, 379-381, 386, 
395 

brook, B, 121, 129-131, 135, 142, 145, 

151, 152, 422, see also Salvelinus 
fontinalis 

brown, A, 342, see also Salmo trutta 
cutthroat, see Salmo clarki 
rainbow, A, 101, 103, 104, 107, 108, 113, 

115, 116, 120-126, 198, 246-250, 
253, 256, 258, 259, 263, 296-299, 
313-317, 319, 322, 331-338, 
342-344, 381, 383, 384, 389, 390, 
393, 394; B, 6, 10, 11, 13, 83, 84, 

150, 154, 159, 160, 333, 338, 378, 
383, 412, 418, 419, 421-426, see also 
Salmo gairdneri 

121, 135-137, 140, 142-146, 148, 

Turbot, see’ Scophthalmus 

Turtle, see Chrysemys picta 
Black sea, see Scophthalmus mueoticus 

U 

Urolophus, A, 31, 61 

W 

Wallago attu, B ,  386 
Walleye, B, 135, see also Stizostedion 

Whitefish, see Coregonus lavaretus 
Wrasse, see Crenilabrus ocellatus 

vitreum 

X 

Xenopus, A, 373, 379 
laeuis, A, 240, 242, 376, 380, 381; B, 45, 

186, 230, 231, 263 

z 

Zebrafish, A, 241, 251, 339, 378, 384, 388; 
B, 129-131, 141, 160, 412, 415, 417, 
418, 420, 421, see also Brachydanio 
reria 
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Note: Boldface A refers to entries in Volume IXA; B refers to entries in Volume IXB. 

A 

ACTH, see Corticotropin 
Actinomycin D, B, 132, 138, 149, 235 
Adenohypophysis, see Pituitary gland 
Aggressive behavior, B, 16-33 
Ambosexual (Amphisexual) fishes, B, 173 
Androgenesis, induced, B, 405 
Androgenine, B, 183-185 
Androgens 

biochemistry of, A, 303-315 
biosynthesis in testis, A, 304-315 
conjugates of,'A, 315 
conversion to estrogen, A, 255 
in cyclostomes, A, 15-17 
induced breeding and, B, 381-382 
oocyte maturation and, B, 122-133 
sex control of cichlids, B, 270-273 
sex control of cyprinids, B, 288-290 
sex control of salmonids, B, 277-284 
in sex determination, B, 191-193 
in sperm, A, 316 
in teleost ovary, A, 286-297 
in teleost testis, A, 304-313, 339-344 
vitellogenesis and, A, 337-338, 391 

Androtermone, B, 183-233 
Antiestrogens, see also Clomiphene, 

Tamoxifen 
in fish culture, B, 355-361 
structure of, B, 356 

Ammocoete stage, A, 2-4, 7 
Anti-Miillerian hormone (AMH), B, 172, 

185 
Apomorphine, B, 370 
Aquaculture 

chromosome manipulation in, B, 405-427 
environmental control in, B, 96-99 
hormonal sex control, B, 243-291 
induced maturation, B, 352-384 
induced spermiation, B, 384-390 

Aromatase, brain distribution, A, 123 
Atresia, see Corpora atretica 

B 

Balbiani bodies, A, 238, 387 
Barr bodies, B, 186 
Behavior, see Reproductive behavior 
Blood-testis barrier, A, 237 
Brain, see also Hypothalanius 

aromatase activity, A, 317 
hormonal action on, B, 47-48 
hormones of, A, 97-135 
sex determination, see Sex determination 

Breeding cycles, see also Reproductive 
cycles 

androgens and, B, 3-5, 6 
in Chondrichthyes, A, 51, 75-85 
corticosteroids and, B, 4, 6 
estrogens and, B, 5-7 
GtH regulation of, A, 124-127 
of lampreys, A, 3-4, 23-25 
of myxinoids, A, 4 
progestins and, B, 4, 6 

