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1. GENERAL INTRODUCTION 
1.1. Zebrafish (Danio rerio) as an experimental model

Teleost fish constitute about 50% of  ~ 67,000 vertebrate species, and the teleost-
specific third round of  whole genome duplication may have provided part of  the basis 
for the great diversity in fish species, not at last including the evolution of  a variety 
of  reproductive strategies (Nagahama 1983; Redding and Patiño, 1993, Pudney 1996, 
Le Gac and Loir 1999, Nakatani et al., 2001). This fascinating field of  reproductive 
biology is relevant also from an applied point of  view. For instance, fish served as 
bioindicator species for evaluating environmental pollutants that can disrupt vertebrate 
reproduction, a growing problem worldwide (Cazenave et al., 2009; Söffker and Tyler, 
2012; Baker and Hardiman, 2014; Prado et al., 2014). Also, studies on aspects of  
reproductive biology, such as sex differentiation or the timing of  puberty or of  adult 
reproduction of  economically relevant fish species, are important for sustainability 
aspects of  finfish aquaculture and the food industry (Taranger et al., 2010). Considering 
that human consumption of  fish per capita doubled to above 20 kg since the 1960s 
in 2015 while the population also more than doubled (FAO, 2016), possibilities to 
improve sustainability aspects of  finfish production in aquaculture deserves thorough 
attention, also considering that more than half  of  the fish consumed by humans today 
is derived from aquaculture facilities. Among other problems, early puberty occurs 
in many farmed fish species, in particular in males, and it is a significant economic 
problem due to negative effects mainly on growth performance, flesh composition, 
health, welfare and survival (Taranger et al., 2010; Gutierrez et al., 2014). According to 
the Institute of  Marine Research (Bergen, Norway), approximately €90 million/year are 
lost in the Norwegian aquaculture due to early male puberty (data from 2015). Hence, 
it is important to understand the mechanisms triggering puberty in fish in order to 
develop approaches for its control and management. A hallmark process of  puberty 
is the initiation of  spermatogenesis, the process on which the present thesis focusses. 

The zebrafish (Danio rerio: Figure 1) is a small tropical fresh water fish native 
to the streams of  the southeastern Himalayan region. The zebrafish belongs to the 
Cyprinidae family and the Cypiriniformes order (Mayden et al., 2007). In captivity, zebrafish 
become sexually mature with three months and their lifespan is ~ 2.5 years (Gerhard 
et al., 2002; Spence et al., 2008). This fish species 
has become a widely used experimental model 
due to several beneficial characteristics, such 
as: simple conditions of  handling, numerous 
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Figure 1: Zebrafish (Danio rerio)



offspring, external fertilization, transparency of  the embryos and its fully sequenced 
genome (Grunwald & Eisen, 2002). In the late 1960s, this species was introduced as a 
laboratory model by George Streisinger. In 1981, he published a seminal article entitled 
“Production of  clones of  homozygous diploid zebrafish”, which marked the beginning 
of  the use of  zebrafish in genetic and experimental research. Nowadays, zebrafish is 
widely used for research purposes in several fields, as in: genetics (Leong et al., 2012), 
developmental biology (Dawid, 2004), evolutionary theory (Parichy, 2006), toxicology 
(Hill et al., 2005), reproductive and endocrine studies (Nóbrega et al., 2010; Morais et 
al., 2013; Chu et al., 2015; Zhang et al., 2015;  Crespo et al., 2016), stem cell research in 
regenerative medicine (Major and Poss, 2007) but also oncology (Xiang et al., 2009; Liu 
and Leach, 2011; White et al., 2013) and other disease related research. 

1.2. Endocrine and paracrine regulation of  spermatogenesis in fish and mammals
Sexual reproduction is a biological process with the aim to transfer recombined 

maternal and paternal genetic information to the next generation. The endocrine system 
with its different hormones and growth factors, produced by different tissues or locally 
in the testis, plays a crucial role in vertebrates to guarantee the success of  reproduction 
on different levels of  integration, ranging from molecular to cellular, organismal up 
until the population level. Sexual reproduction of  males depends on the production of  
spermatozoa and the respective process, spermatogenesis, usually starts during puberty 
in vertebrates.

In all vertebrates, puberty is triggered by pituitary gonadotropins (FSH and LH) 
that stimulate testicular production of  androgens and growth factors by activating their 
cognate receptors in steroidogenic Leydig cells and the germ cells-nursing Sertoli cells. 
Also, the Leydig cell-derived androgens activate their receptors in Sertoli and peritubular 
myoid cells to modulate, together with Fsh, the structural, nutritional and regulatory 
support provided to the germ cells. Overall, pituitary hormones and androgens are 
required for the start of  puberty. The receptors for these hormones are expressed by 
the somatic but not by the germ cells. 

In mammals, FSH and LH have distinct functions, different cellular targets and 
they bind specifically to their respective receptors, the FSH receptor (FSHR) and LH 
receptor (LHCGR), which are found in Sertoli and Leydig cells, respectively (Pierce 
and Parsons, 1981; Saez, 1994; Kumar, 2005; Petersen and Soder, 2006). In teleost fish, 
however, Fsh has gained a strong steroidogenic potency based on the fact that Leydig 
cells do not only express the receptor for Lh, but also the receptor for Fsh (García-
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López et al., 2010; Figure 2). Hence, Fsh alone can fulfill the functions, for which in 
mammals Fsh and Lh are required.

As mentioned before, FSH and androgens are considered the main hormones 
regulating spermatogenesis in vertebrates (Plant and Marshall, 2001; McLachlan et al., 
2002; Sharpe, 2003; Schulz et al., 2010). In mammals, the effects of  these hormones 
on testicular function have been evaluated also by using knockout models and 
recombinant hormones (Kumar et al., 1997; Dierich et al., 1998; de Gendt et al., 2009, 
O’Shaughnessy et al., 2010). For example, mice without FSH or without its receptor 
(FSHRKO) were fertile but they presented a significant reduction in testicular weight 
due to the reduction in the number of  Sertoli and germ cells (Kumar et al., 1997; 
Dierich et al., 1998; Abel et al., 2000; 2008). In contrast, mice with a total androgen 
receptor knockout (ARKO) or with peritubular myoid cell- or Sertoli cell-specific AR 
knockout (PTM-ARKO; SCARKO, respectively) genotypes were found to be infertile 
(De Gendt et al., 2009; Welsh et al., 2009). When gonadotropins were absent, or in case 
of  androgen insensitivity, treatment with recombinant FSH induced spermatogonial 
proliferation but spermatogenesis still arrested during meiosis, which is androgen 
dependent in mammals (O’Shaughnessy et al., 2009). However, little is known about 
how the classical endocrine input (FSH, LH→androgen) is converted into paracrine 
factors that then modulate testicular functions, i.e. there is limited information on the 
endocrine to paracrine transition in the regulation of  spermatogenesis. Rare examples 
are recent studies in mice, showing that testosterone modulates spermatogonial stem 
cell (SSC) behaviour in two opposite ways: stimulating SSC self-renewal by promoting 
the production of  glial cell-line derived neurotrophic factor (GDNF) in peritubular 
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Figure 2: Schematic representation of  gonadotropin-
receptor interaction in teleost fish. Under physiological 
conditions each gonadotropin binds to its respective 
receptor. In response to high doses, in particular when 
no competition for receptor binding is possible, Lh 
can activate the Fshr (So et a., 2005; Zhang et al., 2015; 
Chen et al., 2015; Xie et al., 2017). Although Lhcgr 
was reported to be expressed by SC in zebrafish, it is 
possible that this intratubular lhcgr expression in fact 
reflects expression by haploid germ cells; afterall, Fsh 
but not Lh affects SC gene expression (García-López 
et al., 2010). LC, Leydig cell; SC, Sertoli cell. 



myoid cells (Chen et al., 2016) and reducing SSC self-renewal by reducing wingless-
type MMTV integration site family member 5A (WNT5a) in Sertoli cells (Tanaka et al., 
2016). 

In fish, loss-of-function of  both fshr and lhcgr genes result in male infertility 
(Chu et al., 2015). Interestingly, in the absence of  either Fsh or Lh signalling, the 
remaining gonadotropin can play a compensatory role, for example by cross-activating 
the heterologous gonadotropin receptor (Chu et al., 2015; Zhang et al., 2015; Xie te 
al., 2017; see also Fig. 2). However, in cell-based in vitro studies, supra -physiological 
doses of  Lh activated the Fshr, while the Lhcgr did not respond to Fsh at all (So 
et al., 2005). Also, primary testis tissue culture and in vivo studies showed that both 
Fsh and Lh stimulated steroid release but only Fsh was able to modulate testicular 
gene expression (García-López et al., 2010) suggesting that although Fsh or Lh alone 
can stimulate spermatogenesis, the mechanisms used by each gonadotropin seem to 
differ. Taken together, these results suggest that when there is no competition among 
gonadotropins for receptor binding, in particular when higher doses are used, receptor 
cross-activation may occur. While the physiological roles of  fish gonadotropins require 
further clarification, this is not the aim of  the present thesis. In this thesis, we use Fsh to 
investigate paracrine systems, using recombinant Fsh experiments with pharmacological 
inhibitors and recombinant growth factors in a primary testis tissue culture system 
developed for zebrafish (Leal et al., 2009). This approach has been instrumental to shed 
light on the question how Fsh controls the expression and biological activity of  two 
antagonistic growth factors that regulate spermatogenesis.

Another relevant contributor to the regulation of  spermatogenesis is the thyroid 
gland. The thyroid hormones (THs), triiodothyronine (T3) and its prohormone, 
thyroxine (T4) are tyrosine-based hormones that are primarily responsible for regulating 
energy and metabolism. However, THs are also important for the development of  the 
reproductive system. In mammals, several studies under hypo- and hyperthyroidism 
conditions demonstrated that TH acts mainly on the proliferation and terminal 
maturation of  Sertoli cells (de França et al., 2005; Auharek et al., 2010; Wagner et 
al., 2012), on the differentiation of  Leydig cell and by stimulating the expression of  
steroidogenic enzymes (Antony et al., 1995; Mendis-Handagama and Siril Ariyaratne, 
2005). Transient neonatal hypothyroidism, induced by the goitrogen 6-n-propyl-2-
thiouracil (PTU) treatment, increased testis size and daily sperm production (Cooke, 
1991; Cooke et al., 1991; Joyce et al. 1993; Holsberger and Cooke, 2005). In teleosts, 
information on the effects of  THs on the reproductive system is limited. In goldfish, 
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THs decreased gonadal steroid synthesis and steroid receptor expression (Habibi et al., 
2012). In adult zebrafish, ex vivo studies demonstrated that T3 stimulated the proliferation 
of  both Sertoli cells and type A undifferentiated (Aund) spermatogonia, involving a new 
member of  the Igf  family, the insulin-like growth factor 3 (Igf3; Morais et al., 2013). 
Moreover, T3 potentiated Fsh-stimulated androgen release as well as androgen receptor 
expression (Morais et al., 2013). 

Although extratesticular signalling molecules, such as the two gonadotropins FSH 
and LH are required for normal spermatogenesis, it is known that these systemic signals 
are translated locally into short-range, paracrine signalling molecules that regulate 
spermatogenesis. The functions and mechanisms of  action used by theses paracrine 
factors have received more attention lately. In rodents, a number of  such factors 
are important for regulating spermatogonial stem cells (SSCs) fate, such as: GDNF 
required for SSC maintenance (Meng et al., 2000; 2001; Chen et al., 2016); fibroblast 
growth factor 2 (FGF2; Kubota et al., 2004); WNT5a (Tanaka et al., 2016) and colony-
stimulating factor 1 (CSF1; Oatley et al., 2009) both important for the self-renewal and 
expansion of  SSCs. On the other hand, activin A and bone morphogenic protein 4 
(BMP4) promoted SSC differentiation (Loveland and Robertson, 2005; Nagano et al., 
2003). In teleosts, although less information is available, some factors have emerged as 
important regulators of  SSC activity, such as: anti-Mullerian hormone (Amh), a member 
of  the Tgf-β (transforming growth factor beta) family, which blocked spermatogonial 
differentiation (Miura et al., 2002, Skaar et al., 2011); platelet-derived endothelial cell 
growth factor (Pd-ecgf) stimulated SSCs self-renewal (Miura et al., 2003); and insulin-like 
growth factor 1 (Igf1) stimulated spermatogonial proliferation and differentiation (Loir 
and Le Gac, 1994). In the eel testis, Igf1 is a permissive factor required for androgens 
to exert stimulatory effects on spermatogenesis (Nader et al., 1999). Next to that, 
other paracrine factors released locally in the testis have been pointed out as potential 
candidates for regulating changes in spermatogonial proliferation and differentiation 
behavior: insulin-like growth factor 3 (Igf3; Wang et al., 2008; Berishivili et al., 2010) and 
insulin-like peptide 3 (Insl3; Good-Ávila et al. 2009; Yegorov; et al. 2009; García-López 
et al., 2010; Good et al. 2012). The mRNAs for the two latter peptides have also been 
identified in an RNA sequencing study as differentially regulated by Fsh in the zebrafish 
testis (Crespo et al., 2016). This study has identified the possible involvement several 
other signalling systems, such as canonical and non-canonical Wnt and the hedgehog 
signalling pathways, providing interesting leads for future work. 
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1.3. Spermatogenesis in teleost fish
Different from amniotes, spermatogenesis in anamniotes (fish and amphibian) 

takes place in structures known as spermatogenic cysts (Figure 3). These cysts are 
formed when a single Aund spermatogonium is surrounded by cytoplasmic extensions 
of  one or sometimes two Sertoli cells (Grier, 1993; Pudney, 1993; 1995; Leal et al., 2005; 
Schulz et al., 2010). Within a cyst, an Aund spermatogonium can either self-renew in order 
to keep a pool of  a germ cell with stem characteristics in the testis and could then be 
considered as being a stem cell. Alternatively, an Aund spermatogonium can differentiate 
into spermatogonia committed to spermatogenesis (Vilela et al., 2003; Schulz et al., 
2010; McClusky, 2012). Hence, the balance between self-renewal and differentiation 
is crucial to guarantee the homeostasis of  spermatogenesis. To self-renew, an Aund 
spermatogonium needs a specific microenvironment that is denominated stem cell 
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Figure 3: Schematic view of  cystic spermatogenesis observed in anamniotes. In anamniote testes, the 
functional unit of  the germinal epithelium is the spermatogenic cyst, which is formed initially by Sertoli 
cell(s) enveloping a single spermatogonium. Sertoli cells share their fate with the developing germ cell 
that they nourish, and eventually degrade when germ cells mature and spermiate (de França et al., 2015). 
The germinal epithelium contains Sertoli (SE) and germ cells, delineated by a basal lamina (BL) and 
peritubular myoid cells (MY). The interstitial Leydig cells (LE) and blood vessels (BV) are shown. Type A 
undifferentiated spermatogonia (Aund); type A differentiated spermatogonia (Adiff); type B spermatogonia 
[B (early-late)]; leptotenic/zygotenic primary spermatocytes (L/Z); pachytenic primary spermatocytes (P); 
diplotenic spermatocytes/metaphase I (D/MI); secondary spermatocytes/metaphase II (S/MII); early 
(E1), intermediate (E2) and final spermatids (E3); spermatozoa (SZ).
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niche, a location or site where spermatogonial self-renewal is possible because of  its 
cellular composition and signalling “cocktail” that can vary between species (Spradling 
et al., 2001; Schulz et al., 2010; de França et al., 2015; de Rooij, 2015), and also can be 
provided by blood vessels (de Rooij, 2015; de França et al., 2015). In fish, the Sertoli 
cells are important cellular contributors to the niche (Nóbrega et al., 2010; de França et 
al., 2015) while in mammals, Sertoli cells and basal lamina provide the structural support 
for the SSCs. In mice, SSCs are motile cells able to leave the niche and become exposed 
to conditions that result in the loss of  stemness and subsequently they differentiate (de 
Rooij, 2015). In fishes and amphibians, single Aund have not been reported to be motile 
cells and are enveloped by Sertoli cells in the cystic type of  spermatogenesis. A change 
from self-renewal to differentiation of  these Aund spermatogonia may require a change 
of  the conditions within the cyst, for example regarding the growth factor cocktail. 
Thus, we assume that when the signalling in the niche changes (anamniotes; de França 
et al., 2015) or when displacement from the niche occurs (amniotes; Hara et al., 2014; 
Lord and Oatley, 2017), it is likely that Aund spermatogonia differentiate. 

