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Abstract This work describes gonadotropic (GtH)

cells and their morphological and immunohistochem-

ical changes during the spermatogenic cycle of

Serrasalmus maculatus (continuous spermatogenesis)

and Pimelodus maculatus (seasonal spermatogenesis).

GtH cells, widely distributed in the proximal pars

distalis of the adenohypophysis, were characterized as

round-shaped cells with eccentric nucleus, and cyto-

plasm with basophilic secretory granules and a

variable number of vacuoles for both species.

Immunohistochemistry against b-follicle-stimulating

hormone (Fsh) and b-luteinizing hormone (Lh) in

adjacent sections showed two separated GtH-produc-

ing cell populations, and a third population where both

GtHs are expressed in the same cell for both species. In

the seasonal spermatogenesis of P. maculatus, GtH

cells seemed to be more abundant during developing

and spawning capable phases. In contrast, no cyclic

changes were detected in the continuous spermatoge-

nesis of S. maculatus, except for the strong immunore-

action for Fsh and Lh in males with intense

spermiogenesis. We conclude that changes reported

here might reflect the type of spermatogenic cycle

(seasonal or continuous) which are under different

regulatory mechanisms (environmental and internal

cues) controlling the reproduction in these species.
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Adenohypophysis � Gonadotropin � Spermatogenesis �
Reproduction

Introduction

In vertebrates, pituitary gonadotropin hormones, fol-

licle-stimulating hormone (FSH) and luteinizing hor-

mone (LH) control testicular development and

function by regulating the activity of local signaling

systems, for example, sex steroids and growth factors

in the testis (Schulz et al. 2010). FSH and LH are
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glycoprotein hormones formed by two subunits; a

common a subunit, which is common to FSH, LH and

thyroid-stimulating hormone (TSH), and a hormone-

specific b subunit (Pierce and Parsons 1981). In the

pituitary, a subset of adenohypophyseal cells—the so-

called gonadotropic cells (GtH)—are responsible to

synthesize and secrete the gonadotropin hormones

(Agulleiro et al. 2006). Morphologically, these cells

can be identified as round-/bulky-shaped cells with

eccentric nucleus with variable number of basophilic/

PAS secretory granules and vacuoles in their cyto-

plasm (Agulleiro et al. 2006).

Functions of fish GtH cells have been widely

investigated on gonadal development and reproduc-

tion of several species, especially for salmonids (Wu

et al. 2012; Weltzien et al. 2004; Shimizu et al.

2003a, b, c). In salmonids, for example, it is well

described that Fsh-secreting cells play an important

role during early phase of gametogenesis (spermato-

genesis and oogenesis), while Lh-secreting cells are

important at the final phases, regulating final oocyte

maturation, ovulation and spermiation (Schulz et al.

2010). For nonsalmonids, especially tropical fish,

these functions are not well described yet. Another

interesting aspect of fish GtH biology is regarding the

production of Fsh and Lh. Two secreting GtH cells

have been described; one secreting Fsh and the other

Lh (Agulleiro et al. 2006; Naito et al. 1993; Nozaki

et al. 1990). Interestingly, in some species, a third

population, secreting both Fsh and Lh can be found

(Kasper et al. 2006; Garcia-Hernández et al. 2002).

Attempting to understand the endocrine regulation

of fish reproduction, GtH cells have been studied

during reproductive cycle (Vongvatcharanon et al.

2005; Shimizu et al. 2003c), migration (Mukai and

Oota 1995) ontogeny/gonadal differentiation (Grandi

et al. 2014; Horie et al. 2014; Jesus et al. 2014;

Pandolfi et al. 2006), or under experimental conditions

(Golan et al. 2014). Considering that most of the

existing work have focused on females, very little

attention has been given to males, with regard to

changes in GtH cells during fish spermatogenesis.

Two types of spermatogenesis can be found in

teleosts: (1) continuous where spermatozoa are con-

stantly produced during the year (Nóbrega and Qua-

gio-Grassiotto 2007) or (2) seasonal, in which gonads

gradually mature, releasing spermatozoa in a specific

period of the year (Santana and Quagio-Grassiotto

2014).

