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In most bony fishes, testes are paired elongated organs that
are attached to the dorsal wall of the body by a mesorchium.
Histological examination of teleost testes, and also in all
vertebrates, shows that the testes are formed of germ cells and
somatic cells, comprising the germinal and interstitial
compartments. Both compartments are separated by a
basement membrane. The germ cells may be spermatogonia,
meiotic  spermatocytes and haploid spermatids that
differentiate into spermatozoa. The process of spermatogenesis
includes a sequence of morphological and physiological
changes of germ cells that begin with the differentiation of
spermatogonia that become meiotic spermatocytes. After the
second meiotic division, through a process of spermiogenesis,
these differentiate into spermatozoa. Spermatogonia associate
with Sertoli cells to form spermatocysts or cysts. The cyst is the
unit of spermatogenic function, composed of a cohort of
isogenic germ cells surrounded by encompassing Sertoli cells.
The teleost testis is organized morphologically into 3 types of
testis: 1) tubular testis type, present in lower bony fishes as
salmonids, cyprinids and lepisosteids; 2) unrestricted
spermatogonial testis type, found in neoteleosts except
Atherinomorpha; and 3) restricted spermatogonial testis type,
characteristic of all Atherinomorpha. The morphology of the
testicular germinal epithelium changes during the annual
reproductive cycle, reflecting reproductive seasonality.

Introduction

In most bony fishes, testes are paired elongated organs, attached
to the dorsal wall of the body by a mesorchium. But, in some species
there is a single testis, as in Tomeurus gracilis (Poeciliidae)” or a par-
tially fused testis, as in the perch, Perca flavescens and in the goodeids
such as Goodea atripinnis. There may be a totally fused testis, as in
the guppy, Poecilia reticulata.” When paired, both testes join cau-
dally, converging in a central deferent duct system that is open to
the exterior throughout the urogenital pore.
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The testes change morphologically during the annual repro-
ductive cycle, passing through 5 phases: Regressed, Early Matura-
tion, Mid Maturation, Late Maturation, and Regression (Fig. 1).
These phases reflect reproductive seasonality when the testis
grows, spermatogenesis is activated, spermiation occurs and sper-
matozoa fill the deferent duct system during the spawning season.
During the Regression phase, spermatogenesis is intensely
reduced and during the Regressed phase, diploid spermatogonia
become the only germ cells in the testes which may divide mitoti-
cally, preparing for the next initiation of spermatogenesis and,
consequently, the restitution of spermatozoa production in the
testis.””

Histological examination of bony fishes testes shows that these
organs are composed of both germinal and interstitial compart-
ments that are always separated by a basement membrane; there-
fore, the cells in one compartment do not intermix with the cells
of the other compartment.”

The germinal compartment is composed of the germinal epi-
thelium, being formed by 2 cell types: germ cells and somatic epi-
thelial cells, the latter being Sertoli cells. They are homologous
among all vertebrates, based on the common origin from the ger-
minal ridge.® As with all epithelia, Sertoli cells rest upon a sup-
porting layer, the basement membrane, which separates the
epithelium from the subjacent interstitium. The germinal cells are
between Sertoli cells or surrounded by them, but not in contact
with the basement membrane. Germ cells include all the stages of
differentiation of the spermatogenic cells. Spermatogenesis is initi-
ated with the mitotic proliferation of spermatogonia, proceeds
through 2 divisions of meiosis, and concludes with spermiogene-
sis, during which the haploid spermatids transform into spermato-
z0a.” Spermatogenesis in bony fishes has similarities to those
observed in other vertebrates, but also having clear differences.
Spermatogenesis proceeds within a cystic structure (Fig. 1) in
which all germ cells develop as a synchronous clone that is sur-
rounded by Sertoli cells.”” The cystic type of spermatogenesis is
typical of fishes and amphibians.** Cyst formation is initiated
when cytoplasmic extensions of Sertoli cells surround a spermato-
gonium. During spermatogenesis the number of germ cells
increases greatly within the cyst, and the number of Sertoli cells
per cyst also increases due to Sertoli cell proliferation.'”
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Figure 1. Unrestricted spermatogonial testis. Schematic drawing illustrating the changes of the
continuity and discontinuity of the germinal epithelium (GE) during the annual reproductive cycle.
The continuity is observed when spermatogonia and/or cysts with germinal cells are continuous
along the lobular lumen. During spermiation, the discontinuity is observed when there are por-
tions where there are no germinal cells, only Sertoli cells. The 5 phases of the reproductive cycle
are illustrated: Regressed, Early GE Development, Mid GE Development, Late GE Development and
Regression. Lobular lumen (L), Sertoli cells (SE), spermatogonia (SG), dividing spermatogonia
(DSG), spermatocytes (SC), spermatids (ST), spermatozoa (SP).