After the first step of  differentiation, when cytoplasmic bridges present between 
germ cells from the first spermatogonial division interconnect them to a clonal syncytium 
in one cyst (Loir et al., 1995), the further germ cell development can be morpho-
functionally divided in three different phases: the mitotic or spermatogonial phase; the 
meiotic phase; and the spermiogenic phase (Figure 3). In the spermatogonial phase, 
the spermatogonial population expands synchronously within a given clone, through 
a series of  mitotic divisions. Based on their morphology, the spermatogonial cells can 
be classified in two types: type A and type B spermatogonia. Type A spermatogonia 
are subdivided in undifferentiated (Aund), including the SSCs, and differentiating (Adiff) 
spermatogonia. In zebrafish, two types of  single, undifferentiated spermatogonia are 
found: type Aund* and the type Aund spermatogonia (Figure 4; Leal et al., 2009). The type 
Aund* shows the most undifferentiated characteristics, such as a large nucleus with little 
heterochromatin, a high volume of  cytoplasm, a convoluted nuclear envelope and – 
particularly relevant – darkly staining material on the cytoplasmic side of  invaginations 
of  the convoluted nuclear envelope. Such patches are known as “nuage” in the primordial 
germ cells, the earliest (embryonic) generation of  germ cells. The other type of  single 
spermatogonia shows a smooth nuclear envelope and less or no nuage (see Figure 4). 
The Adiff  share some morphological characteristics and it is derived from type Aund 
spermatogonia, but they are smaller and occur in groups while type Aund are single cells 
(Leal et al., 2009, Schulz et al, 2010). Permanent commitment to further differentiation 
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(Shibata & Hamaguchi, 1988) and changes in a number of  morphological aspects such 
as decreasing cell and nuclear volume, and the presence of  a small rim of  cytoplasm 
surrounding an oval to round nucleus containing more heterochromatin (Leal et al., 
2009), lead to the type B spermatogonia. The number of  spermatogonial generations 
can vary among fish species, but is determined genetically within species (Ando et 
al., 2000; Nóbrega et al., 2009; Schulz et al., 2010). For instance, goldfish, tilapia and 
cardinal fish have eight generations of  differentiated spermatogonia (Ando et al., 2000; 
Schulz et al., 2005; Fishelson et al., 2006), whereas zebrafish has nine (Leal et al., 2009) 
and Japanese eel has ten spermatogonial generations (Miura et al., 1991). 

After clonal expansion and differentiation, the spermatogonia will enter the 
meiotic phase, by differentiating after the last S-phase, into primary spermatocytes. 
These germ cells will increase in size and display distinct nuclear morphologies, such 
as the condensing chromosomes that pass through leptotene, zygotene, pachytene 
and diplotene stages. During the first meiotic cell cycle the reshuffling of  the paternal 
and maternal genetic information takes place via crossing overs, while the reduction 
to a haploid genome takes place during the second meiotic cell cycle, without DNA 
synthesis, giving rise to the spermatids. During the spermiogenic phase, the haploid 
spermatids undergo drastic morphological and cytological transformations that yield 
the flagellated spermatozoa, which are released into the tubular lumen by opening of  
the spermatogenic cyst (spermiation), so that spermatozoa can leave the testis via the 
efferent duct system (Russell et al., 1990, Sharpe, 1994; Eddy, 1999; Schulz et al., 2010).

1.4. Testis structure and organization
As typically seen in vertebrates, also in teleost fish, a tunica albuginea surrounds 

the testis thus forming the connective tissue organ wall. The testicular parenchyma 
consists of  two distinct compartments: the tubular and the intertubular (or interstitial) 
compartments (Grier, 1981). The intertubular compartment contains the steroidogenic 
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Figure 4: Morphological features of  two types 
A undifferentiated spermatogonia and type A 
differentiated spermatogonia. The first question 
mark (?1) indicates a doubt regarding a possible 
asymmetric division of  Aund* (dotted line leading 
to a pair of  spermatogonia). The second question 
mark (?2) indicates the doubt as to whether or not 
type Aund* is separated from type Aund by a mitosis. 
The third question mark (?3) indicates uncertainty 
regarding the ‘‘stemness’’ of  Aund.
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Leydig cells, blood and lymphatic vessels, macrophages and mast cells, neural 
and connective tissue cells (Koulish et al., 2002; Schulz et al., 2010). The tubular 
compartment is composed of  the peritubular myoid cells, the basement membrane, 
and most prominently the seminiferous epithelium, which contains two different cell 
types: Sertoli cells and germ cells in different stages of  differentiation, and the tubular 
lumen. The somatic Sertoli cells are essential for the survival and development of  
germ cells, so that spermatogenesis can provide sufficient numbers of  spermatozoa 
to guarantee fertility. Expressing the receptors for reproductive hormones, the Sertoli 
cells produce upon endocrine input paracrine output that regulates spermatogenesis 
(Schulz et al, 2010). Besides that, Sertoli cells have other important functions such as 
the fluid production stimulated by Fsh and androgens, important for lumen formation 
and transport of  spermatozoa, and phagocytosis of  apoptotic germ cells or of  germ 
cell material that is discarded by spermatids during spermiogenesis, or of  spermatozoa 
remaining in the tubular lumen after spermiation (Billard, 1983; Sharpe, 1994; de França 
et al., 2015). 

The number of  Sertoli cells present in the testis is the main factor determining the 
number of  spermatogenic cysts, which ultimately determines the size of  this organ and 
the magnitude of  sperm production (Schulz et al., 2005; Petersen and Söder, 2006; Leal 
et al., 2009; Schulz et al., 2010). In amniote (mammals, birds and reptiles) vertebrates, the 
proliferation of  Sertoli cells stops during puberty with the formation of  tight junctions 
between neighbouring Sertoli cells (Orth, 1982; Cortes et al., 1987; Sharp et al., 2003; 
Auharek et al., 2010). Sertoli cells remain in this quiescent state as regards proliferation 
throughout adult life (Cortes et al., 1987; Hadjiolova et al., 1989; Vergouwen et a., 
1991). In the cystic type of  spermatogenesis (Figure 3) found in anamniotes (fishes and 
amphibians), Sertoli cell proliferation is fully activated during puberty and the Sertoli 
cells retain their ability to proliferate throughout the reproductive life span. Sertoli cell 
proliferation is required to form new cysts or to increase the Sertoli cell number during 
the growth and development of  existing cysts (Schulz et al. 2005; de França et al., 2015). 
Interestingly and different from what has been previously thought, ultrastructural 
analyses showed that a single Sertoli cell can be in contact with more than one germ 
cell clone in different stages of  spermatogenesis (de França et al., 2015). Similar to 
mammals, it is tempting to speculate that Fsh and THs are important hormones for the 
proliferation and maturation/differentiation of  Sertoli cells (Orth et al., 1988, Sharpe et 
al., 2003, Auharek et al., 2010; Schulz et al., 2012; Morais et al., 2013; Schulz et al., 2015; 
de França et al., 2015). 
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The interstitial Leydig cells are another important testicular cell type and the main 
source of  androgenic sex steroids. These cells are often found in groups close to blood 
vessels in the intertubular compartment of  the testis (Leal et al., 2009). In teleost fish, 
both Lh and Fsh stimulate these cells to release sex steroids that regulate different 
phases of  spermatogenesis (García-López et al., 2010; Schulz et al., 2010; 2012). 
Among the sex steroids produced by the Leydig cells, androgens such as testosterone 
(T) and 11-ketotestosterone (11-KT) are the dominating steroids synthesized in the 
testis in mammals (Dufau, 1998) and in teleosts fish (Borg, 1994), respectively. Besides 
that, Leydig cells express paracrine factors relevant for spermatogenesis such as: Insl3 
(studied in the present thesis) and Wnt5a (ongoing studies in our laboratory).

1.5. Aims and outline of  the thesis
Spermatogenesis is coordinated by the pituitary gonadotropins Fsh and Lh and 

their downstream mediators, but also by other hormones, such as thyroid hormones 
(Schulz et al., 2010; 2015). Under the influence of  these hormones, testicular cells 
produce growth factors and other signalling molecules, such as androgens, that 
participate in regulating germ cell development; this thesis will focus on locally 
produced growth factors. The main aim of  this thesis is to characterize the biological 
activities of  growth factors that were identified previously as potentially relevant for 
regulating spermatogonial development, which is crucial to further our understanding 
of  the endocrine and paracrine control of  spermatogenesis. As mentioned before, the 
zebrafish is an excellently suited model species also for research into the reproductive 
biology, not at last due to the testis tissue culture system developed for this species 
(Leal et al., 2009). It allows investigating the direct effects of  hormones and growth 
factors on the proliferation and differentiation behaviour of  spermatogonia and on 
the accompanying changes in gene expression, offering a more comprehensive (i.e. 
morphological and functional) analysis of  germ cell development. 

In chapter 2 and 3, the biological functions of  two growth factors were investigated 
in the zebrafish testis: a new Igf  family member, Igf3 (chapter 2) expressed mainly 
by Sertoli cells and, a relaxin peptide family member, Insl3 (chapter 3) expressed by 
Leydig cells; both, igf3 and insl3 transcript levels were up-regulated by Fsh. Recombinant 
zebrafish Igf3 promoted the differentiating proliferation of  spermatogonia and 
stimulated their transit into meiosis. Human INSL3 also increased spermatogonial 
proliferation activity, specifically of  the most undifferentiated generation, which was 
moreover recruited into differentiation. 
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Chapter 4 further investigated the Igf  signalling system by examining the potential 
involvement of  Igf  binding proteins (Igfbps) in mediating T3 or Fsh effects on 
spermatogonial proliferation. T3 and Fsh stimulated spermatogonial self-renewal and 
differentiating divisions, involving in both cases Igf3 signalling. Elevating Igf3 bioactivity 
by blocking Igfbps further increased T3- or Fsh-induced effects in particular as regards 
the differentiating divisions, leading to a depletion of  type Aund spermatogonia in favor 
of  more differentiated generations. 

Previous work has shown that the Tgf  beta family member anti-Mullerian 
hormone (Amh) inhibited the differentiation of  type Aund spermatogonia. As Igf3, 
Amh is expressed by Sertoli cells and regulated by Fsh, although not positively, as 
Igf3, but negatively. Chapter 5 first showed that higher concentrations of  Fsh were 
required to down-regulate Amh than to up-regulate Igf3. Therefore, in particular at 
lower concentrations of  Fsh, both factors will be present at the same time, suggesting 
they can interact. Examining their interaction showed that Amh compromised Igf3-
stimulated proliferation of  type A (both Aund and Adiff) spermatogonia. Chapter 5 also 
examined Amh-induced changes in testicular gene expression by RNA sequencing. 
Interestingly, several steroidogenesis-related genes were down-regulated. Evaluating the 
effects prostaglandin E2 (PGE2), one of  the potentially inhibitory signals identified as 
Amh-regulated by RNA sequencing analysis, showed that PGE2 increased the mitotic 
activity while blocking the differentiation of  type Aund spermatogonia, leading to their 
accumulation at the expense of  Adiff  and B spermatogonia. Evidently, Amh is a potent 
factor exerting independent inhibitory effects on the production and activity of  growth 
factors and androgens.

Finally, in view of  the clear stimulatory effects of  Igf3 on spermatogonial 
proliferation and differentiation and the gonad-specific expression of  this factor in 
adults, chapter 6 analyzed the igf3 loss-of-function induced by CRISPR-Cas9 gene 
editing on zebrafish spermatogenesis. F0 zebrafish carrying mutations displayed 
impaired spermatogenesis with an accumulation of  type Aund spermatogonia and a 
reduced proportion of  meiotic and postmeiotic cells. 

In chapter 7, the findings reported in this thesis are summarized and integrated.
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ABSTRACT
Growth factors modulate germ line stem cell self-renewal and differentiation 

behavior. We investigate the effects of  insulin-like growth factor 3 (Igf3), a fish-specific 
member of  the igf family. Follicle-stimulating hormone (Fsh) increased in a steroid-
independent manner the number and mitotic index of  single type A undifferentiated 
(Aund) spermatogonia and of  clones of  type A differentiating (Adiff) spermatogonia in 
adult zebrafish testis. All four igf gene family members  in zebrafish are expressed in the 
testis but in tissue culture only igf3 transcript levels increased in response to recombinant 
zebrafish Fsh. This occurred in a 3′,5′-cyclic AMP (cAMP)/protein kinase A (PKA)-
dependent manner, in line with the results of  studies on the igf3 gene promoter. Igf3 
protein was detected in Sertoli cells. Recombinant zebrafish Igf3 increased the mitotic 
index of  type Aund and type Adiff  spermatogonia and up-regulated the expression of  
genes related to spermatogonial differentiation and entry into meiosis, but Igf3 did not 
modulate testicular androgen release. An Igf  receptor inhibitor blocked these effects of  
Igf3. Importantly, the Igf  receptor inhibitor also blocked Fsh-induced spermatogonial 
proliferation. We conclude that Fsh stimulated Sertoli cell production of  Igf3, which 
promoted via Igf  receptor signalling spermatogonial proliferation and differentiation 
and their entry into meiosis. Since previous work showed that Fsh also released 
spermatogonia from an inhibitory signal by down-regulating anti-Müllerian hormone 
(Amh) and by stimulating androgen production, we can now present a model, in which 
Fsh orchestrates the activity of  stimulatory (Igf3, androgens) and inhibitory (Amh) 
signals to promote spermatogenesis.
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INTRODUCTION
Spermatogenesis relies on the continuous proliferation of  spermatogonial stem 

cells (SSC), the male germ line stem cells in the testis. SSCs either self-renew, producing 
more stem cells or differentiate into committed progenitor cells ultimately developing 
into spermatozoa. The SSCs locate to specific areas of  the seminiferous tubules, the 
so-called SSC niche (1-4). Growth factors released from somatic elements of  the niche, 
such as Sertoli cells [glial cell line-derived neurotrophic factor, GDNF, (5-7); activin A 
and bone morphogenetic protein 4, BMP4, (8,9)], Leydig or peritubular myoid cells 
[colony-stimulating factor 1, CSF1 (10-11)], contribute to the niche homeostasis, and 
influence the balance between SSC self-renewal and differentiation (4). It is possible 
that yet unknown factors participate in regulating germ cell proliferation/differentiation 
or that known factors exert yet unknown functions in the testis.

Follicle-stimulating hormone (FSH) and luteinizing hormone (LH) regulate 
Sertoli and Leydig cell functions, thereby also modulating SSC fate. In rodents, FSH 
stimulates Sertoli cell GDNF secretion which promotes SSC self-renewal (12). LH-
regulated androgens seem to inhibit spermatogonial differentiation under certain 
conditions (13,14), and the decrease of  androgen levels improves the success of  germ 
cell transplantation by increasing the number of  SSC colonies (15). On the other hand, 
androgens are required for the completion of  meiosis (16) and spermiogenesis in rodents 
(17). Analysis of  mice models lacking FSH or its receptor (18-20) showed that puberty 
was delayed, Sertoli cell number and testis weight were reduced, and the percentage of  
misshaped sperm with compromised mobility was increased but mutant males were still 
able to sire offspring, though in lower numbers. Deleting the androgen receptor from 
Sertoli cells arrested spermatogenesis at the meiotic phase and caused infertility (17). 
Administering FSH to gonadotropin-deficient, androgen-insensitive mice resulted in 
increased numbers of  spermatogonia and stimulated their entry into meiosis, but the 
germ cells failed to complete meiosis and spermiogenesis, for which androgen action 
is needed (21). Therefore, it is reasonable to assume that FSH modulates the balance 
among growth factors that mainly target spermatogonia and their entry into meiosis. 

To unravel the effects of  a given growth factor, the mammalian testis with its 
multi-layered germinal epithelium is a comparatively complex structure: a Sertoli cell 
is associated with several different stages of  germ cell development at any given time 
(22). Here, we make use of  the cystic mode of  spermatogenesis in fish (23,24) as an 
alternative model to study this question, mainly because a fish Sertoli cell usually contacts 
only one or two different germ cell clones at a time. In cystic spermatogenesis, a SSC 
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is completely enveloped by Sertoli cells. Upon differentiation, the developing germ cell 
clone remains enveloped by and accompanied through spermatogenesis by its group 
of  Sertoli cells that also proliferate in a predictable manner (24-26), thereby providing 
space and support for the proliferating/differentiating germ cell clone. 

We sought to further simplify the situation in our search for testicular factors 
regulating spermatogonial development by investigating a species showing clear 
reproductive seasonality. Focusing on the transition from a quiescent, immature testis 
towards an activation of  spermatogonial proliferation, we analyzed differentially 
expressed genes in Atlantic salmon testis tissue samples using microarrays (manuscript 
in preparation). Among the differentially expressed genes, potentially inhibitory and 
stimulatory growth factors were identified. The identity and biological activity of  an 
inhibitory factor, Amh, has been described previously in juvenile eel (27) and adult 
zebrafish (3). Here we report on a stimulatory factor, a member of  the insulin-like 
growth factor (Igf) family, Igf3 that appears to be found only in fish, and is predominantly 
expressed in adult gonads (28,29).

MATERIAL AND METHODS
Animals

The wild-type, transgenic, and mutant zebrafish lines used in the present study are 
described in Supplemental Material and Methods. Handling and experimentation were 
consistent with the Dutch national regulations; the Life Science Faculties Committee 
for Animal Care and Use in Utrecht (The Netherlands) approved the experimental 
protocols. 

Testis tissue culture
A previously described ex vivo organ culture system for adult zebrafish testis (30) 

was used for short-term (20 h for steroid release and gene expression as in Supplemental 
Fig.2A), medium-term (2 days as in Fig. 1B-C), or long-term (7 days in all other cases) 
incubations. For experiments on steroid release or – in some cases – for gene expression 
studies, incubation periods of  up to 2 days were used. However, to study effects on 
spermatogenesis (BrdU incorporation and morphometric studies on spermatogonia, 
production of  meiotic and/or post-meiotic cells), we used an incubation period of  7 
days, since the meiotic and spermiogenic phase in zebrafish together spans 6 days (26), 
since the cell cycle time of  spermatogonia is ~30 hours (31), so that only one cell cycle 
would occur during an incubation period of  2 days. In some cases (Figs. 2D-G, 5, 6A-
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C, Supplemental Fig. 5), the males were exposed for 3 weeks to 10 nM 17β-estradiol 
(E2), which results in an androgen insufficiency-related inhibition of  spermatogenesis 
associated with an accumulation of  type A spermatogonia (32), before their testis tissue 
was used for tissue culture.