Two South American freshwater species were used

as experimental models herein: (1) Serrasalmus

maculatus (Characiformes, Characidae) is found in

most of the Brazilian reservoirs and can easily adapt to

lotic environments (Lamas and Godinho 1996). This

species has a long reproductive period, frequently

more intense in the rainy season, with asynchronous

oocyte development (Wildner et al. 2013) and contin-

uous spermatogenesis; (2) Pimelodus maculatus (Sil-

uriformes, Pimelodidae), a freshwater species with

potential to aquaculture, widely distributed in the

South American river basins. This species display

seasonal reproduction between October and January,

with some variations due to the influence of abiotic

factors (Arantes et al. 2013). Synchronous oocyte

development (Wildner et al. 2013) and seasonal

spermatogenesis are reported for this species (Santana

and Quagio-Grassiotto 2014). In this context, the aim

of this study was to investigate and compare the

morphological and immunohistochemical (Fsh and

Lh) changes in the GtH cells during two different

spermatogenic cycles; the continuous spermatogene-

sis of S. maculatus (Characiformes, Characidae) and

the seasonal spermatogenesis of P. maculatus (Silu-

riformes, Pimelodidae). Such changes can be useful to

understand the endocrine regulation of spermatogen-

esis in these species and the GtH rhythmic activity

which exerts the overall control over these two types

of spermatogenesis.

Materials and methods

Animals and sampling

Adult males of S. maculatus (n = 65) and P.

maculatus (n = 44) from 20 to 32 cm total length

were monthly collected at Piracicaba River (Santa

Maria da Serra, São Paulo State, Brazil) between

November 2003 and April 2005. Specimens were

anesthetized with 0.1 % benzocaine (ethyl-p-

aminobenzoate), and body weight (BW, g) was

registered. Fish were decapitated at the level of the

operculum. After opening the skull, pituitaries

connected to the brain were quickly collected and

fixed by immersion in Bouin’s Solution, during

24 h at room temperature (RT). In parallel, testes

were removed, gonadal weights (GW) were taken

to obtain the gonadosomatic index [GSI = (GW/
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BW) 9 100], and medial part of the testes was

fixed in 2 % glutaraldehyde and 4 % paraformalde-

hyde in Sørensen’s phosphate buffer (0.1 M, pH

7.2) during 24 h at 4 �C. For statistical analysis,

GSI data were submitted to ANOVA followed by

Tukey test (p\ 0.05). All procedures adopted in

this study were in agreement with the Institutional

Animal Ethics Committee and Brazilian Institute of

Environment and Renewable Natural Resources—

IBAMA.

Tissue preparation and histochemistry

After fixation, pituitaries were dehydrated in

ethanol, diaphanized in xylene and embedded in

Paraplast. Serial parasagittal sections (5 lm) were

obtained, mounted on poly-L-lysine solution-coated

slides and then submitted to histochemistry and

immunohistochemistry reactions. Sections were

stained with Mallory trichrome to identify pituitary

regions and GtH cells. For gonadal analysis, fixed

testes were dehydrated and embedded in Historesin

(Technovit 7100, Jung HistoResin) as usual proce-

dures (Nóbrega and Quagio-Grassiotto 2007). Lon-

gitudinal and sagittal sections were obtained (3 lm)

and stained with PAS ? Hematoxylin ? Metanil

Yellow as previously (Quintero-Hunter et al.

1991). All slides were mounted and analyzed under

light microscopy. The reproductive phases were

classified according to the presence of continuous

or discontinuous germinal epithelium (GE), as

proposed by Grier and Lo Nostro (2000) and

Brown-Peterson et al. (2011). In this classification,

four reproductive phases are proposed: regenerating,

developing, spawning capable and regressing phase.