Initially, Sertoli cell processes surround
individual spermatogonia. After mitotic
divisions of spermatogonia, Sertoli cell pro-
cesses surround an isogenic clone of sper-
matogonia, enclosing them within a cyst,
or spermatocyst, in which meiosis and sper-
miogenesis occur. Sertoli cells provide
nutrients and a permeability barrier during
spermatogenesis.” This barrier results from
the formation of desmosomes and tight
junctions between adjacent Sertoli cells.""
Sertoli cells also phagocytise residual bodies
of developing spermatids.'>"?

The interstitial compartment is com-
posed of connective tissue and Leydig cells.
The connective tissue contains fibroblasts,
immunological cells such as macrophages
and lymphocytes, collagen fibers, myoid
cells, blood vessels and nerve fibers. The
steroidogenic Leydig cells are located espe-
cially near the blood vessels and produce
testosterone.”' "4 In some species, such as
poeciliids and goodeids, the Leydig cells are
abundant around the efferent ducts, as it is
described in Poecilia latipinna.®

Testis Types of Bony Fishes

The structure of the testicular germinal
epithelium varies among bony fishes. Basal
taxa have a tubular testis and derived tele-
osts, have a lobular testis Lobular testis is
divided into 2 types, which is, based on the
distribution of spermatogonia. In non-
atherinomorph neoteleosts, the testis corre-
sponds to an unrestricted lobular testis,
where spermatogonia may be distributed
throughout the length of the lobules. By
contrast, atherinomorph fishes possess a
restricted lobular testis in which lobules
show an orderly progression of developing
germ cells, with spermatogonia confined to
the testicular periphery.*””'® An ample
revision of diverse species, according to
these 3 testis types, is presented.'®

Tubular Testis Type

In this testis type (Fig. 2), the tubules do
not terminate at the testis periphery, but
they form loops at the periphery which

During spermatogenesis in all bony fishes, spermatogonia are  double back to the efferent ducts, forming a highly branched

associated in the germinal compartment with Sertoli cells by pro-  structure or forming anastomoses of the tubules where they may

cesses that join laterally. These processes completely envelop the  branch and rejoin (Figs. 2A,B). Germ cells develop as synchro-

germ cells throughout spermatogenesis, isolating them from con-  nous clones around the lobules and spermatozoa are liberated to
tact with both the basement membrane, and the lobular lumen.  the lumen of the tubules (Figs. 2C,D). This testis type is present
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Figure 2. Tubular testis of the Gar Lepisosteus osseous. (AB). Abundant spermatozoa (Sz) are observed within highly branched tubules (*). Interstitial
tissue (It) is between the tubules. Germinal cells (Gc) are seen, adjacent to the basement membrane of the tubule wall. (C,D). The germinal cells are seen
during early stages of spermatogenesis, as spermatogonia (Sg), primary spermatocytes (1Sc) and early spermatids (eSt). The primary spermatocytes and
early spermatids are seen in cysts, forming synchronous groups of cells. The lumen of the tubules contains abundant spermatozoa (Sz). Interstitial tissue
(It) between the lobules. Argentic-reticuline impregnation technique. (A,B): Bars = 100 pwm; C: Bar = 20 pm; D: Bar = 10 pm.