Zebrafish testis tissue was incubated either with recombinant zebrafish (rzf) Fsh 
or Lh (33), both at 500 ng/mL (unless indicated otherwise), in the presence or absence 
of  trilostane (Chemos; 25 µg/mL), androgen (11-ketotestosterone; Sigma-Aldrich; 
400 nM) or recombinant zebrafish Igf3 (100 ng/mL, unless indicated otherwise; see 
Supplemental Material and Methods for details on Igf3 production). In addition, an 
IGF 1 receptor (IGF1R) kinase inhibitor, NVP-AEW541 (Selleckchem; 10 µM), or 
cAMP pathway inhibitors, the PKA inhibitor H89 (Sigma-Aldrich; 100 µM) and the 
MAPK inhibitor PD98059 (InvivoGen; 50 µM) were added to the culture medium when 
proliferation (Fig. 6) or igf3 gene expression (Fig. 4) were studied. BrdU (5-bromo-2-
deoxyuridine; Sigma-Aldrich; 50 µg/mL) was added for the last 6 h of  incubation (long-
term) to investigate the proliferation activity in the testis. Zebrafish testis was either 
used for testicular androgen release [measured as described by García-López et al. (34)], 
morphological analyses or gene expression studies. A description of  the morphological 
analyses (immunocytochemical detection of  Gfp or BrdU after testis tissue culture) is 
provided in the Supplemental Material and Methods. To evaluate the percentage of  
haploid, diploid and S-phase cells in response to Fsh or 11-ketotestosterone, propidium 
iodide DNA staining was applied to testicular cell suspensions. The DNA content of  
the cells was analyzed by flow cytometry (see details in Supplemental Material and 
Methods). 

Testicular gene expression
Total RNA extraction from testes was performed using the RNAqueous-Micro Kit 

(Ambion, Austin, TX, USA), following the manufacturer’s instructions. To estimate the 
relative mRNA expression levels of  a number of  selected genes (Supplemental Table 
1) by validated real-time, quantitative PCR (qPCR) assays, samples were processed as 
previously described (35,36). To visualize the cellular expression sites of  igf3 mRNA in 
zebrafish testis, in situ hybridization (ISH) was carried out as described previously (37), 
using DIG-labelled sense and antisense cRNA synthesized from a igf3-specific PCR 
product generated with primers 2878–2879 (Supplemental Table 2).

For ISH (igf3 mRNA localization) and IHC (Igf3 or Igf3 and vimentin protein 
co-localization) analyses, zebrafish received an injection of  rzfFsh (100 ng/g body 
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weight) into the coelomic cavity. After 6 h zebrafish were euthanized and testis tissue 
was collected and processed for ISH or IHC purposes (see Supplemental Material). . 

Regulatory elements in the zebrafish igf3 gene 
Tissue culture experiments suggested that cAMP is involved in the Fsh-mediated 

increase of  igf3 transcript levels, so that we decided to launch in silico promoter analyses 
followed by functional assays. To analyze whether cAMP is involved in regulating the igf3 
gene, promoter constructs of  ~2.0 kb and ~1.0 kb were PCR amplified with zebrafish 
genomic DNA as template using forward primers 3482 and 3484 in combination 
with reverse primer 3486 (Supplemental Table 2) and cloned into pGL3 basic vector 
(Promega, Leiden, The Netherlands). Putative CRE and ATF-1 transcription factor-
binding sites were mutated using primers 3770-3771 and 3775-3776 (Supplemental 
Table 2). Twenty-four hours after transfection of  wild-type and mutated constructs, 
human embryonic kidney (HEK) 293T cells were incubated in Dulbecco’s modified 
Eagle’s medium (DMEM) in the absence (basal) and presence (stimulation) of  10 µM 
forskolin (Sigma-Aldrich, Saint Louis, MO, USA) in order to determine the respective 
firefly luciferase activities. The complete procedure is described in more detail in 
Supplemental Material and Methods.

Statistical analysis
All data are represented as mean ± SEM (standard error of  the mean). Significant 

differences between two groups were identified using Student’s t test (paired or unpaired, 
as appropriate) (p<0.05). Comparisons of  more than two groups were performed with 
one-way ANOVA followed by Student-Newman-Keuls test (p<0.05). GraphPad Prism 
4.0 (GraphPad Software, Inc., San Diego, CA) was used for all statistical analyses.

Table 1. Antibodies

Peptide/Protein Target Antigen Sequence (if  known) Name of  Antibody Manufacturer, Catalog Number, and/or 
Name of  Individual Providing the Antibody 

Species Raised 
in; Monoclonal or 
Polyclonal 

Dilution 
Used 

 E domain of  Igf3 C-ADLQRDEESASQRIRER Anti-Igf3 (E domain) Pacific Immunology, Ramona, CA, USA Rabbit 2 μg/mL 

 Gfp Anti-Gfp Torrey Pines Biolabs, Inc (catalog no. TP401) Rabbit 1 μg/mL 

 Mouse/rabbit/rat IgG PowerVision Poly-HRP Immunologic, Klinipath (catalog no. DPVO110HRP) Goat 1:200 

 Rabbit IgG Antirabbit Alexa-Fluor 488 Life Technologies (catalog no. A-11034) Goat 8 μg/mL 

 Vimentin Antivimentin DSHB (catalog no. H5) Chicken 3 μg/mL 

 Mouse IgM Antimouse Alexa Fluor 405 Life Technologies (catalog no. A-31553) Goat 8 μg/mL 

 BrdU Anti-BrdU BD Bioscience (catalog no. 347580) Mouse 1:80 
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RESULTS 
Fsh triggers zebrafish spermatogenesis in an androgen-independent manner

Previous work in different fish species suggested that Igf1 directly stimulated 
germ cell proliferation (38) or supported permissively (39) gonadotropin-stimulated 
spermatogenesis. Therefore, we examined if  exposure to Fsh resulted in changes in the 
testicular transcript levels of  the four Igf  family members in zebrafish (igf1, igf2a, igf2b, 
igf3). We found that Fsh strongly increased testicular igf3 transcript levels in vivo (2 h; Fig. 
1A) and after 2 days of  tissue culture (Fig. 1B). Other Igf  family members showed no 
or much less prominent changes. The igf2a/b transcript levels did not change or were 
reduced in response to Fsh or androgens, so that we dismissed these Igf  family members 
from further analyses in this study. Although a short-term elevation of  igf1 transcript 
levels was recorded (Fig. 1A), comparative analysis of  the transcript abundances for 
igf1 and igf3 indicated that already under basal conditions and certainly following Fsh 
or androgen stimulation, igf3 transcripts were more abundant than igf1 transcripts (see 
Discussion section). The response to recombinant zebrafish Lh (34) was clearly distinct 
(Fig. 1A, C): in vivo, only a slight stimulatory effect on igf1 mRNA levels was observed, 
while ex vivo the igf3 mRNA levels were increased slightly but significantly. Since both 
gonadotropins stimulated Leydig cell steroid release in zebrafish (34; Supplemental 
Fig. 2A), we examined if  part of  the stimulatory response was attributable to steroid 
production. To this end, we blocked the production of  biologically active steroids with 
trilostane, a 3β-hydroxysteroid dehydrogenase inhibitor. The Fsh-induced increase in 
igf3 mRNA levels was slightly but not significantly reduced (Fig. 1B), while the weaker, 
Lh-mediated increase in igf3 mRNA levels was blocked completely (Fig. 1C). Quantifying 
igf3 mRNA levels under the influence of  androgens confirmed that igf3 transcript levels 
were up-regulated by 11-KT  (Fig. 1D).

We then examined if  Fsh stimulated spermatogenesis ex vivo, using different 
approaches and wild-type or vasa::egfp transgenic zebrafish. To address the androgen-
independent effects of  rzfFsh on zebrafish spermatogenesis, two experimental settings 
were used: 1) trilostane was included in the incubation medium to block the production 
of  biologically active steroids, or 2) testis tissue from an E2-induced androgen-
insufficiency model was used (32). In vasa::gfp transgenic animals, the single type A 
undifferentiated (Aund) spermatogonia and the first generations of  type A differentiating 
(Adiff) spermatogonia show a high level of  Gfp expression compared with germ cells 
in more advanced stages of  differentiation (spermatogonia B and spermatocytes; see 
Fig. 2B) . Examining whole testes from this transgenic line (not E2-pretreated) by 



confocal laser scanning microscopy (CLSM) after 7 days of  incubation with Fsh (500 
ng/mL; Fig. 2A-B) and trilostane revealed an increase in the number of  strongly Gfp-
positive spermatogonia. After the initial CLSM examination, the tissue was fixed and 
prepared for immunocytochemical detection of  Gfp protein (Supplemental Fig. 3) to 
quantify the number of  strongly Gfp-positive, single type Aund spermatogonia. This 

Figure 1. Testicular transcript levels of igf gene family members. (A) Transcript levels of  igf1, igf2a, 
igf2b and igf3, two h after injecting rzfFsh or recombinant zebrafish Lh (rzfLh) (100 ng/g body weight; 
n = 6-8 fish per treatment) into the body cavity. Transcript levels of  igf genes after two days of  testis 
tissue culture in the presence of  100 ng/mL of  rzfFsh (B) or 500 ng/mL of  rzfLh (C) in the absence or 
presence of  25 µg/mL trilostane (tril; n = 6-8 per treatment). (D) Transcript levels of  igf1, igf2a, igf2b and 
igf3 in testicular explants incubated with increasing concentrations of  11-KT ex vivo (n = 4-7 explants per 
dose) for 7 days. The columns represent the fold change of  the relative mRNA levels in the treated group 
over its respective control (mean ± SEM). Bars marked with * (p<0.05), ** (p<0.01), or *** (p<0.001) are 
significantly different from control condition, and bars marked with different letters denote statistically 
significant differences between Fsh and Lh responses. 

36



  

2

approach confirmed the increase in the number of  spermatogonia type Aund in response 
to Fsh (Fig. 2C). Using the androgen-insufficiency model, we examined Fsh effects 
on BrdU-incorporation and found increased mitotic indices of  both type Aund and 
type Adiff  spermatogonia (Fig. 2D-F). Also type B spermatogonia, either rarely seen or 
even absent in control incubations in this androgen-insufficiency model, were present 
and proliferated in the presence of  Fsh (Fig. 2E). We conclude that Fsh stimulated 
spermatogonial development in an androgen-independent manner. Analyzing gene 
expression in testis tissue of  the androgen-insufficiency model, we found ~100-fold 
increases in testicular igf3 mRNA and ~13-fold increases in star and cyp17a1 transcript 
levels (Fig. 2G), while no changes were observed in fshr, igf1ra and igf1rb transcript 
levels. The E2-induced androgen-insufficiency model is based on changes in Leydig 
and Sertoli cell activity, resulting in an inhibition of  spermatogenesis, associated with 
an accumulation of  type A spermatogonia (32). We also examined the proliferation 
response of  spermatogonia type Aund to the same dose of  Fsh (500 ng/mL) using testis 
tissue from animals not pre-exposed to estrogens. Not unexpectedly, the basal activity 
was higher but we again found a clear Fsh-mediated increase of  the mitotic index of  
spermatogonia type Aund (Supplemental Fig. 6).

To examine if  Fsh can also induce the development of  haploid cells, aliquots of  a 
testicular cell suspension (~2 x 105 cells) prepared from adult males in a way that they 
contain only about 3% of  haploid cells (31), were incubated for 7 days in the absence 
or presence of  100 ng Fsh/mL in medium containing trilostane. Incubations with 
11-ketotestosterone (400 nM) served as positive control; this androgen was previously 
shown to result in the production of  BrdU-positive spermatids and spermatozoa in 
tissue culture (26). After 7 days, the cells were DNA-stained with propidium iodide and 
analyzed using a flow cytometer (Fig. 2H). Both Fsh and androgen clearly increased the 
proportion of  haploid cells from 3% to ~19%.

Igf3 and Igf  receptor expression 
One approach to study if  Igf  family members and their receptors are expressed in 

germ cells and/or testicular somatic cells is to examine gene expression in the germ cell-
free homozygous piwil1 mutant [piwil1(-/-)] (40) in comparison with wild-type fish. Initial 
PCR studies showed that the two Igf  receptor genes present in the zebrafish genome, 
igf1ra and igf1rb, are both expressed in the testis (data not shown). We assumed that Igf  
or Igf  receptor gene expression clearly below the levels found in wild-type fish would 
indicate predominant germ cell expression of  that gene(s). The piwil2 mRNA levels in 
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Figure 2. Effects of  recombinant zebrafish Fsh on germ cell development and localization of  igf3 
mRNA and Igf3 protein in testis tissue of  Fsh-treated zebrafish. Qualitative (A-B) and quantitative 
(C) evaluation of  the number of  Aund spermatogonia in vasa::egfp zebrafish testes incubated for 7 days in the 
absence or presence of  500 ng/mL rzfFsh; trilostane (25 µg/mL) was added to prevent the production of  
biologically active steroids (n=8). (D-F) Morphological analysis and BrdU labelling index of  spermatogonia 
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the piwil1(-/-) mutant were very low, compatible with the germ cell depletion; the piwil2 
gene is expressed in most germ cells except spermatozoa (41). The data revealed that 
neither ligands nor receptor genes followed a pattern suggesting predominant germ 
cell expression (Supplemental Fig. 1). With respect to the ligands, only the reductions 
for igf2b mRNA levels reached statistical significance in the germ-free mutant males 
but were still clearly measurable. Considering the receptors, igf1ra transcript levels 
were significantly reduced, but igf1rb mRNA levels remained unchanged in the mutant 
(Supplemental Fig. 1). One possible explanation for this pattern is that igf1ra mRNA is 
expressed by germ and somatic cells, while igf1rb is mainly expressed by somatic cells. 
However, the background for a reduction in igf1ra transcript levels could also be that 
Sertoli cell expression of  this receptor depends in part on the presence of  germ cells. 
This suggests that none of  these genes is predominantly expressed in germ cells but 
does not exclude germ cell expression. 

In situ hybridization experiments with testis tissue collected 6 h after injecting 
100 ng Fsh/g body weight showed that igf3 mRNA was localized in the cytoplasm 
of  Sertoli cells contacting single germ cells, small and larger groups of  germ cells, 
representing type A and type B spermatogonia and spermatocytes (Fig. 2I). The igf3 
mRNA expression was very weak or absent in Sertoli cells contacting spermatids, and 
no staining was found associated with spermatozoa (Fig. 2I). 

type Aund and Adiff  in zebrafish testis. Males were pre-exposed to 10 nM E2 in vivo for 21 days, and testis 
tissue was cultured for 7 days with 25 µg/mL trilostane in the absence or presence of  500 ng/mL rzfFsh (n 
= 8). (G) Fold changes in transcript levels of  selected genes after ex vivo incubation of  zebrafish testes for 
7 days in the absence or presence of  500 ng/mL rzfFsh; the medium also contained 25 µg/mL trilostane 
(n = 8). The males were pre-exposed to E2 in vivo for 21 days. (H) Proportion of  haploid cells (spermatids 
and spermatozoa), indicated by arrowheads, after incubating testicular cell suspensions with 25 µg/mL 
trilostane (negative control), 400 nM 11-KT (positive control) or with 100 ng/mL rzfFsh+trilostane (n 
= 4) for 7 days. (I-J) In situ hybridization localized igf3 mRNA expression in the zebrafish testis. White 
arrowheads indicate intensely labeled Sertoli cell cytoplasm. No specific staining was obtained with a sense 
cRNA probe. (K-N) Immunofluorescence staining showing vimentin (red) and Igf3 (green) expression 
pattern in cytoplasmic extensions of  Sertoli cells contacting germ cells in different stages of  development. 
Propidium iodide (in blue) was used as a nuclear counterstaining. Co-localization with vimentin shows that 
Igf3 staining can cover the germ cell nucleus in particular in the case of  large type A spermatogonia (inset 
in M and N) but is usually found in between germ cells in the cytoplasm of  Sertoli cells (N). The cell types 
() were identified mainly based on the nuclear diameter, according to (26). Dotted lines delimit testicular 
tubular compartment. Dotted lines in the insert (K) delimit type A spermatogonia nuclei and their nucleoli. 
A, type A spermatogonia; SPG Aund, undifferentiated type A spermatogonia; SPG Adiff, differentiated type 
A spermatogonia; SPG B or B, type B spermatogonia; SPC, spermatocytes; SPT, spermatids; and SPZ, 
spermatozoa; asterisks indicates intense Igf3 staining in the cytoplasm of  SCs contacting type A SPG. Bars 
marked with * (p<0.05), ** (p<0.01), or *** (p<0.001) 
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Igf3 protein was detected with an antibody raised against the E domain of  Igf3 
(Supplemental Material and Methods). Using an immunofluorescence approach and 
analysis by CLSM allowed detecting Igf3 protein in Sertoli cells in association with all 
germ cell types except spermatozoa (Supplemental Fig. 4A-C). The fluorescence showed 
a small granular appearance in Sertoli cells contacting type A and B spermatogonia, but 
changed into a staining of  larger vesicles when Sertoli cells contacted spermatocytes and 
in particular spermatids (Supplemental Fig. 4C). To confirm the Sertoli cell localization 
of  the Igf3 staining, we carried out double labeling experiments, using an antiserum 
against vimentin, a type III intermediate filament that is not expressed by germ cells. 
These studies showed that the large type A spermatogonia were enveloped by Igf3-
positive Sertoli cell cytoplasm (see inserts on Figs. 2M-N), and that all Igf3 staining 
was located in Sertoli cell cytoplasm between more advanced germ cell stages up until 
spermatids (Figs. 2K-N). The specificity of  the staining obtained with the Igf3 antibody 
was confirmed by pre-incubating it with the peptide used for immunization, which 
blocked the vast majority of  the staining (Supplemental Fig. 4).