In the regenerating phase, fish are sexually mature

but reproductively inactive; the GE is continuous

and formed by cysts of spermatogonia (Brown-

Peterson et al. 2011). The start of meiosis charac-

terizes the developing phase; the GE is continuous

and active. Spawning capable phase includes the

final steps of spermatogenesis; the GE becomes

discontinuous due to spermiation (release of sper-

matozoa from the cysts toward the lumen) (Brown-

Peterson et al. 2011). Finally, the regressing phase

represents the end of the reproductive cycle or the

spawning season; lumen is fulfilled with spermato-

zoa, and GE is discontinuous with scattered cysts of

spermatogonia (Brown-Peterson et al. 2011).

Immunohistochemistry

Pituitary sections (n = 5 for each reproductive phase,

except for P. maculatus at regression stage, where

n = 4) were submitted to immunohistochemistry

reactions using SABC (streptavidin–biotin–peroxi-

dase complex) method (Dako Cytomation LSAB2

System-HRP Liquid DAB—Ref. 0673) as described

previously (Honji et al. 2013). Sections were deparaf-

finized, rehydrated and washed in phosphate-buffered

saline (PBS, pH 7.4). After antigen retrieval with

citrate buffer (pH 6.0, at 90 �C for 10 min), endoge-

nous peroxidase activity was blocked by incubating

the sections with 3 % hydrogen peroxide in PBS for

30 min. Blocking of nonspecific binding sites was

performed using 5 % nonfat dry milk in PBS at RT

during 15 min. Subsequently, sections were incubated

overnight in a humid chamber at 4 �C with the

following primary antibodies diluted in PBS: anti-

Chum salmon b-Fsh—Code 8510 (1:1000) and anti-

Chum salmon b-Lh—Code 8506 (1:1000), both

produced in rabbit, and kindly donated by Dr.

H. Kawauchi (School of Fisheries Sciences, Kitasato

University, Iwate, Japan). After primary antibody

incubation, sections were rinsed in PBS, submitted to

biotinylated secondary antibody (Universal DakoCy-

tomation LSAB ? System-HRP, peroxidase), then

washed again with PBS and treated with SABC

complex. Peroxidase activity was detected with 3,30-
diaminobenzidine (DAB) in a chromogen solution and

DAB substrate buffer (imidazole–HCl; Dako Cytoma-

tion). Sections were counterstained with hematoxylin

and mounted with Erv-Mount (Erviegas, Instrumental

Cirúrgico Ltda). For negative control, primary or

secondary antibodies were replaced by PBS. The

specificity of the antibodies was confirmed by preab-

sorption tests with the primary antibody and its

respective purified antigen, as previously described

before (Honji et al. 2013).

Results

Pituitary gland structure and GtH cells

characterization

Pituitaries at developing phase of P. maculatus

(Fig. 1a), and pituitaries from group I of S. maculatus

(prominent testicular cortical region) (Fig. 1c) were
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used to describe the gland structure of these species. In

both species, pituitaries are composed of two different

regions, neurohypophysis (NH) and adenohypophysis

(AH) (Fig. 1a, c). The NH, formed by pars nervosa,

projects many nerve axon termini inside the AH

(Fig. 1a, c). The AH is subdivided into three lobes

with different patterns according to their hormone-

producing cells tinctorial properties: rostral pars

Fig. 1 Pituitary gland structure and GtH cells characteristics in

P. maculatus (a, b, e–h) and S. maculatus (c, d). a, c Sagittal

sections stained with Mallory trichrome. General view of the

pituitary gland showing the subdivision of adenohypophysis in

rostral pars distalis (RPD), proximal pars distalis (PPD) and

pars intermedia (PI), the insertion and branching of the

neurohypophysis (NH) and saccus vasculosus (SV). b, d Im-

munohistochemistry reaction for b-Lh. The immunopositive

cells are widely distributed in the PPD and also in the PI. SV

cells are also immunopositive for b-Lh. e–h Serial adjacent

sections showed a third GtH cell population; co-localization of

b-Lh and b-Fsh in the same GtH cell of P. maculatus and S.

maculatus. E (anti-salmon b-Lh) and F (anti-salmon b-Fsh) are
adjacent sections for P. maculatus, while G (anti-salmon b-Lh)
and H (anti-salmon b-Fsh) are adjacent sections for S.