Broodstock management, photothermal ma- 

Buccal lohe (BL), A, 66 
nipulations in, B, 96-98 

C 

Candle, A, 83 
CAMP, see Cyclic AMP 
Castration 

behavior effects, B, 18-28 
effect on GtH, A, 120-121, 12 
pituitary cytology and, A, 160 

gonadotropin release and, A, 1 

male behavior and, B, 23 
ovulation and, B, 154 

Catecholamines 

370 

Central nervous system, see Brain 
Centromere mapping, B, 416-418 
Chorionic gonadotropin, see Human 

chorionic gonadotropin 

. 210 

5-116; B, 

475 
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Chromosome inactivation, B, 406-409 
Chromosome manipulation, B, 405-434 
Circadian rhythm, B, 66 

in photosensitivity, 8, 71-72, 75 
of spawning, B, 88-89 

Claspers, see Secondary sex characteristics 
Clomiphene 

in fish culture, B, 356-361 
ovulation and, B, 153 
on pituitary cytology, A. 160 
serum GtH and, A, 122, 336 
structure of, B, 356 

Colchicine, B, 411 
Con I and 11, see Gonadotropins 
Conductivity, see Electrical conductivity 
Corpora atretica 

in elasmobranchs, A, 34-40 
in holocephalians, A, 40 
steroidogenesis by, A, 253-254, 280-281, 

284 
Corpora lutea 

in elasmobranchs, A, 34-40 
in holocephalians, A, 40 
preovulatory, A, 39, 242-243 

Corpuscles of Stannius, A, 316-317 
Cortexin, B, 232 
Cortical alveoli, A, 239, 387 
Corticosteroids 

final maturation and, 8, 159 
formulae of, B, 380 
induced breeding and, B, 379-381 
oocyte maturation and, A, 202, 245; B, 

in ovary, A, 285-295 
reproductive behavior and, B, 4-6, 27 
in testis, A, 305-309 

122-133, 141 

Corticotropin (ACTH), pituitary origin of, A, 

Cryopreservation of gametes, B, 328-339 
Cryoprotectants, B, 335 
Cyanoketone, A, 257, 323, 332; B, 138, 193, 

195 
Cyclic AMP 

141 

in hormone-receptor action, A, 406 
in ovulation, B, 151, 154 

Cyclofenil, B, 356-357 
Cyproterone acetate, A, 339; B, 18, 22, 23, 

237, 238, 274 
Cytochalasin B, B, 151, 411 

D 

Delle, A, 232, 233 
Diandry, B, 181 
Dichromatism, B, 181-182 
Digamety, B, 225 
Digyny, B, 181 
17a,20P-Dihydroxy-4-pregnen-3-one (DHP), 

Diploidy, B, 411-413 
Dopamine, in brain, A, 115-116 
Durandron Forte 250, B, 388 

see Maturation-inducing steroid 

E 

El, see Prostaglandin 
Eggs, see Ova 
Electrical conductivity, and gametogenesis, 

Embryotroph, A, 57, 82 
Endogenous rhythms 

B, 76-77, 79 

in gonadal regression, B, 90-91 
in sexual maturation, B, 73-74, 77 

Epigonal organ, A, 37, 46, 53, 60 
Epinephrine, A, 116; B, 23, 154 
Epiphyseal complex, see Pineal organ 
17P-Estradiol 

biosynthesis in ovary, A, 254-257 
in ovaries, A, 286-295, 297-300 
in testes, A, 313 
two-cell model for, A, 256 
in vitellogenesis, A, 42 

in cyclostomes, A, 14-17 
in female behavior, B, 37, 41-43 
induced breeding and, B, 381-382 
oocyte maturation and, B, 122-133, 

sex control of cichlids, B, 274-275 
sex control of salmonids, B, 284-287 
sex determination, B, 191-193 
in teleost ovaries, A, 286-295, 297-300 
in teleost testes, A, 304-313, 315-316 
vitellogenesis and, A, 334-337, 388-390 

Estrogens 

145-147 

F 

Fecundity 
of Chondrichthyes, A, 44-46 
of cyclostomes, A, 10-13 
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Fertilization, in Chondrichthyes, A, 75-76 
Floods, see Rainfall 
Follicle, see Ovary 
Follicle stimulating hormone (FSH), A, 198, 

211, 212, 321, 409, 411, 425-428; B, 
133-135, 198, 371, 375, 387 

Follicular separation, B, 148-150 
Food, see Nutrition 
FSH, see Follicle stimulating hormone 