Cyclic AMP response element-binding protein and activating transcription 
factor 1 response elements in the igf3 promoter are involved in regulating igf3 
gene expression 

The PKA inhibitor H89 (100 µM) and the MAPK inhibitor PD98059 (50 µM) 
clearly reduced the Fsh-induced (500 ng/mL) increases in testicular igf3 mRNA levels 
(Fig. 3). The strong down regulation of  igf3 expression by H89 led us to investigate 
cAMP/PKA-related elements in the igf3 promoter sequence. 

To study the regulation of  igf3 gene expression in more detail, two distinct (i.e. 
polymorphic) zebrafish igf3 promoter sequences (see Supplemental Material and 
Methods) as well as truncated and mutated versions (Fig. 4A-B) were cloned in front of  
a luciferase reporter gene and investigated after transfection in HEK 293T cells. After 
stimulation with 10 µM forskolin, luciferase activity was reduced in cells transfected 
with the promoters harboring mutations in the response elements for ATF-1 or CRE. 
Moreover, the transcription factors binding to these elements seem to interact with 
each other depending on the length (2.0 or 1.0 kb) of  the igf3 promoter sequences. In 
the longer promoter sequences (Fig. 4C and E), the loss of  CRE implied a stronger 
reduction of  luciferase activity compared to the loss of  ATF-1. Even though loss of  
CRE alone was effective, no further reduction was observed in the luciferase activity 
when ATF-1 and CRE were mutated simultaneously. On the other hand, in the shorter 
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promoter sequences (Fig. 4D and F) the loss of  CRE did not induce significant changes 
in the luciferase activity in comparison to the non-mutated sequence, while loss of  
ATF-1 alone (Fig. 4 D and F) or in combination with CRE (Fig. 4F) strongly reduced 
luciferase activity, one variant of  the promoter again showing a significant additional 
reduction in activity after losing both sites (Fig. 4F). These results suggest that (i) the 
ATF1 and CRE sites interact, and that (ii) elements upstream of  -1.0 kb interact with 
the CRE site or with the ATF-1/CRE interaction. Altogether, in silico and functional 
analysis of  the igf3 promoter suggests that the main pathway used by Fsh to regulate igf3 
expression is via the cAMP/PKA route.

Recombinant Igf3 stimulates zebrafish spermatogenesis 
Using primary testis tissue cultures from adult males rendered androgen insufficient 

by exposure to E2 in vivo for 3 weeks (39), we carried out a dose-finding experiment 
with increasing concentrations (10, 100 or 1000 ng/mL) of  rzfIgf3. A clear stimulation 
of  spermatogenesis was observed at a concentration of  100 ng/mL, as revealed by 
morphological and gene expression analyses (Figs. 5, 6A-D). Examining the mRNA 
levels of  the dazl gene, expressed in type B spermatogonia and leptotene/zygotene 
spermatocytes in zebrafish (42), or of  the piwil2 gene expressed in all germ cells except 
spermatozoa (41), we found 2- to 4-fold increases, respectively, in response to 100 ng/
mL Igf3 (Fig. 5). No significant changes were found for the mRNA level of  a gene 
expressed in type A spermatogonia (piwil1; 31), in pachytene spermatocytes (sycp3l; 
42), or in spermatids (shippo1; 43). Also the mRNA levels of  9 genes (preferentially) 
expressed in testicular somatic cells (amh, ar, cyp17a1, fgf8, fshr, insl3, lhcgr, pgr, star) as 
well as igf1ra and igf1rb mRNA (expressed in somatic and germ cells) did not change in 
response to Igf3 (data not shown).

Figure 3. Relative mRNA levels of  igf3. 
Testicular igf3 transcript levels following incubation 
of  tissue explants for 7 days with rzfFsh in the 
presence or absence of  a PKA inhibitor (H89, 100 
µM) or a MAPK inhibitor (PD98059, 50 µM; n = 
4-7 explants per treatment). The columns represent 
the fold change of  the relative mRNA levels in the 
treated group over its respective control (mean ± 
SEM). Asterisks indicate significant differences 
(p<0.05) between treated and control groups.
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Morphological analysis of  testis tissue incubated in the absence of  Igf3 showed 
the typical appearance of  androgen insufficiency of  the estrogen exposure model: the 
tissue contains mainly type Aund and some type Adiff  spermatogonia (Fig. 6A). Tissue 
incubated with 100 ng/mL Igf3 showed a clearly different germ cell composition 
(Fig. 6B). Type Adiff  spermatogonia were more prominent, type B spermatogonia and 
also spermatocytes, both rare or absent from control samples, were regularly found 
after incubation with Igf3 (Fig. 6; Supplemental Fig. 5). To examine if  the biological 
activity of  Igf3 includes modulation of  testicular androgen release in zebrafish, we 

Figure 4. The igf3 promoter activity in HEK 293T cells. (A-B) Schematic representation of  two 
different, probably polymorphic (A and C versus E and G) promoter regions of  2.0 kb (A1 and E1) and 1.0 
kb (C1 and G1) of  the zebrafish igf3 gene, with presumed CRE and ATF-1 transcription factor-binding 
sites indicated, as well as mutant promoter regions with inactivating point mutations in ATF-1 (A2, C2, 
E2 and G2), CRE (A3, C3, E3 and G3) or both ATF-1 and CRE (A4, C4, E4 and G4) transcription 
factor-binding sites.(C-F) Luciferase activity of  cells, transfected with the different promoter constructs, 
treated with or without 10 µM forskolin. The columns are expressed as percentage of  luciferase activity, 
normalized to the non-mutate igf3 promoter sequences (mean ± SEM). Data were compiled from six 
independent transfections derived from two different cDNA preparations.. Asterisks indicate significant 
differences (p<0.05) between treated and control groups, different letters indicate significant differences 
(p<0.05) between the different constructs.
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quantified basal and Fsh-stimulated 11-ketotestosterone release, both in the absence 
and presence of  Igf3. We did not detect statistically significant changes in androgen 
release (Supplemental Fig. 2B), which is in line with the absence on Igf3 effects on 
mRNA levels of  genes involved in steroidogenesis (star and cyp17a1; see above). Thus, 
Igf3 directly stimulated the proliferation and differentiation of  spermatogonia and entry 
into meiosis in tissue culture, which was not associated with a change of  mRNA levels 
for several somatic genes (growth factors, receptors, genes related to steroidogenesis) 
or with a change in androgen release.

An Igf  receptor inhibitor blocks Fsh-induced proliferation of  type A 
spermatogonia 

Next, we examined if  Igf3 mediated the stimulatory effect of  Fsh on proliferation 
of  type A spermatogonia. To this end, we quantified BrdU-incorporation into testis 
tissue cultures from males rendered androgen-insufficient. In line with previous 
experiments, we first showed that Fsh (500 ng/mL) led to an ~2-fold increase of  the 
mitotic index of  type Aund spermatogonia (Fig. 6D). Also Igf3 (100 ng/mL) resulted in a 
similar increase of  the proliferation activity (Fig. 6D) as found in previous experiments 
(Fig. 6C; Supplemental Fig. 5). An Igf  receptor kinase inhibitor blocked this stimulatory 
effect of  Igf3 (NVP-AEW541; Fig. 6D). Importantly, also the Fsh-mediated increase 
of  the mitotic index of  type Aund spermatogonia was blocked by the addition of  NVP-
AEW541 (Fig. 6D). The Igf  receptor inhibitor alone had no effect on the mitotic index 
(Fig. 6D), suggesting that basal release of  Igf3 (or of  other Igf  family members) is low 
or not associated with stimulating spermatogonial DNA synthesis. 

DISCUSSION 
Our data show that Fsh stimulates in a cAMP-dependent manner Sertoli cell 

production of  Igf3, which then stimulates via Igf  receptor signalling but independent 
of  androgen release, the proliferation and differentiation of  spermatogonia and their 
entry into meiosis in the adult zebrafish testis. While Fsh could still effectively stimulate 
igf3 transcript levels when androgen production was blocked, androgens also exerted a 
moderate stimulatory effect on igf3 transcript levels. 

The pituitary gonadotropins control testicular development and function by 
regulating the activity of  local signalling systems in vertebrates in general, but evolution 
seems to have taken a different path in teleost fish with respect to the gonadotropic 
hormones and their biological activities. Fsh is the main gonadotropin driving the 
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initial stages of  spermatogenesis in fish (33, 34, 44-48), by regulating both Leydig and 
Sertoli cell activities until spawning. Further support for this conclusion is provided by 
the observation that loss-of-function of  the lhcgr (49) or lhb (49-50) gene in zebrafish 
results in female but not in male infertility (49-50), suggesting that Lh bioactivity is 
not required for spermatogenesis in zebrafish while loss-of-function of  the fshb gene 
in male zebrafish delayed puberty (50). However, male infertility was observed when 
both fshr and lhcgr genes were knocked out (51). For the present study, we focused our 
experimental approach on the Sertoli cell-mediated effects of  Fsh by neutralizing its 
steroidogenic activity.

In rodents, FSH can modulate the production of  Sertoli cell growth factors that 
are relevant either for SSC self-renewal [e.g. GDNF, (5); FGF2 (basic fibroblast growth 
factor, (52)] or differentiation [e.g. activin, (9)]. We became interested in the insulin/
Igf  signalling system in this regard in zebrafish since this system appears to have an 
evolutionarily conserved role in regulating male germ line stem cell proliferation. 

In C. elegans expression of  insulin/Igf  ligand occurs in somatic cells while receptor 
signalling is crucial in germ cells (53, 54). In D. melanogaster, receptor signalling is relevant 
in both germ and somatic cells (55). In mice, receptors are also expressed in germinal 
and somatic compartments of  the testis, but receptor ablation is only dispensable in the 
germ cell compartment, while Sertoli cell-specific loss of  the IGF receptor (or of  IGF 
and insulin receptors), compromised Sertoli cell proliferation and hence adult testis 
size and sperm output (56). Also in trout (57) and seabream (58), Igf  receptors were 

Figure 5. Gene expression in response to different concentrations of  Igf3. Transcript levels of  
selected genes in zebrafish testis tissue cultured for 7 days in the presence of  different concentrations of  
rzfIgf3 (10, 100 and 1000 ng/mL). The columns represent the fold change of  the relative mRNA levels 
in the treated group over its respective control (mean ± SEM). Asterisks indicate significant differences 
(p<0.05) between treated and control groups. 
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found in somatic and germ cells, which is consistent with our analysis of  Igf  receptor 
gene expression in wild-type and germ cell-free mutant zebrafish. Genetic evidence as 
regards the cell type-specific effects of  receptor gene ablation is missing in zebrafish, 
but recent work showed that thyroid hormone-induced Sertoli cell proliferation involved 
elevated igf3 transcript levels, and that this proliferation was compromised (but not fully 
blocked) by an Igf  receptor antagonist (59). One way of  understanding the results on 
Igf3-stimulated germ cell development presented here is assuming a direct stimulatory 
effect of  Igf3 on germ cells, as has been shown for Igf1 in primary spermatogonial cell 
culture studies of  trout (60), and possibly also an autocrine stimulation of  Sertoli cell 
proliferation to support the survival of  newly formed spermatogonia type A. In the 

Figure 6. Effects in vitro and in vivo of  recombinant zebrafish Igf3 in the zebrafish testis. (A-B) 
Morphological analysis of  zebrafish testis, after 7 days in culture in the absence or presence of  rzfIgf3 
(100 ng/mL), demonstrating Igf3-induced recovery of  spermatogenesis after its interruption by exposure 
to 10 nM E2 in vivo. (C) BrdU labelling index of  Aund and Adiff  in zebrafish testis, pre-exposed to 10 nM 
E2 in vivo for 21 days, and cultured for 7 days in the absence or presence of  rzfIgf3 (100 ng/mL; n = 8). 
(D) BrdU labelling index of  Aund spermatogonia under different conditions: Fsh+Tril; Fsh+Tril+NVP; 
Igf3; Igf3+NVP and NVP. In the presence of  the Igf1R inhibitor (NVP), Igf3- but also Fsh-induced 
proliferation of  Aund was suppressed. SC, Sertoli cells; SPG Aund, type A undifferentiated spermatogonia; 
SPG Adiff, type A differentiated spermatogonia; SPG B, type B spermatogonia; SPC, spermatocyte; SPZ, 
spermatozoa; NVP, Igf  receptor inhibitor NVP-AEW541. Bars marked with * (p<0.05) are significantly 
different from control condition, and different letters denote statistical significant differences among the 
different treatments.
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eel, on the other hand, Igf  does not have stimulatory effects on germ cell proliferation 
per se but is required as permissive factor for androgen-mediated stimulation of  
spermatogenesis (39), so that in eel Igf  signalling might regulate Sertoli cell functions 
that facilitate androgen action.

In mammals, Igf  ligands can reach the testes from extratesticular sites via the 
circulation but can also be derived from different testicular cell types, such as Sertoli 
and Leydig cells in mice (61) or different germ cell types in stallion (62). Both somatic 
(Leydig and Sertoli cells) and germ cells (mainly spermatogonia and spermatocytes) 
have been identified as Igf1 sources also in fish (57, 58, 63, 64). In tilapia, Igf3 protein 
was found in the interstitial tissue (65), using an antiserum raised against the complete 
Igf3 sequence, so that a cross-reaction with Igf1, previously localized to Leydig cells 
(64) seems possible. In zebrafish, we detected both mRNA and protein exclusively in 
Sertoli cells. 

In this study, we have demonstrated that igf3 is the main igf family member 
responding to Fsh in zebrafish testis, according to the following evidence. First, igf2a/b 
transcript levels did not change or were reduced in response to Fsh or androgens. 
Secondly, comparing the Ct values for igf1 and igf3 transcripts indicated that under basal 
and certainly under Fsh/androgen stimulation, igf3 transcripts were more abundant. 
We have moreover interrogated a recently completed RNA sequencing experiment for 
normalized RNA read numbers for igf1 and igf3, respectively. In testis tissue from adults 
analyzed directly after dissection and not subjected to any treatment, igf3 transcripts 
were 6.2-fold more abundant than igf1 transcripts. Finally, the response of  igf1 transcript 
levels was transient (visible at 2 h but not after 2 days) while igf3 mRNA levels show a 
quick (at 2 h) and sustained (clearly elevated at 2 and 7 days) response. Therefore, we 
dismissed igf1 and igf2a/b from our further analysis, and considered igf3 as the main igf 
gene family member that was stimulated by Fsh in zebrafish testis.

Further analysis demonstrated that rzfFsh increased testicular igf3 transcript 
levels through cAMP/PKA pathway. Similarly, human chorionic gonadotropin (hCG) 
increased via cAMP/PKA igf3 transcript levels in tilapia (65) and zebrafish ovarian 
tissue (66,67). Analysis of  the igf3 promoter after transfection into HEK 293T cells 
demonstrated that the two cAMP-sensitive elements, CRE and ATF-1, were relevant 
for the activation of  the luciferase reporter gene, since 80-90% of  the promoter activity 
was lost when both transcription factor binding sites were mutated in the igf3 gene 
promoter. Moreover, the results suggested that ATF-1/CRE interaction and efficiency 
in the transcriptional activation of  igf3 promoter are modulated by elements present 
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upstream -1.0 kb of  the promoter sequence. 
Igf3 mediated gonadotropin action also in the zebrafish ovary but in females, the 

final stages of  oocyte development were the target of  Igf3 action and Lh rather than 
Fsh appeared to be responsible for regulating igf3 gene expression (68). Also purified 
Chinook salmon Fsh increased igf3 transcript levels in rainbow trout testes, while a 
somewhat puzzling aspect of  the trout data set is the observation that androgens 
inhibited basal and Fsh-stimulated increases in igf3 transcript levels although Fsh 
strongly stimulated androgen production (69,70). The Fsh-induced increase of  igf3 
transcript levels in the zebrafish testis, on the contrary, was slightly reduced when the 
production of  biologically active androgens was blocked by trilostane, suggesting a 
mild, positive influence of  androgens on igf3 transcript levels that was also confirmed 
experimentally (Fig. 1E). The reason for this discrepancy between trout and zebrafish 
is not clear at present but might be related to the fact that trout testis was studied at the 
beginning of  pubertal development while we used testis tissue from adult males. Also 
in adult tilapia, androgen-insufficiency following estrogen exposure led to reduced igf3 
transcript levels (64). Altogether, these data suggest that Fsh is a major stimulator of  
testicular igf3 transcript levels.

Considering that growth hormone (Gh) increased testicular igf1 transcript levels 
in trout Sertoli cells, spermatogonia and spermatocytes (57), that Gh receptors were 
found in trout testis tissue, in particular in Sertoli cell-enriched fractions (44), and 
that recombinant human IGF1 stimulated the proliferation of  trout spermatogonia in 
primary cell culture experiments (60), it seemed possible that piscine Gh may have an 
effect on testicular igf3 transcript levels as well. However, since Gh did not change igf3 
mRNA levels in zebrafish ovarian tissue (67), and since overexpression of  Gh had no 
effect on igf3 transcript levels in tilapia testes (71), we did not study this aspect in adult 
zebrafish testis.