maculatus. Arrowheads a1, b1, c1, d1, e1 in (b) and its

correspondent a2, b2, c2, d2, e2 in (F) indicates the same GtH

cell in P. maculatus, while arrowheads f1, g1 in (c) and f2, g2 in
(g) the same GtH cell in S. maculatus. Bars 200 lm (a–d),
20 lm (e–h)
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distalis (RPD), proximal pars distalis (PPD) and pars

intermedia (PI), (Fig. 1a, c). Both species have the

most anterior part of the gland occupied by RPD,

which involves the pituitary stalk before its penetra-

tion inside the PPD (Fig. 1a, c). The posterior region is

formed by PI, characterized by the highest number of

NH branches (Fig. 1a, c). PPD is located between

RPD and PI and displays a typical basophilic staining

as result of the abundance of GtH cells in this region

(Fig. 1a, c).

GtH cells in P. maculatus and S. maculatus are

elliptical and round, and some are polygonal with an

eccentric nucleus and a basophilic cytoplasm-contain-

ing vacuoles (Figs. 3, 5). In both species, GtH cells

immunoreacted with anti-Chum salmon b-Fsh and b-
Lh antibodies (Fig. 1b, d, e–h). Fsh- and Lh-im-

munoreactive cells are distributed along PPD

(Figs. 1b, d, 3, 5), as confirmed previously. Interest-

ingly, some GtH cells were found in the PI of both

species (Fig. 1b, d). Analyzing serial adjacent sec-

tions, we found different populations of Fsh- and Lh-

immunoreactive cells, and a third cell population

which is immunoreactive for Fsh and Lh at the same

time (Fig. 1e–h). A strong immunoreactivity for b-Lh
is seen in the saccus vasculosus for both species

(Fig. 1b, d).

GtH cells during the continuous spermatogenesis

of S. maculatus

S. maculatus has a continuous spermatogenesis, i.e.,

spermatozoa are constantly produced and released

along the year (Fig. 2). Testes did not undergo through

remarkable changes during the reproductive cycle, and

germ cells at different developing stages of spermato-

genesis can be found in the germinal epithelium (GE)

(Fig. 2a, d, e). The spawning capable phase is the only

reproductive phase detected (Fig. 2). As previously

described, S. maculatus testis is organized in two

morphofunctional regions—the medullar and cortical

regions (Fig. 2a, d; Nóbrega and Quagio-Grassiotto

2007). The medullar region is characterized by a

continuous GE with cysts at different stages of

spermatogenesis (Fig. 2e; Nóbrega and Quagio-Gras-

siotto 2007). Spermatogenesis also takes place in the

cortical region, but the main feature of this region is

the storage of spermatozoa (Fig. 2a–d). The cortical

region has a discontinuous GE, characterized by

scattered cysts of spermatogonia separated by

cytoplasm of Sertoli cells (Fig. 2b, c; Nóbrega and

Quagio-Grassiotto 2007). Although all specimens

were at spawning capable phase, two groups could

be found according to the histological analysis

(Fig. 2a, d) and GSI (Fig. 2f). In group I, males

exhibited testes with prominent cortical region, which

is fulfilled with spermatozoa (Fig. 2a). In this group,

GSI is high when compared to the group II, in which

animals did not show prominent cortical region in their

testes (Fig. 2d).

In these two groups, GtH cells were evaluated

according to their morphology and immunoreactivity

for b-Lh and b-Fsh (Fig. 3). In males of group II, GtH

cells showed the common features of teleost GtH cells,

as described previously (see above). Moreover, these

cells have small and few vacuoles in their cytoplasm

(Fig. 3b). On the other hand, in males of group I

(prominent cortical region), the vacuoles become

larger, and almost all GtH cells showed some degree

of vacuolization in their cytoplasm (Fig. 3a). GtH

cells with few and small vacuoles are rare in these

males (group I) (Fig. 3a). With respect to the

immunohistochemistry, a strong signal for b-Lh- and
b-Fsh is found in the GtH cells which presented few

and small vacuoles (group I) (Fig. 3c, e). In the group

II, when GtH cells have large vacuoles in their

cytoplasm, the immunostaining for both GtHs (Fsh

and Lh) is weak (Fig. 3d, f).