in lower fishes, as salmonids, cyprinids and lepisosteids. As exam-
ples, tubular testes were described in the gar, Lepisosteus platyrhin-
chus (Lepisosteidae), Ictalurus natalis (Siluridae), Opisthonema
oglinum and Dorosoma petense (Clupeidae)7; Black Tetra, Gimno-
corhymbus conirostris (Pimelodidae),'” the Rainbow Trout, Onco-
rhynchus mykiss (Salmonidae), Esox niger (Esocidae)’and the
Tarpon, Megalops atlanticus (Elopidae); Gymnotus carapo."®

Unrestricted Spermatogonial Testis Type

This testis type (Figs. 3-6) is found in neoteleosts, except for
the atherinomorphs. In this type of testis, the germinal compart-
ment is formed of lobules that extend to the periphery of the tes-
tis, terminating blindly (Figs. 3A, 5A). It is characterized by the
occurrence of spermatogonia along the lengths of the lobules.
The lobules near the periphery contained abundant cysts with
germinal cells (Figs. 3B,D, 4A-E, 5B-C), meanwhile, the lobules
near the efferent ducts contained less cysts with germinal cells
(Figs. 3C, 5D). During spermiation, the spermatozoa are
released into the lobular lumen (Figs. 3-6) that is in continuity
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with that of the efferent ducts (Figs. 3A, 4F, 5A). During the
active spermatogenesis, cysts in different stages are seen all along
the lobules (Figs. 3E, 4A-E, 5A-C, 6A-D). As examples, Unre-
stricted lobular testes were described in higher teleosts, such as
Perca flavescens (Percidae),'” the Common Snook, Centropomus
undecimalis (Centropomidae),19 the Cobia, Rachycentron cana-
dum (Rachycentridae)zo; Oreochromis mossambicus and Cichla-
soma dimerus (Cichlidae).*!

Restricted Spermatogonial Testis Type

This testis type (Figs. 7-9) is found in all Atherinomorpha (Athe-
riniformes, Beloniformes and Cyprinodontiformes). The restriction
of spermatogonia to the termini of the lobules supports the mono-
phyly of that group.'® In this testis type, similar to that mentioned
for the unrestricted type, the germinal compartment extends to the
periphery of the testis and terminates blindly (Figs. 7A,B, 8E,F, 9A,
B). During spermatogenesis, the cysts migrate toward the efferent
duct system, as germ cells mature inside the cyst (Figs. 7A-C, 8A,B,
9A-D). The restricted distribution of spermatogonia (Figs. 7C,D,
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Figure 3. Unrestricted lobular testis of the Red Drum Scianops ocellatus. (A). Longitudinal section of the testis, from the periphery (P) to the efferent
ducts (Ed). Testicular lobules (Lo) run parallel and illustrate the typical Mid germinal epithelium development Phase during the annual reproductive cycle.
(B). Section near the periphery of the testis containing continuous cysts with synchronous germinal cells (Gc) along the wall of the lobules (Lo), a continu-
ous germinal epithelium, and spermatozoa (Sz) in the lumen. (C,D). Sections near the efferent ducts where the cysts of germinal cells (Gc) are discontinu-
ous, compared with these seen near the periphery. The lumen of the lobules (Lo) contains abundant spermatozoa (Sz). €. Interstitial tissue (It) between
the lobules (Lo). There are abundant spermatozoa (Sz) in the lobular lumen. Cysts with primary spermatocytes (15Sc) adjacent to the lobule wall are seen.
(A,D,E): Toluidine blue. (B,C): Hematoxylin-eosin. (A): Bar = Tmm; (B,C): Bars = 100 pum; (D): Bar = 50 wm; (E): Bar = 10 pm.