The present results on the localization and effects of  Igf3 suggest autocrine 
stimulation of  Sertoli cell proliferation (59) and paracrine stimulation of  the proliferation 
of  type A and type B spermatogonia as well as their entry into meiosis. Future studies 
will have to show what germ cell stage(s) can respond directly to Igf3, e.g. by studying 
Igf  receptor localization. Moreover, Igf-binding proteins might modulate Igf  effects 
(72), and ongoing studies in our laboratory show that several Igf-binding proteins are 
expressed in the zebrafish testis, so that further studies are needed to understand the 
complex Igf  signalling system in the zebrafish testis. 

While recombinant zebrafish Igf3 showed clear biological activity at 100 ng/mL, 
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we noted a bell-shaped dose-response curve in some experiments (Fig. 5). It is possible 
that the reduced biological activity at high Igf3 concentrations is related to observations 
made at high insulin concentrations when ligand dimerization compromised receptor 
signalling (73), or to high IGF concentrations that induced a negative co-operativity at 
the IGF receptor (74).

In experiments with recombinant Fsh, we noted that not only spermatogonial 
and meiotic stages were stimulated but that – different from effects observed after 
incubations with recombinant Igf3 – also post-meiotic stages were found (Fig. 2H) 
while the production of  biologically active steroids was blocked by trilostane. This is 
remarkable in two ways. First, previous work using immature Japanese eel (Anguilla 
japonica) testis tissue suggested that the stimulatory effect of  Fsh on spermatogenesis 
is explained by the Fsh-triggered production of  androgens in Leydig cells (46). This is 
different in adult zebrafish testes, where the stimulatory effects of  Fsh are clearly visible 
despite inhibiting androgen production, but are compromised by an inhibitor of  Igf  
receptor signalling. As discussed above, this might reflect species-specific differences 
in the cellular site of  Igf  action that, in eel, seems to be of  a permissive, potentially 
autocrine manner on Sertoli cells to facilitate androgen action. Secondly, Fsh seems 
to have a broader range of  stimulatory actions on spermatogenesis (e.g. including 
stimulation of  post-meiotic stages) than Igf3, suggesting that other, non-steroidal 
mediators of  Fsh action may be responsible for the transition through meiosis and 
entrance into spermiogenesis. In this regard, zebrafish Fsh shows a broader range of  
biological activity than in rodents where androgen rather than FSH action is required 
for the completion of  meiosis and spermiogenesis (17, 21). Several experiments on 
Fsh effects were carried out using E2-pretreated fish. This pretreatment altered Leydig 
cell function and resulted in an androgen-insufficiency that in turn down-regulated 
spermatogenic activity (32). However, comparing results from proliferation (this work) 
and gene expression (34) with and without E2 pre-treatment, similar results were 
obtained, except that the amplitude of  the response was greater in E2 pretreated males. 
It therefore appears that Fsh effects are not compromised but rather magnified in the 
androgen-insufficiency model.

Upon recovering from a cytostatic insult, type Aund spermatogonia became activated 
in zebrafish and transcript levels of  igf3 were up-regulated while those of  amh (anti-
Müllerian hormone) were down-regulated (31). Moreover, other experiments showed 
that Fsh suppressed testicular amh transcript levels in adult zebrafish, thereby preventing 
inhibitory effects Amh would otherwise have exerted on androgen production, and also 
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preventing inhibitory effects of  Amh on proliferation and differentiation of  type A 
spermatogonia (3). It therefore appears that Fsh stimulates zebrafish spermatogenesis 
by controlling the balance between inhibitory (e.g. Amh) and stimulatory (e.g. Igf3, sex 
steroids) signals (Fig. 7). However, additional, yet to be described factors and components, 
including those mediating stimulatory effects on meiotic and post-meiotic stages are 
probably involved in mediating Fsh action on spermatogenesis. Transcriptomic analyses 
are ongoing to identify additional testicular Fsh target genes in zebrafish. 
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Figure 7. Schematic representation of  Fsh 
bioactivity on zebrafish spermatogenesis. Fsh 
stimulates Leydig cell androgen production, which 
in turn promotes germ cell differentiation. At the 
same time, Fsh reduces (stippled line) Sertoli cell 
expression of  anti-Müllerian hormone (Amh) that 
would otherwise inhibit Leydig androgen production 
and differentiation of  spermatogonia. Fsh also 
stimulates Sertoli cell expression of  insulin-like 3 
(Igf3), which promotes germ cell differentiation; 
androgens also (weakly) stimulate Igf3 production.
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SUPPLEMENTAL MATERIAL AND METHODS

Supplemental Figure 1. Effect of  genetic germ cell ablation on testicular Igf  ligand and receptor 
transcript levels. The columns represent the fold change in relative mRNA levels (mean±SEM; n=3 per 
each genotype) in homozygous piwil1(-/-)sterile mutant zebrafish over wild-type zebrafish. Bars marked with 
* (p<0.05), ** (p<0.01), or *** (p<0.001) indicate significant differences between wild-type and sterile 
piwil1(-/-) mutants.

Supplemental Figure 2. Steroidogenic capacity of  zebrafish testis tissue. (A) Androgen release and 
mRNA levels of  Sertoli and Leydig cell genes in response to 500 ng/mL rzfFsh. (B) Effect of  rzfIgf3 on 
basal and rzfFsh-stimulated 11-KT release (ng/mg of  testis weight) by zebrafish testis tissue incubated for 
20 h. The columns in A represent the fold change in the Fsh-treated group over its respective control (mean 
± SEM). Asterisks indicate significant differences (p<0.05) between treated and control groups, different 
letters indicate significant differences (p<0.05) between different treatment conditions.
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Supplemental Figure 3. Immunohistochemical detection of  Gfp protein in testis tissue of  vasa::egfp 
transgenic zebrafish. (A-B) Immunostaining of  Gfp in vasa::egfp zebrafish testis tissue after incubation for 
7 days with trilostane (25 µg/mL) in the absence or presence of  rzfFsh (500 ng/mL); the periodic acid–
Schiff  (PAS) reaction was used as a counterstain to emphasise connective tissue elements. The sections 
served to quantify the numbers of  strongly Gfp-positive, single type A SPG, which showed a significant 
increase in response to rzfFsh (see Figure 2C). SPG Aund, type A undifferentiated spermatogonia; SPG Adiff, 
type A differentiated spermatogonia.

Supplemental Figure 4. Igf3 and negative control for Igf3 immunodetection. (A-C) Zebrafish testis 
sections showing the testicular expression sites of  Igf3 by immunocytochemistry. (D-F) Zebrafish testis 
section incubated with Igf3 and blocking peptide solution (BP) in which the majority of  green staining is 
blocked, confirming the specificity of  Igf3 antibodies used for Igf3 protein localization (see Figure 2K-
M). Propidium iodide (in red) was used as nuclear DNA counterstaining. A, type A spermatogonia; B, 
type B spermatogonia; SPC, spermatocytes; SPT, spermatids; asterisks  indicates Sertoli cell nucleus; white 
arrowheads show fine granular Igf3 staining; and white arrows indicate larger vesicles of  Igf3 staining.
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Supplemental Figure 5. Immunohistochemical detection of  BrdU. (A-B) BrdU immunodetection in 
zebrafish testis sections, after 7 days in culture in the absence or presence of  rzfIgf3 (100 ng/mL), demon-
strating a higher proliferation activity in the presence of  rzfIgf3. Bars = 50 µm. SPG Aund, type A undiffer-
entiated spermatogonia; SPG Adiff, type A differentiated spermatogonia; and SPG B, type B spermatogonia.

Supplemental Figure 6. Fsh-induced spermatogo-
nial proliferation in testis tissue from fish not 
pre-treated with E2 in vivo. BrdU labelling index of  
Aund in zebrafish testis treated with trilostane (25 µg/mL) 
in the presence and absence of  rzfFsh (100 ng/mL) af-
ter 7 days in culture showing a higher proliferation in 
the presence of  rzfFsh. No E2 in vivo pre-treatment was 
applied to the animals. 

Supplemental Figure 7. NuPage analysis 
of  recombinant zebrafish Igf3 protein 
fractions during the purification.  
Aliquots taken from samples of  different 
purification steps were subjected to pre-cast, 
4-12% polyacrylamide Bis-Tris gel (NuPage; 
Life Technologies) electrophoresis (lane 
1-13, reduced samples; lanes 14-15, non-
reduced samples). Lane 1, molecular weight 
marker; lane 2, aliquot of  the conditioned 
medium after centrifugation; lane 3, 
aliquot of  the sample after concentration, 
diafiltration and centrifugation (to remove 
aggregates); lane 4, aliquot of  unbound 
material during StrepTactin purification; 
lane 5, aliquot of  sample after elution from 
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StrepTactin Sepharose purification; lanes 6-8, aliquots of  samples A9-A11 after Superdex 75 gel filtration; 
lanes 9-13, aliquots of  samples B9, B7, B6, B5 and B3 after Superdex 75 gel filtration; lane 14, combination 
of  aliquots from samples A9 and A10 after Superdex 75 gel filtration; lane 15, sample B7 after Superdex 
75 gel filtration. Based on the analysis, fractions B8-B4, after Superdex 75 gel filtration, contained the 
recombinant zebrafish Igf3 protein (indicated by the box in lanes 10-12); these 5 fractions were pooled and 
concentrated to ~1 mg/ml using Vivaspin20 (10 kDa).  

 

 

Table S1: Primers used for gene expression studies by real-time, quantitative PCR. 
 

 
 

Target gene References Primers Sequences (5’3’) 

amh Schulz et al., 2007 
AD (Fw) 
AE (Rv) 
AF (probe) 

CTCTGACCTTGATGAGCCTCATTT 
GGATGTCCCTTAAGAACTTTTGCA 
FAM-ATTCCACAGGATGAGAGGCTCCCATCC-TAMRA 

gsdf Leal et al., 2009 2366 (Fw) 
2367 (Rv) 

CATCTGCGGGAGTCATTGAAA 
CAGAGTCCTCCGGCAAGCT 

ef1α Schulz et al., 2007 
AG (Fw) 
AH (Rv) 
AI (probe) 

GCCGTCCCACCGACAAG 
CCACACGACCCACAGGTACAG 
FAM-CTCCAATTTTGTACACATCCTGAAGTGGCA-TAMRA 

igf1 Chen et al., 2013 2394 (Fw) 
2395 (Rv) 

CCCAGGACACCAAAGAAACCTA 
CGGCTCGAGTTCTTCTGATGA 

igf2a De Waal, 2009 3079 (Fw) 
3080 (Rv) 

GGCTTCTATTTCAGTCGACCAACTAG 
ACTAAAACAACACTCCTCCACAATCC 

igf2b De Waal, 2009 3077 (Fw) 
3078 (Rv) 

CTGCCATGGATGATTACCATGTATT 
CATGGACAATGACAGAACGAAGAC 

igf3 Morais et al., 2013 2680 (Fw) 
2681 (Rv) 

TGTGCGGAGACAGAGGCTTT 
CGCCGCACTTTCTTGGATT 

igf1ra Morais et al., 2013 2362 (Fw) 
2363 (Rv) 

TACATCGCTGGCAACAAGCA 
TCATTGAAACTGGTCCTTATGCAAT 

igf1rb Morais et al., 2013 2595 (Fw) 
2596 (Rv) 

GTGCTGGTCCTCTCCACACTCT 
TTACCGATGTCGTTGCCAATATC 

shippo1 Leal et al., 2009 2791 (Fw) 
2792 (Rv) 

GATGCCTGGAGACATGACCAA 
CAAAGGAGAAGCTGGGAGCTTT 

sycp3l Leal et al., 2009 2730 (Fw) 
2731 (Rv) 

AGAAGCTGACCCAAGATCATTCC 
AGCTTCAGTTGCTGGCGAAA 

fshr De Waal et al., 2009 2552 (Fw) 
2553 (Rv) 

GAGGATTCCCAGTAATGCTTTCCT 
TCTATCTCACGAATCCCGTTCTTC 

lhr De Waal et al., 2009 2548 (Fw) 
2549 (Rv) 

CGCTCAGTACCATCCAATGCT 
TTGAAGGCATGGCTCTCTATTTCT 

pgr Chen et al., 2009 2901 (Fw) 
2902 (Rv) 

GGATTGTCAGATGGTCCAAATCTC 
GCCCATCCAGGAATACTGAATTAGT 

fgf8 Present work 2470 (Fw) 
2471 (Rv) 

TTTTGCTACTATGCTCAGGTAACCA 
GTCCGTCACCTTACTTTGCTCACT 

ar De Waal et al., 2008 2412 (Fw) 
2413 (Rv) 

ACGTGCCTGGCGTGAAAA 
CAAACCTGCCATCCGTGAAC 

star Leal et al., 2009 2546 (Fw) 
2547 (Rv) 

CCTGGAATGCCTGAGCAGAA 
ATCTGCACTTGGTCGCATGAC 

cyp17a1 Leal et al., 2009 2773 (FW) 
2774 (Rv) 

GGGAGGCCACGGACTGTTA 
CCATGTGGAACTGTAGTCAGCAA 

dazl Chen et al., 2013 3104 (Fw) 
3105 (Rv) 

AGTGCAGACTTTGCTAACCCTTATGTA 
GTCCACTGCTCCAAGTTGCTCT 

piwil1 Chen et al., 2013 2542 (Fw) 
2543 (Rv) 

GATACCGCTGCTGGAAAAAGG 
TGGTTCTCCAAGTGTGTCTTGC 

piwil2 Morais et al., 2013 2994 (Fw) 
2995 (Rv) 

TGATACCAGCAAGAAGAGCAGATCT 
ATTTGGAAGGTCACCCTGGAGTA 

Supplemental Table 1. Primers used for mRNA quantification by real-time, quantitative PCR.



Zebrafish stocks
Sexually adult males (~100-300 days post fertilization) were either outbred wild-type 

zebrafish, transgenic zebrafish expressing enhanced green fluorescent protein under the 
control of  the germ cell-specific vasa promoter (vasa::egfp) (1), or piwil1 (formerly known 
as ziwi) mutant [piwil1(-/-)] zebrafish (2). In some experiments, an androgen insufficiency 
zebrafish model (3) was used, which involved exposure to 10 nM 17β-estradiol for 3 
weeks in vivo, before further experimentation. Animal culture was done using standard 
conditions for this species (4). 

Microscopicaland immunocytochemical techniques
Testes were fixed either in 4% glutaraldehyde for 4 h at room temperature for 

morphological analysis (Figure 6A-B), in freshly prepared methacarn (ethanol/
chloroform/acetic acid = 6/3/1) at room temperature for 1 h for BrdU detection 
(Supplemental Figure 5A-B), or in phosphate-buffered 4% paraformaldehyde at 
room temperature for 1 h for Gfp and Igf3 immunohistochemistry (Figure 2). After 
dehydration, samples were embedded either in Technovit 7100 (Heraeus-Kulzer, 
Wehrheim, Germany) when glutaraldehyde or methacarn were used as fixatives, or in 
paraplast (Sigma-Aldrich) when tissue was fixed in paraformaldehyde. Sections of  3 
µm (Technovit 7100) or 5 µm (paraplast) thickness were used. For immunoperoxidase, 
paraplast sections were dewaxed with xylene, rehydrated through graded ethanol into 
water and the endogenous peroxidase was quenched with 0.3% H2O2 in PBS for 10 

Supplemental Table 2. Primers use to generate DNA templates for DIG-labelled cRNA probe syntheses 
for in situ hybridization and to amplify and mutate zebrafish igf3 promoter sequences.

 

 

 

Table S2: Primers use to generate DNA templates for DIG-labeled cRNA probe syntheses for in situ 
hybridization and to amplify and mutate the zebrafish igf3 promoter sequences 

aPrimer 2878 contain the T3 RNA polymerase promoter sequence (underlined) at its 5’-end (T3Rpps; 5’-GGGCGGGT 
GTTATTAACCCTCACTAAAGGG-3’). 
bPrimer 2879 contain the T7 RNA polymerase promoter sequence (underlined) at its 5’-end (T7Rpps;5’-CCGGGGGG 
TGTAATACGACTCACTATAGGG-3’). 
cThe underlined GGTACC sequence in primers 3482 and 3484 represent a Kpn I restriction enzyme site. 
dThe underlined CCATGG in primer 3486 represents a Nco I restriction enzyme site. 
 