GtH cells during the seasonal spermatogenesis

of P. maculatus

Four testicular phases were described during the

annual reproductive cycle of P. maculatus: regen-

erating, developing, spawning capable and regress-

ing phase (Fig. 4a–d). These changes were also

reflected in the GSI (Fig. 4e). In the regenerating

phase, testis is predominately composed by cysts of

spermatogonia, which form a continuous GE in this

phase (Fig. 4a). As the start of meiosis (developing

phase), the continuous GE presented cysts at

different stages of spermatogenesis (e.g., spermato-

gonia, spermatocytes and spermatids; Fig. 4b). As

spermatogenesis progresses, the GE becomes grad-

ually discontinuous due to the spermiation (release

of spermatozoa from the cysts) which is typical of

the spawning capable phase (Fig. 4c). In this phase,

as consequence of spermiation, the testicular lumen

is large and fulfilled with spermatozoa (Fig. 4c).
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Finally, in the regressing phase, which represents

the end of the reproductive cycle, the GE is

discontinuous; the testicular lumen presented less

spermatozoa when compared to the previous phase;

and the interstitial compartment is disorganized

(Fig. 4d). Interestingly, we also detected cyclical

changes in the GtH cells during the annual

reproductive cycle of P. maculatus males. When
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the reproductive cycle starts (regenerating phase),

GtH cells appeared as a small population, irregu-

larly distributed along the PPD, basophilic, and

strongly stained cells (Fig. 5a). In the developing

phase, GtH cells became larger and more abundant

in the PPD. In this phase, some small vacuoles are

seen in the cytoplasm of these cells (Fig. 5b). In

the spawning capable phase, GtH cells are poorly

stained, and the main feature of this phase is the

presence of large vacuoles in the cytoplasm of

these cells (Fig. 5c). In the regressing phase, GtH

cells became smaller, and no vacuoles are seen in

their cytoplasm (Fig. 5d).

Fsh- and Lh-immunoreactive cells were detected

during all reproductive phases of P. maculatus males

(Fig. 5e–h). Apparently, Lh-immunoreactive cells

became more abundant in the developing phase when

compared to the other reproductive phases (Fig. 5e–

h). The same is observed for Fsh, although immunore-

activity for b-Lh is stronger than for b-Fsh (Fig. 5e).

bFig. 2 Reproductive groups and GSI in S. maculatus. Sec-

tions were stained with PAS ? Hematoxylin ? Metanil Yel-

low. a Males of group I have a well-developed cortical region

(CR) and large testicular lumen fulfilled with spermatozoa

(Spz). b, c High magnification of the cortical region. b Intense

spermiation (arrowheads) and lumen fulfilled with spermatozoa

(sz) are common features of this region. Sertoli cell (se),

peritubular myoid cell (my) and spermatogonia (sg) are also

indicated. c High magnification of a discontinuous germinal

epithelium (dge); scattered cysts of spermatogonia (sg) are

separated by Sertoli cell (se) cytoplasm. Peritubular myoid cell

(my), spermatozoa (sz) and phagosome (fg). dMales of group II

have a well-developed medullar region (MR). Asterisks indicate

the interstitial compartment. e High magnification of the

medullar region; germ cell cysts at different stages of

spermatogenesis form a continuous germinal epithelium (cge)

in this region. Interstitial compartment (ic), Leydig cells (le or

le*), granulocytes (gr) and testicular lumen (L) are also

indicated. Spawning capable phase (S. capable). c GSI of males

collected from November/2003 until April/2005. Values are

expressed as mean ± standard deviation. Number between

brackets indicates the number of animals collected per month.