8E, 9B-E) occurs, as examples, in the species of the Family Hemi-
ramphidae,* in the viviparous species Xenotoca eiseni, Goodea atri-
pinnis and Ilyodon white (Goodeidae),*” in the cyprinodontid,
Fundulus grandis (Fundulidae)," and in the also viviparous species
of Poeciliidae, as Poecilia latipinna, P. reticulata, Gambusia affinis,
Heterandria formosa'”* and Phalloceros caudimaculatus.** Sperma-
tozoa are packaged in naked bundles, or spermatozeugmata
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(Figs. 8A-D, 9F), seen in the testis ducts." Interestingly, sperm fla-
gella course over the surface of spermatozeugmata in the species of
Goodeidae (Figs. 8C,D), while sperm nuclei form the surfaces of
spermatozeugmata in species of Poeciliidae (Fig. 9F).** This is a
reflection on the fact that spermatid nuclei associate with Sertoli cells
in poeciliids during spermiogenesis, while sperm flagella are associ-
ated with Sertoli cells during spermiogenesis in goodeids.

Volume 4 Issue 3
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Figure 4. Unrestricted lobular testis of the Red Drum Scianops ocellatus. (A-C). The germinal compartments are lobules with continuous (C) and dis-
continuous (D) germinal epithelium along the lobular wall. The germinal epithelium contains Sertoli cells (Se) and cysts with primary spermatocytes
(1Sc) and spermatids (St). Around the lobules, the interstitial compartment (It) is formed by connective tissue. There are abundant spermatozoa (Sz) in
the lobular lumen. (D,E). Cysts with primary spermatocytes (1Sc), early spermatids (eSt) and late spermatids (ISt). Sertoli cells (Se) are observed next to
cysts. There are abundant spermatozoa (Sz) in the lobular lumen. (F). Lobules near the efferent ducts with abundant spermatozoa (Sz). In this region of
the lobules there is no germinal epithelium as all of the germ cells matured and were released as spermatozoa. The interstitial tissue (It) borders the
lobules. Hematoxylin-eosin. (A,B,F): Bars = 20 wm; (C-D): Bars = 10 pm.
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Figure 5. Unrestricted lobular testis of Oreochromis mossambicus. (A). Longitudinal section of the testis, from the periphery (P) to the efferent ducts
(Ed). At the early season of spermatogenesis, there are numerous cysts with germinal cells in different stages of development at the periphery of the tes-
tis, but the lobular lumen (L) contains, until now, few spermatozoa (Sz). Interstitial tissue (It) between the lobules. (B-D). Testicular lobules containing
spermatogonia (Sg) near the lobular wall, and cysts with primary spermatocytes (1Sc), early spermatids (eSt) and late spermatids (ISt). The interstitial tis-
sue (It) contains capillaries. (A): Metanil-yellow-PAS-Hematoxylin; (B-D): Hematoxylin-eosin. (A): Bar = 100 pum, (B-D): Bar = 20 p.m.

€983400-6 Spermatogenesis Volume 4 Issue 3



20 pm.

Figure 6. Unrestricted lobular testis of the common snook, Centropomus undecimalis. (A). Transverse sections of the testicular lobules. The lobules
(Lo) are formed by cysts of synchronous germinal cells and a central lumen (L) which contains abundant spermatozoa (Sz). Interstitial tissue (It) is
between the lobules. (B-D). At the margin of the lobules spermatogonia (Sg) are observed. There are cysts with primary spermatocytes (1Sc), primary
spermatocytes during metaphase of the first division of meiosis (arrow head), secondary spermatocytes (2Sc), early spermatids (eSt) and late spermatids
(ISt). Around the lobules, it is observed the interstitial tissue (It) where capillaries (c) are evident. Hematoxylin-eosin. (A): Bar = 50 um; (B-D): Bars =

Spermatocysts line the walls of tubules (in tubular testis)
(Figs. 2A-D) and lobules (in unrestricted spermatogonial testis)
(Figs. 3-6) and sperm collect in the lumina of either tubules or
lobules except in Atherinomorpha (in restricted spermatogonial
testis) (Figs. 7-9) where the lobules lack lumina because sperma-
tocysts completely extend across the entire interiors of the
lobules.