 

Target gene References Primers Sequences (5’3’) 

igf3 – ISH  Present work 2878a (Fw) 
2879b (Rv) 

T3Rpps-GGGCCAGAGCACGCTGCG 
T7Rpps-GGATGTGAGAGATGAATGTTGGCGT 

igf3 – promoter (2.0 kb) Present work 3482c (Fw) 
3486d (Rv) 

5’-GCGGTACCGGTGTTACTATGTAACCAGCTCTCCTA-3’ 
5’-CCCATGGTGGCGGCGTCTGATGGCATGTCTTTTT-3’ 

igf3 – promoter (1.0 kb) Present work 3484c (Fw) 
3486d (Rv) 

5’-GCGGTACCGGCTGTGTAAAAACGTGCTGGAT-3’ 
5’-CCCATGGTGGCGGCGTCTGATGGCATGTCTTTTT-3’ 

CRE – site mutagenesis Present work 3770 (Fw) 
3771 (Rv) 

5’- CACAGTATCCATATCACAAAACTCAAATGGAGCCAAACTGCTTTCA 
TGAACGAGACAATG-3’ 
5’-CATTGTCTCGTTCATGAAAGCAGTTTGGCTCCATTTGAGTTTTGT 
GATATGGATACTGTG-3’ 

ATF-1 –  site mutagenesis   Present work 3775 (Fw) 
3776 (Rv) 

5’-CTCTAATTTAAGATGGATAACATCAGTAATGAAGTTTTGGTTTGT 
TGATGTTTAAT-3’ 
5’-ATTAAACATCAACAAACCAAAACTTCATTACTGATGTTATCCATCTT 
AAATTAGAG-3’ 
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min. Nonspecific antibody sites were blocked by pre-incubating slides with 5% normal 
goat serum (Sigma-Aldrich, St. Louis, MO) and 0.1% acetylated bovine serum albumin 
(Sigma-Aldrich, St. Louis, MO) at room temperature for 30 min. Then, sections were 
incubated with primary antibody rabbit anti-Gpf  (1 µg/mL of  purified antibodies; 
Torrey Pines Biolabs Inc. Houston, USA) in the same blocking solution (goat serum) 
at 4°C overnight. After PBS washes, sections were incubated with PowerVision Poly-
HRP-anti-Mouse/Rabbit/Rat IgG (Immunologic; Klinipath, Duiven, The Netherlands) 
at 1:200 dilution at room temperature for 30 min. After PBS washes, the staining was 
developed with DAB (Sigma-Aldrich, St. Louis, MO; 25 mg/50 mL PBS) containing 17 
μL H2O2 35% (Merck Millipore, Darmstadt, Germany). Sections were rinsed in running 
tap water and lightly counterstained with hematoxylin or periodic acid Schiff  (PAS), 
followed by dehydration and coverslip mounting. Negative controls were obtained by 
omitting the primary antibody or by pre-absorption of  the primary antibody with a 
blocking peptide (see below). 

To detect Igf3 by immunofluorescence, adult zebrafish received an injection of  
rzfFsh (100 ng/g of  body weight) into the body cavity. Testis tissue was collected 6 h 
later for fixation in phosphate-buffered 4% paraformaldehyde. Paraplast sections of  
5 µm thickness were submitted to antigen retrieval in sodium citrate buffer (5 mM) 
containing 0.05% Tween 20 (Sigma-Aldrich) at 96°C for 10 min. To control for non-
specific staining, sections were incubated in blocking solution (5% goat serum containing 
1% BSA in PBS) at room temperature for 30 min. Sections were then washed with 
PBS and then exposed to rabbit anti-Igf3 (2 µg/mL of  affinity purified antibodies; see 
below for Igf3 antibody production) and mouse anti-vimentin (3 µg/mL of  purified 
antibodies; DSHB, Iowa, USA) for co-localization purpose or rabbit anti-Gpf  (1 µg/
mL of  purified antibodies; Torrey Pines Biolabs, Inc. Houston, USA) at 4°C overnight. 
For immunofluorescence analyses, an anti-rabbit Alexa-Fluor 488 and an anti-mouse 
Alexa-Fluor 405 (Life technologies; 8 µg/mL) was applied at room temperature for 95 
min. Propidium iodide (Sigma-Aldrich; 2 ng/mL) was applied for 3 min as a nuclear 
counterstain as previously described (5). Slides were mounted with Vectashield H-1000 
(Vector laboratories). An inverted confocal Zeiss LSM 700 was used to analyze the 
zebrafish testis tissue. 

To verify the specificity of  the Igf3 antibody staining, a pre-absorption with a 
blocking peptide was performed. To this end, 50 µL of  antibody solution (100 µg/mL) 
and 12 µL of  peptide used to generate the antibodies (100 µg/mL) were mixed into a 
938 µL of  PBS containing 1% BSA. The mixture was incubated with mild agitation at 
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4°C overnight. After centrifugation at 16.000 g for 30 min the supernatant was collected 
and used to replace the primary antibody in the immunofluorescence protocol.

For BrdU immunodetection and quantification of  BrdU incorporation into type A 
undifferentiated and type A differentiating spermatogonia, procedures were carried out 
as described by Leal et al. (5) and Skaar et al. (6), respectively.

Testicular cell suspension 
Testis tissue fragments from wild-type zebrafish were digested with 0.2% 

collagenase and 0.12% dispase as described previously (7). The resulting cell suspension 
was aliquoted (105 cells/treatment) and incubated for 7 days in the absence or presence 
of  100 ng Fsh/mL in medium containing trilostane (25 µg/mL). As positive control, 
11-ketotestosterone (400 nM) was used, which resulted in the production of  BrdU-
positive spermatids and spermatozoa in tissue culture (8). After 7 days, cells were 
collected and stained with propidium iodine for DNA quantification according to Saito 
et al. (9). Flow cytometry was carried out using the BD FACS Calibur (BD Biosciences, 
San Jose, CA, USA) to determine the proportion of  haploid cells among all cells in the 
samples (Figure 2H).

Production of  recombinant zebrafish Igf3 and of  Igf3 antiserum
The expression construct for recombinant zebrafish Igf3 (rzfIgf3) production 

comprised the entire coding sequence of  igf3 (GenBank accession number: HQ241070) 
lacking the signal peptide sequence. The relevant sequence was amplified with primers 
introducing a 5’ Bam HI and a 3’ Not I restriction site, digested with these enzymes 
and ligated into a Bam HI-Not I compatible proprietary mammalian expression 
vector introducing three C-terminal Strep II tags (U-Protein Express B.V., Utrecht, 
The Netherlands). Recombinant zebrafish Igf3 was transiently produced in HEK 
293E cells (U-Protein Express B.V., Utrecht, The Netherlands). After five days, the 
medium was harvested by centrifugation, concentrated over a Quixstand hollow fiber 
(GE Healthcare, Eindhoven, the Netherlands) with a 5 kDa molecular weight cut-off  
cartridge (GE Healthcare) to ~250 mL, and diafiltrated against 1 L phosphate-buffered 
saline containing 500 mM NaCl. The concentrated and diafiltrated medium (~210 mL) 
was collected and aggregates were removed by centrifugation (at 5252 g for 5 min). 
The recombinant protein solution was incubated with 3 mL StrepTactin Sepharose HP 
(GE Healthcare) at 11oC for 2 h, which was then loaded into a 3 mL Tricorn column 
(GE Healthcare) and eluted with a gradient of  desthiobiotin (0 - 2.5 mM) in phosphate-
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buffered saline containing 500 mM NaCl. The peak fraction (not shown) was further 
purified by gel filtration using a Superdex 75 26/600 prep grade column, which was 
equilibrated in PBS. Peak fractions B5-B7 (box in Suppl. Fig. 7A) containing hormone 
were pooled and concentrated to 1.31 mL recombinant zebrafish Igf3 solution (1.28 mg/
mL) using a Vivaspin 20 mL (10 kDa MW cut-off) centrifugal concentrators (Sartorius, 
Göttingen, Germany). Aliquots from selected samples of  different purification steps 
were analyzed on a precast polyacrylamide gel (NuPage Bis-Tris gel; Life Technologies) 
(Suppl. Fig. 7B).

Antibodies directed against zebrafish Igf3 (antigen sequence: 
C-ADLQRDEESASQRIRER corresponding to the E domain) were generated in rabbit, 
after which the antibodies were affinity purified, concentrated and dialyzed against 
PBS with 0.02% sodium azide (500 µg/mL final concentration; Pacific Immunology, 
Ramona, CA, USA).

Analysis of  the putative promoter sequence of  the zebrafish igf3 gene
The nucleotide sequence upstream of  the translation initiation site of  the igf3 gene 

was obtained from ENSEMBL (http://www.ensembl.org/Danio_rerio/Info/Index). 
Promoter constructs of  ~2.0 kb and ~1.0 kb were PCR amplified with zebrafish genomic 
DNA as template using forward primers 3482 and 3484 in combination with reverse 
primer 3486 (Supplemental Table 2). PCR products were cloned into pGL3 basic vector 
preceding the firefly luciferase gene (Promega, Leiden, The Netherlands). Two distinct 
but homologous versions of  igf3 promoter sequences, most likely originating from 
DNA polymorphism in the zebrafish population, were obtained. Putative transcription 
factor-binding sites involved in the transcriptional control of  igf3 gene expression were 
identified by TESS software (www.cbil.upenn.edu/tess), and presumed CRE and ATF-
1 transcription factor-binding sites (at ~-610 bp and ~-260 bp) identified in the igf3 
promoter constructs were scrambled by site-directed mutagenesis using primers 3770-
3771 and 3775-3776 (Supplemental Table 2). All cloned DNA fragments were sequence 
verified.

Human embryonic kidney (HEK 293T) cells were grown under 5% CO2 in 
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with antibiotic/
antimycotic solution (100 IU/mL), 2 mM glutamine and 10% fetal bovine serum (FBS; 
all from Life technologies). One day prior to transfection in 24-well plates, 1.5 x 105 cells 
were seeded per well. Cells were transiently co-transfected by polyethylenimine (PEI) 
with a total of  850 ng plasmid DNA, consisting of  500 ng igf3 promoter construct, 
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100 ng TK-Renilla luciferase plasmid and 250 ng empty pcDNA3 vector. For each igf3 
promoter construct, transfections were performed independently in triplicate from two 
different cDNA preparations (n=6). Twenty-four hours after transfection, the medium 
was replaced by DMEM without (basal) or with (stimulation) 10 µM forskolin (Sigma-
Aldrich, Saint Louis, MO, USA). After 8 h, cells were washed with phosphate-buffered 
saline (PBS; Life technologies) and lysed in 200 µL passive lysis buffer (Dual-Luciferase 
Reporter Assay System, Promega). Twenty-five µL lysate was used to measure the firefly 
as well as Renilla luciferase activities (Dual-Luciferase Reporter Assay System, Promega) 
in a Centro XS LB 960 microplate luminometer (Berthold Technologies GmbH, 
Germany). Data were expressed as relative luciferase activities (fold induction of  basal). 

62



  

2

REFERENCES

1.  Krovel AV, Olsen LC. Expression of  a vas::EGFP transgene in primordial germ cells of  the zebrafish.
Mech Dev. 2002; 116:141-150.

2.  Houwing S, Kamminga LM, Berezikov E, Cronembold D, Girard A, van den Elst H, Filippov 
DV, Blaser H, Raz E, Moens CB, Plasterk RH, Hannon GJ, Draper BW, Ketting RF.A role 
for Piwi and piRNAs in germ cell maintenance and transposon silencing in Zebrafish. Cell 2007; 
129:69-82.

3.  de Waal PP, Leal MC, García-López A, Liarte S, de Jonge H, Hinfray N, Brion F, Schulz RW, 
Bogerd J. Oestrogen-induced androgen insufficiency results in a reduction of  proliferation and dif-
ferentiation of  spermatogonia in the zebrafish testis. J Endocrinol.2009; 202:287-297.

4.  Westerfield M. The Zebrafish Book: A Guide for the Laboratory Use of  Zebrafish (Danio rerio). 4th ed. 
ed. Eugene, OR: University of  Oregon; 2000.

5.  Leal MC, Cardoso ER, Nóbrega RH, Batlouni SR, Bogerd J, Franca LR, Schulz RW. Histo-
logical and stereological evaluation of  zebrafish (Danio rerio) spermatogenesis with an emphasis on 
spermatogonial generations. Biol Reprod.2009; 81:177-187.

6.  Skaar KS, Nóbrega RH, Magaraki A, Olsen LC, Schulz RW, Male R. Proteolytically activated, 
recombinant anti-mullerian hormone inhibits androgen secretion, proliferation, and differentiation 
of  spermatogonia in adult zebrafish testis organ cultures. Endocrinology 2011; 152:3527-3540.

7.  Nóbrega RH, Greebe CD, van de Kant H, Bogerd J, de Franca LR, Schulz RW. Spermatogonial 
stem cell niche and spermatogonial stem cell transplantation in zebrafish. PLoS One 2010; 5.

8.  Leal MC, de Waal PP, García-López A, Chen SX, Bogerd J, Schulz RW. Zebrafish primary testis 
tissue culture: an approach to study testis function ex vivo. Gen Comp Endocrinol. 2009; 162:134-138.

9.  Saito N, Takeuchi T, Kawano A, Hosaka M, Hou N, Torii S. Luminal interaction of  phogrin with 
carboxypeptidase E for effective targeting to secretory granules. Traffic  2011; 12:499-506.

63





CHAPTER 3

INSL3 stimulates spermatogonial differentiation 
in testis of  adult zebrafish (Danio rerio)

Assis, L. H. C.; Crespo, D.; Morais, R. D. V. S.; de França, L. R.; 
Bogerd, J.; Schulz, R. W. 

Published in: Cell Tissue Res 2016 363 579–588



66



3

67

ABSTRACT
INSL3 (insulin-like peptide 3) is a relaxin peptide family member expressed by 

Leydig cells in the vertebrate testis. In mammals, INSL3 mediates testicular descent 
during embryogenesis while information on its function in adults is limited. In fish, the 
testes remain in the body cavity yet the insl3 gene is still expressed, potentially indicating 
yet undiscovered, evolutionary older functions. Previous observations showed that 
Amh (anti-müllerian hormone), in addition to inhibiting spermatogonial differentiation 
and androgen release, inhibited Fsh (follicle-stimulating hormone)-induced increase 
in insl3 transcript levels in zebrafish testis. Therefore, we hypothesised that the two 
growth factors might have antagonistic effects. We examined human INSL3 (hINSL3) 
effects on zebrafish germ cell proliferation/differentiation and androgen release, using 
a testis tissue culture system. We showed that hINSL3 increased the proliferation of  
type A undifferentiated (Aund) but not of  type A differentiating (Adiff) spermatogonia, 
while reducing proliferation of  Sertoli cells associated with proliferating Aund. Since 
we also noted a decrease in the area occupied by Aund and an increase of  that of  Adiff, 
we conclude that hINSL3 recruited Aund into differentiation, which is supported by 
the hINSL3-induced down-regulation of  nanos2 transcript levels, a marker of  single 
Aund spermatogonia in zebrafish and other vertebrates. Pulse-chase experiments with 
a mitosis marker also indicated that hINSL3 promotes spermatogonial differentiation. 
However, hINSL3 did not modulate basal or Fsh-stimulated androgen release, or 
growth factor transcript levels, including amh. Our data endorse the hypothesis that 
hINSL3 recruited Aund spermatogonia into differentiation, potentially mediating an Fsh 
effect on spermatogenesis. 
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INTRODUCTION
Insulin-like peptide 3 (INSL3) is a relaxin peptide family member expressed in 

the male reproductive system by Leydig cells during fetal development and adult life. 
In mammals, INSL3 has a role during embryonic development that is crucial for the 
success of  spermatogenesis in adult life (Kumagai et al. 2002). Knockout mice for 
INSL3 or its receptor RXFP2 show a cryptorchid phenotype, in which the testes remain 
inside the body cavity and fail to descend into the scrotum since the gubernacula do not 
develop properly (Zimmermann et al. 1999; Nef  and Parada 1999; Kumagai et al. 2002). 
However, while INSL3/RXFP2 are also expressed in the adult testis, information on 
potential functions in the adult testis is incomplete. During the last decade, some studies 
suggested a role for INSL3 in spermatogenesis (Kawamura et al. 2004; Pathirana et al. 
2012). The effect of  INSL3 on germ cell survival was recorded in rat (Kawamura et al. 
2004), while a more recent study reported no effects on germ cell apoptosis following 
RXFP2 ablation in mice (Huang et al. 2012). However, testosterone release by cultured 
mouse Leydig cells increased in response to INSL3 (Pathirana et al. 2012), suggesting 
an autocrine role of  this peptide previously proposed after localization of  RXFP2 to 
Leydig cells (Anand-Ivell et al. 2006).

Although more information on relaxins has been obtained in the past few years, 
knowledge on their biological activity mostly comes from studies in mammals, and 
little is known about their role in submammalian vertebrates such as teleost fish, a 
taxonomic group including nearly 50% of  all vertebrate species (Yegorov et al. 2014). 
Studies regarding Insl3, other relaxins and their receptors in teleost fish are limited to 
gene expression data (Good-Ávila et al. 2009; Yegorov et al. 2009; Good et al. 2012). 
Evidently, there is no testicular descent in fish, and studies directed to finding other, 
evolutionary older biological activities might also provide new leads for respective 
activities of  INSL3 in higher vertebrates.

In zebrafish (Danio rerio), for example, insl3 gene expression has been localized 
to Leydig cells (Good-Ávila et al. 2009). Recent studies using recombinant zebrafish 
follicle-stimulating hormone (Fsh) showed that stimulation of  zebrafish testis explants 
with Fsh increased testicular insl3 mRNA levels, an effect not mediated by the 
steroidogenic activity of  Fsh (García-López et al. 2010), but instead by a direct effect 
on Leydig cells that express both gonadotropins receptors in fish (García-López et al. 
2010; Ohta et al. 2007; Chauvigné et al. 2012). On the other hand, recombinant anti-
müllerian hormone (Amh) inhibited the stimulatory effect of  Fsh on insl3 mRNA levels 
in zebrafish (Skaar et al. 2011). This opens the possibility that at sites with high levels 
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of  Amh, Fsh is less efficient at increasing levels of  insl3 mRNA in Leydig cells. Since 
in addition to suppressing insl3 mRNA expression, Amh inhibited differentiation of  
type A undifferentiated (Aund) spermatogonia, and Fsh-stimulated steroidogenesis, we 
hypothesized that Insl3 may stimulate germ cell differentiation and steroidogenesis. 
This hypothesis was tested as part of  our broader goal to understand the effect of  Insl3 
on testis function.