Months with asterisks indicate no sampling in the period. Bars

200 lm (a), 10 lm (b, c), 300 lm (d), 50 lm (e). (Color

figure online)

Fig. 3 Pituitary sections of S. maculatus. Sections were stained

with Mallory trichrome (a, b) or submitted to immunohisto-

chemistry reactions for b-Lh (c, d) and b-Fsh (e, f). Males of

group I (a, c, e) have GtH cell with few and small vacuoles.

Males of group II (b, d, f) have GtH cells with large vacuoles in

their cytoplasm. GtH cells with few and small vacuoles (group I)

have a strong immunoreactivity for b-Lh and b-Fsh (c, e). GtH
cells of group II presented a weak immunostaining for both

GtHs (d, f). Pituitary sagittal sections are shown in the insets.

Gonadotropic cells (GtH), Somatotropic cells (Gh), Proximal

pars distalis (PPD). Arrowheads indicate vacuoles in the GtH

cell cytoplasm. Bars 20 lm (a–f), 200 lm (inset)
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Discussion

This work describes the GtH cells and their morpho-

logical and immunohistochemical (Fsh and Lh)

changes during the spermatogenic cycle of S. macu-

latus (continuous spermatogenesis) and P. maculatus

(seasonal spermatogenesis). Moreover, we compared

these changes, attempting to understand the endocrine

Fig. 4 Reproductive phases during the male annual cycle of P.

maculatus (a–d). Sections were stained with PAS ? Hema-

toxylin ? Metanil Yellow. a In the regenerating phase, the

germinal epithelium is continuous (CGE, continuous germinal

epithelium) and formed by cysts of spermatogonia (arrow).

b The developing phase is characterized by a CGE with cysts at

different stages of spermatogenesis and a few spermatozoa

(Spz) in the lumen. c Males at spawning capable phase have a

discontinuous germinal epithelium (DGE) and large amount of

spermatozoa in the testicular lumen. d The regressing phase is

characterized by a DGE with scattered cysts of spermatogonia

(arrow) and less spermatozoa than in the previous phase.

Asterisks indicate the interstitium in all phases. e GSI of males

along the four reproductive phases. Bars represent mean ± s-

tandard error, while different letters indicate significant

differences among the phases. Number between brackets

indicates the number of animals collected. Bars 50 lm (a–d).
(Color figure online)
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Fig. 5 Pituitary sections during the male annual reproductive

cycle of P. maculatus. Sections were stained with Mallory

trichrome (a–d) or submitted to immunohistochemistry reac-

tions for b-Lh (e–h) and b-Fsh (inset). Note differences in

gonadotropic cells (GtH) with respect to their vacuolization and

tinctorial characteristics during regenerating (a), developing

(b), spawning capable (c) and regressing (d) phases.

Arrowheads indicate vacuoles in the GtH cell cytoplasm. b-
Lh-immunoreactive cells were detected in the regenerating (e),
developing (f), spawning capable (g) and regressing (h) phase.
b-Fsh immunostaining followed the same pattern, although with

more background (see inset in e). Rostral pars distalis (RPD),
proximal pars distalis (PPD), pars intermerdia (PI) were also

indicated. Bars 20 lm (b–d), 50 lm (a), 200 lm (e–h, inset)
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control of two different spermatogenic cycles with

respect to Fsh- and Lh-immunoreactive cells.

Histological and immunohistochemical analysis

revealed that GtH cells are widely distributed along

PPD of P. maculatus and S. maculatus, as reported

previously in most of the teleost species (Borella et al.

1997, 2009; Garcia-Hernández et al. 1996; Honji et al.

2013; Shimizu et al. 2003c; Pandolfi et al. 2001a).

Interestingly, GtH cells are also widely distributed at

PI of P. maculatus and S. maculatus pituitary. This

characteristic can be related to the expansion of GtH

cells toward PI during gonadal maturation, as demon-

strated in other species (Cambré et al. 1986).

GtH cells of P. maculatus and S. maculatus

exhibited typical characteristics of secretory cells,

such as granules and a variable number of vacuoles in

their cytoplasm. One interesting characteristic, found

in piscian GtH cells, is the presence of several

vacuoles in their cytoplasm (Kaneko et al. 1986;

Naito et al. 1993). These vacuoles were identified as

RER cisternae (Kaneko et al. 1986; Naito et al. 1993),

which become dilated as consequence of the contin-

uous hormonal synthesis associated with a deficient

transport to the Golgi complex (Young and Ball 1982).