The differences between tubular and lobular testis types are
significant regarding their systematic implications, distinguishing
between gonad types in lower and higher fishes.'®

Germ Cells During Spermatogenesis

Spermatogenesis includes a sequence of morphological and
physiological changes in the germ cells as they differentiate from
spermatogonia, primary spermatocytes, secondary spermatocytes,
and Several authors described

spermatids spermatozoa.

www.landesbioscience.com

Spermatogenesis

spermatogenesis in fishes and the morphology of the germ cells

during this process.>*>%¢

Spermatogonia A and B

In bony fishes, a reserve of spermatogonia is present through-
out the year in the testis, localized in the germinal epithelium.
These spermatogonia have been called spermatogonia A. They
are diploid stem cells that proliferate by mitotic divisions
(Fig. 7D), increasing the number of germ cells within the germi-
nal compartment (Figs. 2D, 5B, 6B, 7D, 9D,E). Spermatogonia
A are the largest germ cells in the germ line with diameters of
12-16 pm. These cells contain light granular cytoplasm and
spherical nuclei in a central position which present delicate gran-
ular diploid chromatin and one or 2 nucleoli. Spermatogonia B
are considered to be committed to differentiation when they are
surrounded by Sertoli cell processes, thus being enclosed within a
spermatocyst. They are spherical cells, smaller than the spermato-
gonia A, having diameters of 9-12 pum. As in spermatogonia A,
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| Figure 7. For figure legend, See page 9. |
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spermatogonia B have a spherical nucleus with diploid chromo-
somes and one or 2 nucleoli. They replicate their chromosomes
and enter in meiosis, becoming primary spermatocytes.

Primary and secondary spermatocytes

As occurs in all male vertebrates, meiosis consists of 2 consecu-
tive cell divisions that result in 4 haploid spermatids. Primary sper-
matocytes are spherical cells, with diameters of 8-12 um
(Figs. 2D, 3E, 4A-E, 5B-D, 6B-D, 7D,E, 8A, 9D,E), similar in
size to spermatogonia B. The nucleus of primary spermatocytes
has replicated homologous chromosomes which are in different
stages of meiotic prophase I: leptotene (fine reticular replicated,
homologous chromosomes), zygotene (homologous chromosomes
in synapsis), pachytene (paired homologous chromosomes con-
densed and occurring crossing-over) and diplotene (separation of
homologous, replicated chromosomes that remain attached at the
chiasmata). Cysts with primary spermatocytes in pachytene of mei-
otic prophase I (Figs. 6B, 7E) are relatively abundant, whereas
those in leptotene, zygotene, and especially in diplotene stage are
rarely seen. The primary spermatocytes enter metaphase I, ana-
phase I, and telophase I, resulting in 2 secondary spermatocytes
when the reduction of duplicated homologous chromosomes
occurs and, consequently, the chromosome number is halved with
only a single set of chromosomes. Then, the nucleus of secondary
spermatocytes contains the haploid number of chromosomes, but
duplicated. Secondary spermatocytes (Fig. 6B), are small cells with
diameters of 47 pwm. They are spherical in shape with spherical
nucleus and filamentous chromosomes, ready for immediately
entry in the second division of meiosis, advancing to metaphase 11,
anaphase II, and telophase II, resulting in 2 spermatids of each sec-
ondary spermatocytes. Therefore, they are seen less frequently than
primary spermatocytes as they divide rapidly, after a short inter-
phase between the 2 divisions of meiosis.