MATERIAL AND METHODS
Animals

Adult male zebrafish were bred and raised in the aquarium facility of  the 
Department Biology, Utrecht University. The experiments followed the Dutch National 
regulations for animal use in experimentation. For morphometric/androgen release and 
mRNA analyses, 8 and 12 animals were used per experiment, respectively.

Human INSL3
Human INSL3 (hINSL3) was synthesized using continuous flow Fmoc (N-(9-

fluorenyl)methoxycarbonyl)-solid phase methodology together with regioselective 
disulfide bond formation as previously described (Bathgate et al. 2006), and was obtained 
as a kind gift from Prof. John D. Wade, University of  Melbourne, Victoria, Australia. 
The peptide was dissolved at a concentration of  100 μg/mL in sterile PBS and aliquots 
were flash frozen in liquid N2 and stored at -80°C. We reasoned that hINSL3 would 
be biologically active in zebrafish testis because of  the following considerations. Two 
rxfp2 genes (rxfp2a and rxp2b), paralogous to the human RXFP2 gene, are abundantly 
expressed in zebrafish testis (Good et al. 2012; Yegorov et al. 2014). Specificity of  the 
interaction of  hINSL3 with RXFP2 is mainly determined by RXFP2 residues Phe131 
and Gln133 interacting with hINSL3 B-chain residue Trp27, RXFP2 residue Trp177 with 
hINSL3 B-chain residue His12, RXFP2 residue Ile179 with hINSL3 B-chain residue Val19, 
RXFP2 residues Asp181 and Glu229 with hINSL3 B-chain residue Arg20 and Asp227 with 
hINSL3 residue Arg16 (Büllesbach and Schwabe, 1999; Büllesbach and Schwabe, 2004; 
Büllesbach and Schwabe, 2005; Büllesbach and Schwabe, 2006; Rosengren et al. 2006; 
Scott et al. 2007). Alignment of  the zebrafish Rxfp2a and Rxfp2b receptor sequences 
with the human RXFP2 receptor sequence revealed that the zebrafish receptor 
contained identical residues at the ligand-receptor interaction sites, except for RXFP2 
residues Ile179 and Glu229, which are replaced by Val and Ala in the zebrafish Rxfp2a 
receptor. Human INSL3 should therefore be able to interact with both zebrafish Rxfp2 
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receptors, as Val179 and Ala229 would not hinder hINSL3 to interact with the Rxfp2a 
receptor.

Tissue culture 
A primary testis tissue culture system was used to study the effects of  hINSL3 

on germ and somatic cell proliferation, androgen release and testicular mRNA levels, 
according to protocols previously established (Leal et al. 2009a). The concentration 
of  100 ng hINSL3/mL was chosen based on a pilot experiment and data published in 
mammals (Pathirana et al. 2012). To study proliferation and transcript levels, the two 
testes from each fish were dissected and incubated for 7 days, one under stimulatory 
conditions (receiving medium containing hINSL3) and the other under basal conditions 
(receiving only tissue culture medium). The testes were placed on a 0.25 cm2 piece of  
nitrocellulose membrane (25 μm thickness, 0.22 μm pore size; Millipore, Billerica, MA, 
USA), on top of  a 700 μL agarose cylinder (1.5% w/v in Ringer’s solution, pH 7.4) that 
was placed in a 24-well flat-bottom plate (Corning Inc., New York, USA). One mL of  
medium was added such that the agar cylinder was just not submerged in medium; the 
medium was refreshed after 4 days. To study androgen release, testes were submerged 
in 200 μL of  tissue culture medium in a 96-well plate for ~18 h. All components for 
the tissue culture studies were freshly prepared according to published protocols (Leal 
et al. 2009a).

Germ and Sertoli cell proliferation analysis
To evaluate the capacity of  hINSL3 to modulate the proliferation activity of  

different spermatogonial generations, and of  Leydig and Sertoli cells, 50 μg/mL of  the 
proliferation marker 5-bromo-2’-deoxyuridine (BrdU; Sigma-Aldrich) was added to the 
testes tissue culture medium during the last 6 h of  the 7 days long incubation period. 
During this final period of  6 h, the tissue was submerged in medium.

In a pulse-chase set-up, zebrafish were exposed in vivo to BrdU dissolved in water 
(4 mg/mL) for ~12 h per day on 3 consecutive days to allow BrdU incorporation into 
the DNA of  all dividing cells, including slowly dividing single type Aund spermatogonia, 
followed by a 4 days long chase period, during which the BrdU labeling clears from 
rapidly dividing cell types, including many of  the rapidly proliferating spermatogonia 
(Nóbrega et al. 2010). Subsequently, the testes were dissected and incubated for 4 
days ex vivo in the absence or presence of  hINSL3 (100 ng/mL), as described above. 
Importantly, BrdU was not present in the medium during this tissue culture period of  
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4 days, so that localizing the proliferation marker at the end of  the tissue culture period 
allowed examining hINSL3 effects on the dynamics of  BrdU in germ cells that had 
taken up the marker previously in vivo.

After the tissue culture period, the testes were fixed at 4°C overnight in freshly 
prepared methacarn (60% (v/v) absolute ethanol, 30% chloroform, and 10% acetic 
acid), dehydrated, embedded in Technovit 7100 (Heraeus Kulzer), sectioned at 4 μm 
thickness and used to localize BrdU, as described previously (Leal et al. 2009a). The 
germ cells/cysts were identified according to previously published morphological 
criteria (Leal et al. 2009b). In brief  (see Fig. 1a), the type Aund spermatogonium is a single 
germ cell and the largest spermatogonial cell type in zebrafish, with a large nucleus 
(~9 µm diameter), poorly condensed chromatin and one or two compact nucleoli; it is 
enveloped by a Sertoli cell, thus forming the initial stage of  a spermatogenic cyst. The 
type Adiff  spermatogonia, although morphologically not very different from type Aund, 
show a smaller (~6 µm diameter) and denser nucleus and occur in groups of  2, 4, or 
8 cells (1st, 2nd, and 3rd/final generation of  type Adiff  spermatogonia) in the same stage 
of  development inside a cyst (Fig. 1b), due to a synchronized development among the 
members of  the same germ cell clone that is based on cytoplasmic bridges remaining 
from an incomplete cytokinesis during differentiating mitoses. The 5 generations of  type 
B spermatogonia (16 to 256 cells) show a further reduced nuclear size (~5 µm diameter); 
the nucleus is slightly elongated/ovoid and contains clearly more heterochromatin than 
in type A spermatogonia (Fig. 1b).

To quantify proliferation, the mitotic index was determined by examining 100 
randomly chosen germ cells/cysts or somatic cells, discriminating between BrdU-labeled 
and unlabeled cells. To evaluate the proportion of  area occupied by type Aund, Adiff  and 
B spermatogonia, 30 randomly chosen fields were photographed at 400x magnification 
using a conventional microscope equipped with a digital camera. The images were 
analyzed quantitatively using ImageJ software (Image Processing and Analysis in Java). 
Using a specific plug-in, a 540 points grid was made to quantify the proportion of  the 
area for the different germ cell types, based on the number of  points counted over 
those germ cells types. 

Relative quantification of  testicular mRNA levels
The effects of  hINSL3 on testicular mRNA levels were investigated after 7 days 

of  testis tissue culture. Total RNA was isolated from the tissue using an RNAqueous 
Micro kit (Ambion), according to the manufacturer’s protocol, in order to quantify 
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the mRNA levels of  selected testicular genes. The selection included insl3 (García-
Lopez et al. 2010), Sertoli cell genes known to modulate spermatogonial proliferation 
and differentiation behavior, such as amh (Miura et al. 2002; Skaar et al. 2011), gsdf 
(Sawatari et al. 2007), and igf3 (Morais et al. 2013), and four germ cell markers: nanos2 
(expressed in single type Aund spermatogonia; Beer and Draper, 2013), piwil1 (expressed 
in all generations of  type A spermatogonia; Houwing et al. 2007), sycp3 (expressed in 
spermatocytes; Chen et al. 2013), and odf3b (expressed in spermatids; Yano et al. 2008). 
Two micrograms of  isolated RNA was taken from each sample to synthesize cDNA as 
described previously (de Waal et al. 2008). The relative mRNA levels were determined 
using qPCR assays, according to published protocols for all genes analyzed (see Table 
1), except for nanos2. For detecting nanos2 mRNA (Beer & Draper, 2013), primers were 
designed (Table 1) and validated for specificity and amplification efficiency on serial 
dilutions of  testis cDNA (Bogerd et al. 2001). All real-time, quantitative PCRs (qPCRs) 
and calculations were performed as described previously (Bogerd et al. 2001; de Waal 

Table 1. Primers used for mRNA levels measurement of  ef1α (elongation factor 1α), insl3 (insulin-
like peptide 3), amh (anti-Müllerian hormone), gsdf, igf3 (two Sertoli cell genes known to modulate 
spermatogonial proliferation and differentiation), nanos2, piwil1, sycp3, odf3b (four germ cell markers)

Target genes Primers Sequence (5’-3’) Reference

ef1α AG (Fw)
AH (Rv)

GCCGTCCCACCGACAAG
CCACACGACCCACAGGTACAG

Morais et al. 2013

insl3 2466 (Fw)
2467 (Rv)

TCGCATCGTGTGGGAGTTT
TGCACAACGAGGTCTCTATCCA

Good et al. 2012

amh AD (Fw)
AE (Rv)

CTCTGACCTTGATGAGCCTCATTT
GGATGTCCCTTAAGAACTTTTGCA

García-López et al. 2010

igf3 2680 (Fw)
2681 (Rv)

TGTGCGGAGACAGAGGCTTT
CGCCGCACTTTCTTGGATT

Morais et al. 2013

gsdf 2366 (Fw)
2367 (Rv)

CATCTGCGGGAGTCATTGAAA
CAGAGTCCTCCGGCAAGCT

García-López et al. 2010

piwi1l 2542 (Fw)
2543 (Rv)

GATACCGCTGCTGGAAAAAGG
TGGTTCTCCAAGTGTGTCTTGC

García-López et al. 2010

sypc3 2730 (Fw)
2731 (Rv)

AGAAGCTGACCCAAGATCATTCC
AGCTTCAGTTGCTGGCGAAA

García-López et al. 2010

odf3b 2791 (Fw)
2792 (Rv)

GATGCCTGGAGACATGACCAA
CAAAGGAGAAGCTGGGAGCTTT

Leal et al. 2009a

nanos2 4817 (Fw)
4818 (Rv)

AAACGGAGAGACTGCGCAGAT
CGTCCGTCCCTTGCCTTT

This paper

Fw, forward; Rv, reverse.
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et al. 2008; García-López et al. 2009). All qPCRs were performed in 20 μL reaction 
volumes and quantification cycle (Cq) values were obtained by 7900HT Real-Time PCR 
System (Applied Biosystems) using default settings. Elongation factor 1α (ef1α) mRNA 
was used as the endogenous control, since its expression remained stable under both 
basal and treated conditions. 

Cellular localization of  insl3 mRNA
To localize the cellular expression of  insl3 mRNA, in situ hybridization was performed 

using digoxigenin (DIG)-labeled cRNA probes previously designed and validated 
(Good-Avila et al. 2009). Adult zebrafish testes were fixed in 4% paraformaldehyde 
(PFA) in PBS (pH 7.4) at 4°C overnight and subsequently transferred to 20% sucrose 
in PBS until the tissue remained submerged. In situ hybridization was carried out on 10 
µm thick cryosections (Leica cryostat), which were post-fixed with 4% PFA and then 
treated with proteinase K (5 µg/mL; Sigma-Aldrich) at room temperature for 5 min. 
Hybridization, using 500 ng riboprobe per mL, was carried out in hybridization buffer 
(5 x SSC, 50% deionized formamide, 10% dextran sulfate, 5 x Denhardt’s, 250 µg/mL 
yeast tRNA, 500 µg calf  thymus DNA) at 65°C overnight. The slides were then washed 
in 5 x and 0.2 x SSC at 55°C, each for 30 min, and blocking was performed with 1% 
heat-inactivated goat serum (Vector) in blocking buffer (0.1 M Tris-HCl, 0.15 M NaCl, 
pH 7.5) at room temperature for 1 h. Subsequently, the slides were incubated with 
alkaline phosphatase-conjugated anti-DIG antibody (Roche) 1:1000 diluted in blocking 
solution at 4°C overnight. Color development was conducted by incubating the sections 
in NBT/BCIP (Roche) in the dark. After air drying, the slides were mounted using 
Aquamount (Thermo Scientific) and pictures were taken with an Olympus AX70 
microscope. 

Androgen release analysis
To study if  basal or Fsh-stimulated testicular androgen release is modulated by 

hINSL3, the levels of  11β-hydroxyandrostenedione (OHA), a known precursor of  
11-ketotestosterone (11-KT), were measured in testis tissue culture medium using a 
steroid release bioassay previously adapted for zebrafish testis (García-López et al. 
2010). The results were calculated as nanogram of  OHA released per milligram of  testis 
tissue when incubated in the absence or presence of  25 ng/mL of  Fsh and/or 100 ng/
mL of  hINSL3, respectively.
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Statistics
The statistical analyses were performed using the GraphPad Prism 5 software 

package (GraphPad Software, Inc., San Diego, California, USA). Differences between 
control and experimental groups were tested for statistical significance using the 
Student’s t test for paired observation and ANOVA (post-test Newman-Keuls) for 
multiple group comparisons. A significance level of  p<0.05 was applied in all analyses. 
Data are presented as mean ± standard error (SEM).

RESULTS
Spermatogonial and somatic cell proliferation

Based on counting BrdU-positive cells, we calculated the mitotic index of  type Aund 
and Adiff  spermatogonia (Fig. 2a-b), Leydig cells, and Sertoli cells associated with BrdU-
positive or BrdU-negative type Aund spermatogonia (Fig. 3a-c). In testis tissue culture, 
hINSL3 significantly stimulated the proliferation of  type Aund spermatogonia, while no 
significant changes were observed for type Adiff  spermatogonia (Fig. 2c). Moreover, no 
effects were observed for Leydig cells or for Sertoli cells associated with BrdU-negative 
type Aund spermatogonia, while a significant decrease in proliferation was found for 
Sertoli cells associated with BrdU-positive type Aund spermatogonia (Fig. 3d).

In order to study if  the increased proliferation activity of  type Aund spermatogonia 
was associated with self-renewal (leading to two single Aund) or differentiation (leading 
to a pair of  Adiff), we labeled these cells with BrdU in vivo via a 3-day pulse and 4-day 
chase protocol, before exposing testis tissue to hINSL3 ex vivo. This allowed studying 
the dynamics of  spermatogonial proliferation by examining how exposure to hINSL3 
ex vivo influenced the BrdU indices of  type Aund, Adiff, and type B spermatogonia that 
previously had taken up the BrdU label in vivo. Quantifying the BrdU indices in this 
type of  experiment for the different spermatogonial cell types showed that hINSL3 
induced a ~3- and ~2-fold decrease, respectively, for type Aund and Adiff  spermatogonia, 
while no change was recorded for type B spermatogonia (Fig. 4a). At the same time, the 
proportion of  the area occupied by type Aund spermatogonia was significantly reduced 
while an increase was observed in the proportion of  type Adiff  spermatogonia (Fig. 4b).

Androgen release
To evaluate if  the effects of  hINSL3 on germ cell proliferation and differentiation 

are associated with a modulation of  basal or gonadotropin-stimulated androgen release, 
we used (recombinant zebrafish) Fsh, which is a potent steroidogenic hormone in fish 
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(reviewed by Schulz et al. 2010). Our results showed that hINSL3 neither modulated 
basal nor Fsh-stimulated androgen release (Fig. 5).

Relative testicular transcript levels and cellular localization of  insl3 mRNA
The quantification of  relative transcript levels of  selected genes was intended 

to start elucidating the molecular mechanism used by hINSL3 to modulate germ cell 
proliferation. We analyzed the transcript levels of insl3, three Sertoli cell genes (amh, 
gsdf, and igf3), a spermatogonial (piwil1), a spermatocyte (sycp3), and a spermatid (odf3b) 
gene. The qPCR results showed no significant difference between basal and hINSL3-
stimulated conditions for these transcripts (Fig. 6). However, transcript levels of  nanos2, 
a marker for single type Aund spermatogonia, was 6-fold down-regulated in testis tissue 

Fig. 1 Morphological characteristics of  zebrafish type Aund, type Adiff  and type B spermatogonia, Leydig 
cells, and in situ hybridization for insl3 mRNA in adult zebrafish testis. a Type Aund spermatogonia (arrow) 
are single germ cells showing a large and clear nucleus, with poorly condensed chromatin and one or 
two compact nucleoli. b A cyst containing two type Adiff  spermatogonia (arrowhead) that show smaller 
nuclei stained more intensely by toluidine-blue. Type B spermatogonia (thin arrow) have again smaller, 
slightly elongated/ovoid nuclei that moreover show a high amount of  heterochromatin. c Interstitial space 
(indicated by a dashed line) with a group of  Leydig cells. d Adult zebrafish testis section showing the 
detection of  insl3 mRNA by in situ hybridization in Leydig cells cluster (indicated by dashed lines). The inset 
in d shows the non-specific staining obtained with the sense probe. Sections in a, b and c were prepared 
for morphological analysis according to Leal et al. (2009b). a and b 1000x magnification, c and d 600x 
magnification, scale bars = 10 μm
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exposed to hINSL3 (Fig. 6).
The cellular localization of  insl3 transcripts in zebrafish testis tissue was analyzed 

by in situ hybridization on cryosections. Transcripts were exclusively observed in the 
interstitial compartment (Fig. 1d), with a specific hybridization signal exclusively on 
Leydig cells that often formed clusters in the interstitium (Fig. 1c-d). No signal was 
observed with the sense insl3 riboprobe (negative control; inset Fig. 1d).