G 

Gamete preservation, see Ova, Spermatozoa 
Gametogenesis, see also Oogenesis, 

Spermatogenesis 
in cyclostomes, A, 10-13, 24 
environmental effects, B, 67-81 
radiation and, B, 96 
social factors and, B, 81-82 

Gene centromere mapping, B, 416-418 
Genes, sex, 8, 172, 182-183, 225-229 
Germinal vesicle (GV) 

antiestrogens and, B, 359 
breakdown of, A, 244; B, 118-122 
catecholamines and, B, 370 
cytology, B, 118-122 
LHRH and, B, 363 

in elasmobranchs, A, 82-85 
in teleosts, A, 231-232 

Gestation, see also Viviparity 

Glucuronidation, A, 315, 328, 341 
Glucuronides, as pheromones, A, 325-327; 

GnRH, see Gonadtropin releasing hormone 
Gonadal differentiation, see Sex 

differentiation 
Gonadal receptors, A, 202-203, see also 

Gonadotropin receptor studies 
Gonadal regression 

environmental influences, B, 89-96 
food availability, B, 92 

B, 11, 14 

Gonadal steroids, A, 277-372, see also spe- 
cific steroids 

biochemistry of, A, 284-300 
breeding cycles and, B, 2-7 
conjugates of, A, 325-327 
in cyclostomes, A, 14-17 
functions of, A, 329-344 
glucuronates of, A, 325-327 
of hermaphrodites, B, 187-193 

identification of, A, 278-279 
in ovary, A, 279-284, 333-334 
as pheromones, B, 10-15 
in sex differentiation, A, 331-333; B, 

233-241, 252-257 
Gonadectomy, see also Castration, 

effect on pituitary, A, 145 
in lampreys, A, 17-19 

Gonadotropic cells, see Gonadotrops 
Gonadotropin (GtH) 

biochemistry and isolation 
Con A1 and A11 fractions, A, 189 
of cyprinids, A, 193-194 
hybrids, A, 206 
maturational factor, A, 189 
methods of, A, 188-190 
of plaice and flounders, A, 192-193 
of salmonids, A, 191-192 
subunits, A, 205-207 
vitellogenic factor, A, 189 

bioassay, A, 196-198 
cellular origins, A, 137-175 
Con A1 and A11 fractions, A, 392-395 
effect on lampreys, A, 21 
effect of ovariectomy, A, 120 
in fish culture, B, 370-377 
of hermaphrodites, B, 198 
human chorionic, see Human chorionic 

labeling for receptors, A, 420-426 
in male behavior, B, 18-26 
molecular weight, B, 371 
neuroendocrine regulation, A, 126 
oocyte maturation, B, 133-140, 142-148 
in ovulation, A, 125-126; B, 370-377 
in plasma or serum, B, 147, 368 
purification of, B, 373-375 
receptor studies, A, 405-441 
releasing hormones and, A, 107-112 
in sex determination, B, 193-200 
spawning behavior and, B, 37-41 
spermiation and, B, 385-388 
on steroidogenesis, A, 320-324 
temporal changes, A, 208-211 
vitellogenesis and, A, 391-395 

application, A, 431-434 
criteria for, A, 414-419 
experimental approach, A, 407-411 
models for binding, A, 412-414 

gonadotropin 

Gonadotropin (GtH) receptors, A, 405-441 
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Gonadotropin (GtH) receptors (cont.) 
preparation of, A, 426-429 
separation of, A, 429-430 

(GRIF), A, 113-116 

actions of, A, 107-113 
biochemistry, A, 100-102 
brain distribution, A, 98-99, 102-105 
in cyclostomes, A, 22-25 
in dogfish, A, 70-71 
evidence for, A, 98-102, 105-107 
in fish culture, B, 361-370 
formulae of, B, 361, 364, 370 
to induce spermiation, B, 384-385 

in Chondrichthyes, A, 65 
cells, one or two types, A, 150-164 
distribution of, A, 138-139; 143-146 
EM characteristics, A, 140, 153-162, 

gonadal cycle and, A, 143-146 
granules and globules of, A, 164-169 
immunochemical studies, A, 146-150 
innervation of, A, 170-173 
seasonal cycles, A, 161-162 
staining for, A, 139, 142 

Gonads, see also Ovary, Testis 
functional morphology, A, 223-275 
of hermaphrodites, B, 175-181 
of polyploids, B, 423-425 