Spermatids and spermatozoa

Early, haploid spermatids (Figs. 2C,D, 4A-C, 5B-D, 6B,D,
7E, 8A,B, 9E) are cells with diameters of 2-4 pm, are spherical
in shape and have a spherical nucleus. They do not divide any
more but undergo morphological transformation, becoming sper-
matozoa through the process called spermiogenesis. This process
is characterized by significant morphological changes associated
with the formation of the sperm head and its condensed nucleus,
with midpiece, and flagellum. As spermiogenesis proceeds, the
nuclei of spermatids become smaller while the chromatin shows

increasing degrees of condensation (Figs. 2C-D, 3E, 4A-F, 5C,
6C,D, 8A,B, 9F). During spermiogenesis, spermatozoa become
motile by the development of a flagellum, retain mitochondria
that become localized within the sperm midpiece, and void excess
cytoplasm as a residual body which is phagocytized by Sertoli
cells. The acrosome is absent in the spermatozoa of most bony
fishes, but it is found in the sturgeons (Acipenseridae, Chondros-
tei) as Acipenser persicus’’ and Acipenser gueldenstaedtii”® The
structure and size of spermatozoa vary considerably in complexity
among teleost species. Fish spermatozoa are classified according to
the external or internal mode of fertilization into 2 forms, aqua-
sperm and introsperm, respectively.”” The aquasperm is isodia-
the
anisodiametric with an elongate head; both types of spermatozoa
have one flagellum formed by the typical 942 microtubule;**>
or some species have 2 flagella, both with the same structure, as
described in species of the teleost families Cetopsidae, Aspredini-
dae, and Nematogenyidae,™ or in the species Sazanoperca jurupari
(Cichlidae).** The spermatozoa of the neotropical teleosts have
rounded heads, a characteristic of fish that externally fertilize their
eggs, for example, Oryzias latipes (Adrianichthyidae), Rivulus mar-
moratus (Rivulidae), Hemiramphus balao (Hemiramphidae). On
the other hand, the spermatozoa of viviparous poeciliids, that

metric with a globular head, while

introsperm  is

have internal fertilization, have an elongated head, for example,
Poecilia reticulata, P. latipinna, Gambusia affinis, Xiphophorus hel-
leri (Poeciliidae).® In several species of teleosts which are internal
fertilizers, the spermatozoa are arranged into packets which are
formed in the spermatocysts and released during spermiation into
the efferent duct system. These sperm packets are termed sperma-
tophores, when they are covered by a capsule. When these packets
are unencapsulated or naked they are known as spermatozeug-

mata.7’22’25’36’37 The

formation of spermatozeugmata always
involves the association of Sertoli cells with the spermatozoa. In
the Poeciliidae, the sperm nuclei associate with Sertoli cells, and
spermatozeugmata  have  outwardly-directed  sperm  nuclei
(Figs. 9C,D,F). In the Goodeidae, the spermatid flagella associate
with the Sertoli cells (Figs. 8C,D), and sperm flagella cover the
surface of the spermatozeugmata.6 The presence of secretions in
the efferent ducts as PAS-positive material has been described in
testes of teleosts which produce sperm packets. These secretions
have been found accompanying spermatozeugmata in species of
the families Poeciliidae® (Figs. 9A-C,F), Hemirhamphid.ae22 and
Characidae.”” At the end of the spermiogenesis, during the sper-
miation, the cysts open and the spermatozoa move to the efferent
ducts (Figs. 8A,B).