The physiological significance of these structures is

still unknown. Moreover, these vacuoles were

detected only in adults and not at early stages of life

(Garcı́a-Ayala et al. 2003; Jesus et al. 2014; Pandolfi

et al. 2006).

Three populations of Fsh- and Lh-immunoreactive

cells were found in S. maculatus and P. maculatus: (1)

a Fsh-positive GtH cell population; (2) a Lh-positive

GtH cell population and (3) a third population

expressing both gonadotropins (Fsh and Lh) in the

same cell. Two distinct populations of GtH cells have

been reported in most of teleost species, and some-

times an additional population expressing both

gonadotropins has been detected, as shown in Table 1.

Functional significance of different GtH cell popula-

tions is unknown in fish. Co-expression of Fsh and Lh

in the same cell might represent a different subset of

GtH cell or even though transitional state (stem

cells?).

In this study, we have described changes in GtH

cells during the male annual reproductive cycle of S.

maculatus (group I and II) and P. maculatus (regen-

erating, developing, spawning capable and regressing

phases) according to morphology and immunohisto-

chemistry. Analyzing GtH cell morphology along

continuous spermatogenesis of S. maculatus, we did

not detect remarkable changes in GtH cells. The only

clear difference is the presence of vacuoles, which

become apparently more intense in animals of group I.

In developing phase of P. maculatus (start of matu-

ration), GtH cells also exhibited several vacuoles in

their cytoplasm. Similar morphology was also

observed in developing phase of Rhamdia quelen

(Val-Sella and Sesso 1980) and Tridentiger obscures

(Kaneko et al. 1986). This observation suggests that

vacuolization is a typical characteristic of animals at

maturation (developing phase). In our study, GtH cells

of P. maculatus reached their maximum degree of

vacuolization at spawning capable phase. Since vac-

uoles resulted from the deficient protein transport from

RER to Golgi complex, vacuolization seems to be a

sign of cell hypertrophy and low cellular activity.

Therefore, GtH cells become gradually hypertrophic

during maturation until spawning capable phase of P.

maculatus. Feedback regulatory mechanisms might be

involved in this process of vacuolization. In the

regressing/regenerating phase, hypertrophic GtH cells

disappeared, and GtH cells became smaller with few

granules in their cytoplasm. Apoptosis of hypertrophic

GtH cells followed by their renewal from preexisting

GtH cells or stem cells is questions to be unraveled in

this model.

Next to the morphological characteristics, we also

evaluated Fsh- and Lh-immunoreactive GtH cells

during the reproductive cycle of P. maculatus and S.

maculatus. For P. maculatus, an apparent increase in

Fsh and Lh-immunoreactive cell density was seen

during developing and spawning capable phases.

Similarly, Lh-immunoreactive cells were more

numerous during the spawning capable phase of

Oncorhynchus mykiss (Nozaki et al. 1990) and Fun-

dulus heteroclitus (Shimizu et al. 2003c). The abun-

dant number of Lh-immunopositive cells during the

spawning period can be attributed to the involvement

of Lh at the end of the reproductive cycle, such as

gamete maturation and spawning (Levavi-Sivan et al.

2010; Schulz et al. 2010). Interestingly, it has been

shown in Senegalese sole and Danio rerio that Lh

drives spermiogenesis by direct activation on germ

cells (Chauvigné et al. 2014). This might explain the

remarkable presence of Lh-immunoreactive cells in

the developing and spawning capable phases of P.

maculatus, where spermiogenesis is more intense. For

S. maculatus, we did not find clear changes in Fsh and
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Lh-immunopositive cells during the continuous sper-

matogenesis; however, there is a strong immunostain-

ing for both GtHs in group I. Considering that this

species shows a continuous spermatogenesis, and

GtHs are key hormones controlling testicular physi-

ology, the presence of both Fsh and Lh along the

reproductive cycle might support the continuous

gametogenesis throughout the year.