Gonadotropin release: inhibitory factor 

Gonadotropin releasing hormone (GnRH) 

Gonadotrops 

168-169 

Gonorchism, B, 174-175 
Gonosomatic index (GSI) 

brain lesioning and, A, 105 
response to LHRH, A, 112 

oocyte maturation and, B, 137 
steroidogenesis by, A, 250-251, 280-284 
of teleost ovary, A, 230, 255 

GRH, see Gonadotropin releasing hormone 
GRIF, see Gonadotropin release: inhibitory 

GSI, see Gonosomatic index 
GtH, see Gonadotropin 
GV, see Germinal vesicle 
GVBD, see Germinal vesicle, breakdown of 
G ynogenesis 

Granulosa cells 

factor 

of diploids, B, 411-413 
induced, B, 405 
mitotic and pb types, B, 419-420 
survival and, B, 418 

Gynogenine, B, 183-185 
Gynotermone, B, 183, 233 

H 

HCG, see Human chorionic gonadotropin 
HE, see Hypothalamic extract 
Hermaphroditism 

biological advantages, B, 211-213 
in cyclostomes, A, 8-9 
in elasmohranchs, B, 184 
gonadal steroids in, B, 187-193 
gonadal structure, B, 175-181 
terminology, B, 173-175 

Heterochrony, A, 3 
3P-HSD, see 3P-Hydroxysteroid 

dehydrogenase 
Human chorionic gonadotropin (HCG) 

on lampreys, A, 21 
on male behavior, B, 23 
oocyte maturation and, B, 133-135 
on steroidogenesis, A, 320 

H-Y antigens, B, 185-187, 230-232 
3$-Hydroxysteroid dehydrogenase 

in Chondrichthyes, A, 40-41 
in hermaphrodites, B, 179 
liver activity, A, 317 

5-Hydroxytryptamine, shark siphon, A, 59 
Hypophysectomy 

in elasmobranchs, A, 66-69 
in lampreys, A, 19-21 
sex differentiation and, B, 197-198 

Hypophysiation, B, 354, 372 
Hypophysis, see Pituitary gland 
Hypothalamic extracts (HE), A, 99-102, 

118, see also Gonadotropin releasing 
hormone 

releasing hormone, Luteinizing hor- 
mone releasing hormone 

Hypothalamic hormones, see Gonadotropin 

Hypothalamic portal system, A, 25, 65, 86 
Hypothalamus 

in Chondrichthyes, A, 69-72, 86 

I 

Immunochemical studies, A, 103, 146-150, 

Inbreeding, B, 418-420 
208 
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Indomethacin 
ovulation and, B, 153, 154, 382 
spawning behavior and, B, 37-38 

gonadal steroids in, A, 316 
oocyte maturation and, B, 138-139, 141 

Interrenal gland 

Intersexual fishes, B, 173 
Interstitial cells 

in Chondrichthyes, A, 50 
in hermaphrodites, B, 179-181, 192 
of lampreys, A, 14 
sex differentiation and, B, 240 
in teleosts, A, 227, 233, 247-249 

L 

Leydig cells, see Interstitial cells 
Leydig’s gland, A, 59 
LHRH, see Luteinizing hormone releasing 

Lipovitellin, see also Yolk proteins, A, 

Livetin, A, 375 
Lobule boundary cells, teleost, A, 227-228, 

Lunar cycle, and spawning, B, 86-87 
Luteinizing hormone (LH), see also 

hormone 

374-380 

249 

Gonadotropin 
male behavior and, B, 22 
oocyte maturation and, B, 133-135 

Luteinizing hormone releasing hormone 
(LHRH), see also Gonadotropin releas- 
ing hormone 

analogues of, A, 108-112, 210; B, 

in cyclostomes, A, 22-23, 25 
in fish culture, B, 361-370 
gonadal responses, A, 111-113 
immunoreactivity, A, 99-102 
pituitary receptors, A, 111 
reproductive behavior and, B, 48 
sex maturation and, B, 200 

364-370 

M 

Maturation, final, B, 117-170 
egg cytology in, B, 118-122 
in fish culture, B, 351-384 
gonadotropins and, B, 370-377 
LHRH and, B, 361-370 

prostaglandins and, B, 382-383 
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