Figure 7 (See previous page). Restricted lobular testis of the goodeid Goodea atripinnis. (A). Longitudinal section of the testis. (B). Transverse sec-
tion of both testes. Spermatogenesis occurs at the periphery (P) or distal part of the testis lobules. Sperm are released, into a net of efferent ducts (Ed)
which communicate with the central efferent duct (Cd). Efferent and central ducts are full of spermatozoa (Sz). (C). The lobules contain spermatocysts
with synchronous germinal cells at different stages of spermatogenesis. Cysts at the later stages of spermatogenesis are located progressively closer
(large arrow) to the efferent ducts (Ed) which contain abundant spermatozoa (Sz), organized in bundles called spermatozeugmata. Lobules do not have
a central lumen. The interstitial tissue (It) is around the lobules. (D). Spermatogonia (Sg) are restricted to the periphery of the testis. A spermatogonium
in mitotic metaphase is observed (arrow head). Cysts containing primary spermatocytes (1Sc) are seen. Interstitial tissue (It). (E). Cysts containing primary
spermatocytes (1Sc), primary spermatocytes during metaphase of the first division of meiosis (arrow head), early spermatids (eSt) and late spermatids
(ISt) are seen. Interstitial tissue (It). Hematoxylin-eosin. (A): Bar = Tmm; (B): Bar = 200 wm; (C): Bar = 50 wm; (D-E): Bars = 10 pm.
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Figure 8. Restricted lobular testis of the goodeids Goodea atripinnis (A-D) and Xenotoca eiseni (E-F). (A,B). Spermiation occurs in the testicular
lobules near the efferent ducts (Ed). The lobules contain primary spermatocytes (1Sc), primary spermatocytes during metaphase of the first division of
meiosis (arrow head), early spermatids (eSt) and late spermatids (ISt). The spermatozoa are moving from the cyst (*) to the lumen of the efferent duct.
Interstitial tissue (It). (C,D). Efferent ducts (Ed) with abundant spermatozoa (Sz). The spermatozoa are situated in groups forming spermatozeugmata (SP).
Interstitial tissue (It). (E,F). Longitudinal section of the testis during early reproductive season, when the spermatogenic activity is initiated. The lobules
contain abundant cysts with primary spermatocytes (15c) and spermatids (St), but the spermatozoa are scarce, and the efferent ducts (Ed) do not contain
yet spermatozoa. (A-D): Hematoxylin-eosin; (E-F): Argentic-reticuline impregnation technique (A): Bar = 20 uwm; (B): Bar = 10 pum; (C): Bar = 100 pm; (D):
Bars = 20 wm (E): Bar = 200 pm; (F): Bar = 50 pm.

Regulation of Spermatogenesis neuroendocrine regulation of fish spermatogenesis.”***** Sper-
Fish spermatogenesis, from spermatogonial stem-cell renewal to  matogenesis occurs in the special biochemical environment defined
spermatozoa, as in all vertebrates, is a complex process, regulated by the Sertoli cells that are associated with the germ cells. The Ser-
by the neuroendocrine system. Several reviews described toli cells surround the germ cells, communicate with them, and
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Figure 9. Restricted lobular testis of the poeciliid Poecilia latipinna. (R). Transverse sections of both testes. Similar to that described in goodeid testis,
spermatogenesis occurs at the periphery (P) or distal part of the testis lobules. Sperm are released, into a net of efferent ducts (Ed). (B,C). The germ cells
in spermatogenesis are within cysts, the later stages (large arrow) are progressively closer to the efferent ducts (Ed). The spermatozoa are located in
groups of spermatozeugmata (SP). A characteristic of the spermatozeugmata in poeciliids is that the heads of the spermatozoa are oriented toward the
Sertoli cells. In the efferent ducts, the spermatozeugmata are surrounded by a PAS+ mucoprotein complex (mp). (D,E). Lobules at the testicular periphery
with cysts of germ cells during several stages of spermatogenesis, as spermatogonia (Sg), restricted at the periphery, primary spermatocytes (1Sc), early
spermatids (eSt), late spermatids (ISt), and spermatozoa (Sz) in spermatozeugmata. (F). In the efferent ducts (Ed), the spermatozeugmata (SP) are sur-
rounded by the PAS+ mucoprotein complex (mp). The nuclei of the spermatozoa are oriented toward the Sertoli cells. A,B: PAS; C-F: Hematoxylin-eosin.
A:Bar =200 pwm. B,C: Bar = 50 pum. D: Bar = 20 um. E,F: Bar = 10 pum.
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separate them from the rest of the somatic tissues by a permeabil-
ity barrier.” These interactions between Sertoli and germ cells are
controlled by the neuroendocrine axis: hypothalamus — hypophysis
— testis. Have differing roles in spermatogenesis: the gonadotro-
pins, follicule-stimulating hormone (FSH) during early stages of
spermatogenesis and luteinizing hormone (LH) during late stages
of spermatogenesis.43 Sertoli cells express receptors for sex steroids
and follicle-stimulated hormone (FSH), mediating the hormone’s
effect to the germ cells, testosterone which acts via feedback mech-
anisms to FSH-dependent steroidogenesis and the importance of
LH for the regulation of androgen production.”® The steroids,
under the control of FSH, interact in this system in different
ways: low doses of estrogens (E,) stimulate the spermatogonial
—stem celL-proliferation; 11-ketotestosterone (11-KT) controls the
inidation of meiosis; progestins, under the control of LH, are
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involved in spermiogenesis and spermiation.*®*3