S. maculatus from group I displayed testis with

prominent cortical region, which reflects intense

spermiogenesis and spermiation. An increased

immunostaining for b-Lh and b-Fsh might suggest

the role of these hormones at final maturation

(spermiogenesis and spermiation). Moreover, in this

group (I), an increased number of proliferating cell

nuclear antigen (PCNA)-positive spermatogonia is

seen, which indicates intense spermatogonial activity

(PCNA data—not shown). In this context, recent

studies (Nóbrega et al. 2015) have demonstrated that

recombinant zebrafish Fsh triggers spermatogonial

proliferation by producing stimulatory growth factors

in Sertoli cells of zebrafish, D rerio. Therefore, we

attribute the strong b-Fsh immunostaining found in S.

maculatus of group I to the possible commitment of

Fsh on active spermatogonial proliferation in this

species. Next to the role of Fsh on spermatogonial

Table 1 Overview about the duality of GtH cells in teleost species, mostly in adults, obtained by immunohistochemistry (IHC)

Species Order Type of IHQ Antibodies Results References

S. maculatus Characiformes Single Heterologous A third cell expressing both

GtHs

This study

Salminus

brasiliensis

Characiformes Single Heterologous Two distinct GtH cells Jesus et al. (2014)

P. maculatus Siluriformes Single Heterologous A third cell expressing both

GtHs

This study

Oncorhynchus

mykiss

Salmoniformes Single Heterologous Two distinct GtH cells Nozaki et al. (1990)

Salmo salar Salmoniformes Single Homologous Two distinct GtH cells Nozaki et al. (1990)

Sparus aurata Perciformes Single Heterologous Two distinct GtH cells Garcı́a-Ayala et al.

(2003)

Seriola

dumerilii

Perciformes Single Homologous A third cell expressing both

GtHs

Garcia-Hernández

et al. (2002)

Cichlasoma

dimerus

Perciformes Double Heterologous Two distinct GtH cells Pandolfi et al. (2006)

Oreochromis

niloticus

Perciformes Single/single Heterologous/

homologous

A third cell expressing both

GtHs/two distinct GtH cells

Kasper et al. (2006),

Aizen et al. (2007)

Thunnus

thynnus

Perciformes Single Heterologous Two distinct GtH cells Kagawa et al. (1998)

Epinephelus

coioides

Perciformes Single Homologous Two distinct GtH cells Li et al. (2005)

Padogobius

martensi

Perciformes Single Heterologous A third cell expressing both

GtHs

Cinquetti and Dramis

(2006)

Odontesthes

bonariensis

Atheriniformes Single Heterologous Two distinct GtH cells Miranda et al. (2001)

Oryzias latipes Beloniformes Single Heterologous Two distinct GtH cells Horie et al. (2014)

Fundulus

heteroclitus

Cyprinodontiformes Single/double Homologous Two distinct GtH cells Calman et al. (2001),

Shimizu et al.

(2003c)

Xiphoporus

maculatus

Cyprinodontiformes Single Heterologous A third cell expressing both

GtHs

Magliulo-Cepriano

et al. (1994)

Monopterus

albus

Synbranchiformes Double Homologous Two distinct GtH cells Wu et al. (2012)
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proliferation (Nóbrega et al. 2015), it is possible that

this GtH might assume different functions in other

teleost species (Shimizu et al. 2003a, b, c).

In summary, we reported morphological and

immunohistochemical changes in GtH cells from two

Brazilian freshwater species, S. maculatus and P.

maculatus, with different spermatogenic cycles (con-

tinuous and seasonal, respectively). In S. maculatus,

immunoreactivity for Lh/Fsh and the presence of

vacuoles were more intense in animals of group I

(intense spermiation). On the other hand, in P. macu-

latus, Fsh/Lh-immunopositive cells and vacuoles

seemed to be more abundant at the developing and

spawning capable phases. These differences might

reflect the type of spermatogenic cycle and dictates at

the pituitary level, the rhythmof germcell development.
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