Annual Reproductive Cycles

Most bony fishes have well-defined annual reproductive
cycles. During the annual reproductive cycle, spermatogenesis
may be divided into 1) early spermatogenesis, when scarce free
spermatozoa are in the lumina (Figs. 8E,F; 2) middle spermato-
genesis (Figs. 5A-D), when a small population of free spermato-
zoa is present in the lumina of some tubules; and 3) late
spermatogenesis (Figs. 2—4, 6, 7, 9), when most of the tubules
and the efferent duct are full of free spermatozoa.**

During early spermatogenesis, Sertoli cells, spermatogonia A
and B, and spermatocytes proliferate. In contrast, during late
spermatogenesis, the number of proliferative spermatogonia and
Sertoli cells decrease. The morphology of the testicular germinal
epithelium changes during the annual reproductive cycle, reflect-
ing reproductive seasonality (Fig. 1). It has long been assumed
that when fish were not spawning, the gonads were in a resting
stage, but, rather than resting, dividing spermatogonia are active
during this stage, as it was described in the testes of the swamp
eel, Synbranchus marmoratus, during the so-called resting period
when the fish was not reproducing.”® These authors also used an
immunocytochemical technique to detect proliferating cell
nuclear antigen (PCNA) which labeled both spermatogonia and
Sertoli cells during the resting stage, indicating that these cells
may divide. The gonads of bony fishes never rest. Thus, the fre-
quently used term “resting stage” does not apply to fish gonads
and should no longer be used, as is indicated by newly developed
information on cell cycles and accumulating evidence that fish
Sertoli cells do divide.*

The determination of mature reproductive stage based in
germ cells and alterations of germinal epithelium is an important
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tool for characterization of reproductive biology in teleosts.

Histological examination of testis structure in the Common
Snook, Centropomus undecimalis'>*® initially led to the definition
of continuous and discontinuous germinal epithelia (Figs. 1,
4A-C) during the annual reproductive cycle. However, since the
initial description the terminology has been updated* and now
reflects upon these changes taking place in the germinal epithe-
lium. Hence, the initial terminology Early Maturation, Mid mat-
uration and Late maturation correspond to Early germinal
epithelium development, Mid germinal epithelium development
and Late germinal epithelium development. As the Regressed
Phase ends, the fish testis begins to develop, spermatogonial divi-
sions and meiosis are initiated and lobules elongate. There is a
continuous population of Sertoli cells, in association with germ
cells, along the lengths of lobules. That is, the germinal epithe-
lium is continuous between the testis ducts and the testis periph-
ery as it is composed of a “continuous” population of Sertoli cells
and germ cells, and the meiotic germ cells are within spermato-
cysts. This is the Early germinal epithelium development Phase
in the annual reproductive cycle. As development continues,
however, the germinal epithelium remains continuous distally in
the growing, distal lobule termini, near the edge of the testis.
However, it becomes discontinuous proximally near the testis
ducts where germ cells mature, becoming sperm that are released
into the lumen of the lobules. Therefore, as sperm mature and
are released, newly formed spermatocysts do not replace those
from which sperm were released. The presence of a discontinuous
germinal epithelium proximally and a continuous germinal epi-
thelium distally designates the Mid germinal epithelium develop-
ment Phase during the annual reproductive cycle. Then, a
discontinuous germinal epithelium is observed to extend to the
testis periphery, and this defines the Late germinal epithelium
development Phase of the annual reproductive cycle,*® basic
changes illustrated in Figure 1.
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