Fig. 2 a,b Testis tissue sections showing BrdU-positive germ cells: type Aund (arrow), type Adiff  (thin arrows) 
and type B (arrowhead) spermatogonia. 1000 x magnification, scale bars = 10 μm. c Mitotic indices of  
type Aund and Adiff  spermatogonia after incubation for 7 days in the absence (basal) and presence of  100 ng 
hINSL3/mL. An asterisk indicates a significant difference (p<0.05) between treated and control. Results 
are presented as mean ± SEM (n = 8)
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DISCUSSION
While information is available on the evolution and expression of  relaxin peptide 

family members in teleost fish (Good-Ávila et al. 2009; Yegorov et al. 2009; Good et 
al. 2012), there are to our knowledge no previous reports on the biological activity 
of  these peptides in submammalian vertebrates. We reasoned that hINSL3 would be 
able to interact with both zebrafish Rxfp2 receptors since the residues identified as 
important for ligand-receptor interaction with the human receptor for hINSL3 (i.e. 
RXFP2) are identical in the zebrafish Rxfp2a and Rxfp2b receptors, except for RXFP2 
residues Ile179 and Glu229, which are replaced by Val and Ala, and most likely do 
not hinder hINSL3’s interaction with the zebrafish Rxfp2a receptor. This is supported 
by our finding that hINSL3 stimulated differentiation of  type Aund spermatogonia 
(further discussed below). Hence, despite the biological differences in the action of  

Fig. 3 a,b Testis tissue sections showing BrdU-positive Sertoli cells nuclei (arrows) in association with 
BrdU-positive (white asterisk) and BrdU-negative (black asterisk) type Aund spermatogonia. c BrdU-positive 
Leydig cell nucleus (thin arrow). d Mitotic indices of  Sertoli cells in association with BrdU-negative or 
BrdU-positive type Aund spermatogonia, and Leydig cells, after incubation for 7 days in the absence (basal) 
or presence of  100 ng hINSL3/mL. Different letters indicate significant differences (p<0.05) between 
the absence and presence of  hINSL3. a, b and c 1000 x magnification, scale bars = 10 μm. Results are 
presented as mean ± SEM (n = 8)
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INSL3 in teleosts vs mammals and their evolutionary distance, paralagous teleosts 
receptors, Rxfp2a and Rxfp2b, are still able to respond to mammalian hINSL3. This 
suggests that although neofunctionalization of  certain aspects of  INSL3 function in 
mammals (i.e. testicular descent) there are presumably older conserved functions of  
INSL3 across vertebrates. While it is known that spermatogenesis is not dependent on 
INSL3 function in adult mice (Huang et al. 2012), it is possible that INSL3 has yet to be 
identified effects on germ cell development in higher vertebrates, and the detection of  
RXFP2 in mammalian germ cells is compatible with the notion that INSL3 modulates 
germ cell development in a paracrine manner (Huang et al. 2012; Minagawa et al. 2014), 
notwithstanding the known (neo-functionalized) role of  INSL3 in mammalian testicular 
descent.

Using a testis tissue culture approach, we have shown that hINSL3 significantly 
increased the mitotic index of  type Aund spermatogonia. Moreover, we propose that these 
proliferating type Aund spermatogonia are preferentially recruited into differentiation by 
hINSL3. Type Aund spermatogonia are single germ cells enveloped by one, sometimes 
two Sertoli cells in zebrafish (Leal et al. 2009b); spermatogonial stem cells (SSC) are 
part of  this germ cell population (Nóbrega et al. 2010). As undifferentiated cells, SSCs 
have the capacity to produce either more SSCs (self-renewal proliferation) or germ cells 
committed to the spermatogenic process (differentiating proliferation), the first step 
being to form a pair of  considerably smaller type Adiff  spermatogonia. The latter cells 
represent ~44% of  the cellular volume of  Aund, such that a pair of  Adiff  are slightly smaller 
than a single Aund (Leal et al. 2009b), and remain connected via a cytoplasmic bridge 
inside a single cyst, one of  the hallmarks of  differentiating germ cell divisions. On the 
other hand, SSC undergoing self-renewal produce two completely separated type Aund 
daughter cells, and the newly generated germ cell needs to recruit its own Sertoli cell to 
create a new spermatogenic cyst. Consequently, to produce new spermatogenic cysts, 
Sertoli cell proliferation is also required (França et al. 2015). Here we found that Sertoli 
cells contacting BrdU-positive type Aund spermatogonia showed reduced proliferation 
activity when incubated with hINSL3 (Fig. 3d), which we interpret as circumstantial 
evidence that the Aund spermatogonia were undergoing germ cell differentiation not 
self-renewal. To obtain more direct evidence for this hypothesis, we used additional 
molecular and morphological approaches.

Quantifying selected germ cell marker genes showed that 3 out of  the 4 
transcripts remained stable, while nanos2 mRNA levels were down-regulated in testis 
tissue exposed to hINSL3. In male mice, SSC maintenance depends on the RNA 
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binding protein NANOS2; its conditional loss in adults results in a loss of  SSCs to 
differentiation whereas overexpression increased testicular SSC numbers (Sada et al. 
2009). Furthermore, miR-34c-mediated down-regulation of  the NANOS2 protein 
enhanced murine SSC differentiation (Yu et al. 2014). In teleost fish, Nanos2 appears 
to play a similar role, considering that loss of  nanos2 function in tilapia resulted in germ 
cell-deficient testes (Li et al. 2014), and that both protein and transcript are detected in 
single type Aund spermatogonia (Lacerda et al. 2013; Bellaiche et al. 2014). In the adult 
zebrafish testis, nanos2 mRNA is expressed exclusively in single, vasa-positive germ cells 
that are considered to have germ line stem cell-like characteristics in both sexes (Beer 
and Draper, 2013). Hence, a decrease in nanos2 transcript levels in testis tissue incubated 
with hINSL3 is compatible with a hINSL3-induced differentiation of  single type Aund 
spermatogonia, such as the SSCs in zebrafish.

A second approach we employed was based on quantitative histology. In line with 
the decreased nanos2 transcript levels, we found a decrease in the area occupied by type 
Aund spermatogonia, and an increased area occupied by Adiff  spermatogonia (Fig. 4b). 
Hence, this increase in type Adiff  cells directly suggest that hINSL3-stimulation increased 
proliferation of  Aund spermatogonia and their differentiation into Adiff  spermatogonia, 
but did not change the mitotic activity of  Adiff  spermatogonia.

We observed that Aund and Adiff  spermatogonia pre-labeled with BrdU in vivo, lost 

Fig. 4 BrdU indices of  type Aund, Adiff  
and type B spermatogonia after BrdU 
exposure in vivo and subsequent tissue 
culture in the absence (basal) and 
presence of  100 ng hINSL3/mL (a), 
and volumetric proportion of  cysts of  
type Aund, Adiff  and type B spermatogonia 
after tissue culture in the absence (basal) 
and presence of  hINSL3 (b). Asterisks 
indicate significant differences (p<0.05) 
between the absence and presence of  
hINSL3. Results are presented as mean 
± SEM (n = 8)
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the BrdU label faster during a subsequent tissue culture period of  4 days when incubated 
in the presence but not absence of  hINSL3 (Fig. 4a). We consider this evidence that 
hINSL3 is involved in differentiation of  type Aund spermatogonia. To explain this, we 
need to refer to spermatogonial dynamics in zebrafish.

Tracing a BrdU pulse through time, Leal et al. (2009a,b) demonstrated that meiosis 
and spermiogenesis in zebrafish took 6 days, both in vivo and in tissue culture. The 
only information available for the duration of  the mitotic phase of  zebrafish germ 
cell differentiation indicates that one cell cycle of  type Aund spermatogonia takes place 
within 30 hours (Nóbrega et al. 2010). Therefore, we estimate that during the 96 h of  
tissue culture for the experiments shown in Fig. 4 that 3 to 4 spermatogonial divisions 
may have taken place. Since BrdU was incorporated into the Aund spermatogonia at the 
beginning of  the tissue culture, this means that in case of  differentiating divisions the 
BrdU would have shifted into the Adiff  cell pool, leading to a decrease of  the BrdU index 
for type Aund cells. Thus, in conjunction with the reduction of  nanos2 transcript levels, 
the surface area occupied by Aund  (Fig. 4b) and the loss of  BrdU-label from the Aund cell 
pool is the third line of  evidence showing that hINSL3 induced the differentiation of  
single type Aund spermatogonia in zebrafish.

However, the BrdU index of  the Adiff  spermatogonia was also significantly reduced 
following exposure to hINSL3 (Fig. 4a). This was unexpected since their proliferation 
activity was not changed by hINSL3 (Fig. 2c), but may be explained by the following 
considerations. It is likely that hINSL3-mediated recruitment of  type Aund cells into 
differentiation occurred irrespective of  their BrdU labeling status. About 45% of  the 
Aund spermatogonia did not contain BrdU under control conditions (Fig. 4a: 55% BrdU-
labeled, i.e. 45% unlabeled), and hINSL3 will have stimulated the production of  BrdU-
negative Adiff  from the initially BrdU-negative Aund spermatogonia. Moreover, initially 

Fig. 5 Effects of  hINSL3 (100 ng/mL) on basal 
or Fsh (25 ng/mL)-stimulated androgen release ex 
vivo. The results (mean ± SEM; n = 8) are presented 
as nanogram of  11β-hydroxyandrostenedione 
(OHA) released per milligram (mg) of  testis 
weight
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BrdU-positive type Aund spermatogonia recruited by hINSL3 into differentiation 
potentially underwent 3 or 4 cell cycles (3 cycles from Aund to the third and last 
generation of  Adiff, or 4 cycles to the first generation of  type B spermatogonia), which 
is associated with an 8- to 16-fold dilution of  BrdU that thereby may have become 
undetectable. We propose that the reduced BrdU-index of  type Adiff  spermatogonia, 
despite their unchanged mitotic activity, reflects the combined effects of  an increased 
production of  BrdU-negative Adiff  cells from initially BrdU-negative Aund cells, a 
loss of  BrdU detectability in Adiff  cells by dilution due to repeated cell cycling, and 
finally a shift of  the BrdU label into the B spermatogonia population for the cells that 
underwent 4 differentiating cell cycles. Since the proportion of  the area occupied by 
Adiff  spermatogonia became more prominent while no change was observed for type 
B spermatogonia (Fig. 4b), we assume that the increased production of  type Adiff  with 
undetectable levels of  BrdU is the main factor in this regard.

Since type B spermatogonia did not show changes after hINSL3 treatment for 
the parameters investigated (Fig. 4a-b), other experiments need to be performed to 
determine if  type B spermatogonia do not respond to hINSL3, or if  potential changes 
among type B spermatogonia are compensated for by the dynamics of  ‘neighboring’ 
germ cell generations (i.e. type Adiff  spermatogonia and primary spermatocytes). 
However, major changes in the meiotic or post-meiotic germ cell generations do not 
seem likely considering the relatively stable expression levels of  the marker genes sypc3 
and odf3b, respectively (Fig. 6). 

Previous work has shown that Sertoli cell-derived Amh inhibited spermatogonial 

Fig. 6 Relative mRNA levels of  insl3 and selected Sertoli (amh, gsdf and igf3) and germ cell (nanos2, piwil1, 
sypc3 and odf3b) genes. The inset shows the ef1α transcript levels in the absence and presence of  hINSL3. 
The inset shows the Ct values for the reference gene ef1α. Results are presented as mean ± SEM (n=12)
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differentiation and also reduced Leydig cell insl3 mRNA levels (Skaar et al. 2011). Since 
our present data suggest that hINSL3 stimulated spermatogonial differentiation, we 
hypothesized that hINSL3 action might include a down-regulation of  amh transcript 
levels. However, this was not the case. Also unaffected by hINSL3 were gsdf and igf3 
transcript levels, coding for growth factors stimulating spermatogonial proliferation in 
trout (Sawatari et al. 2007) or zebrafish (Morais et al. 2013), suggesting that a change in 
transcript levels of  these growth factors is not directly involved in mediating hINSL3 
action.

Recent work in mice showed that INSL3 has an autocrine stimulatory effect 
on Leydig cell androgen release (Pathirana et al. 2012), and androgens are known to 
stimulate spermatogenesis in tissue culture in different fish species (e.g. Miura et al. 
1991; Leal et al. 2009a). However, our results did not show an effect of  hINSL3 on 
basal or Fsh-stimulated androgen release, indicating that hINSL3 effects on zebrafish 
spermatogonia are not mediated by acutely modulating androgen production.

In summary, in this work we investigated the potential role of  hINSL3 on 
spermatogenesis in zebrafish, a species in which insl3 gene expression is also found in 
Leydig cells but in which testicular descent does not occur. Morphometric studies as well 
as germ cell marker gene analysis support the hypothesis that hINSL3 stimulates the 
differentiating proliferation of  type Aund to type Adiff  spermatogonia. To our knowledge, 
this is the first study on the biological activity of  a relaxin family member in fish 
reproduction. Future studies should be directed at investigating if  zebrafish Insl3 shows 
comparable biological activities and at identifying the testicular cell types expressing 
receptors for Insl3, as these will lead us towards our larger goal of  understanding the 
effects of  Insl3 on testis function in teleosts.
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ABSTRACT
Insulin-like growth factor (Igf) binding proteins (Igfbps) modulate the availability 

of  Igfs for their cognate receptors. In zebrafish testes, Igf3 promotes the proliferation 
and differentiation of  type A undifferentiated (Aund) spermatogonia, and igf3 expression 
is strongly elevated by Fsh, but also responds to T3. Here, we report the effects of  
Fsh and T3 on igfbp transcript levels in adult zebrafish testis. We then examined T3 
and Fsh effects on zebrafish spermatogenesis and explored the relevance of  Igfbps 
in modulating these T3 or Fsh effects, using a primary tissue culture system for adult 
zebrafish testis. T3 up-regulated igfbp1a and igfbp3 expression whereas Fsh reduced 
igfbp1a transcript levels. To quantify effects on spermatogenesis, we determined the 
mitotic index and relative section areas occupied by Aund, type A differentiating (Adiff), or 
type B spermatogonia. In general, T3 and Fsh stimulated spermatogonial proliferation 
and increased the areas occupied by spermatogonia, suggesting that both self-renewal 
and differentiating divisions were stimulated. Preventing Igf/Igfbp interaction by NBI-
31772 further increased T3- or Fsh-induced spermatogonial proliferation. However, 
under these conditions the more differentiated Adiff  and B spermatogonia occupied larger 
surface areas at the expense of  the area held by Aund spermatogonia. Clearly decreased 
nanos2 transcript levels are in agreement with this finding, and reduced amh expression 
may have facilitated spermatogonial differentiation. We conclude that elevating Igf3 
bioactivity by blocking Igfbps shifted T3- or Fsh-induced signalling from stimulating 
spermatogonial self-renewal as well as differentiation towards predominantly stimulating 
spermatogonial differentiation, which leads to a depletion of  type Aund spermatogonia.
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INTRODUCTION
Spermatogenesis is a complex cellular developmental process that requires complex 

regulatory mechanisms. In vertebrates, the endocrine system has evolved as master 
control system of  spermatogenesis and signals mainly towards testicular somatic cells 
such as Leydig cells, Sertoli cells (SCs) and myoid cells, which then communicate with 
the germ cells via short-range signalling systems. The cellular basis of  spermatogenesis 
is a population of  spermatogonial stem cells (SSCs), which form part of  the population 
of  the type A undifferentiated spermatogonia (Aund), usually present as single cells in 
close contact with Sertoli cells. SSCs can either be quiescent, self-renew to produce 
more Aund, or differentiate into subsequent developmental stages to eventually produce 
spermatozoa (1). In order to sustain spermatogenesis, a balance between self-renewal 
and differentiation is required (1). 

Spermatogenesis is primarily regulated by two pituitary hormones, follicle-
stimulating hormone (FSH) and luteinizing hormone (LH). In tetrapod vertebrates, the 
FSH receptor (Fshr) is expressed by Sertoli cells, whereas the LH/choriogonadotropin receptor 
(Lhcgr) is expressed by Leydig cells. However, in fish, Leydig cells also express the Fshr 
(2, 3) and piscine Fsh is a potent steroidogenic hormone (4). Recombinant eel Fsh 
induces the proliferation and differentiation of  spermatogonia by stimulating androgen 
production in explants of  prepubertal eel testis tissue (2). In zebrafish, androgens 
also exert a stimulatory effect on spermatogenesis (5), and recombinant zebrafish Fsh 
stimulated testicular androgen production (4). However, different from the eel model, 
Fsh stimulated spermatogonial proliferation and differentiation also in an androgen-
independent manner in the adult zebrafish testis (6), involving the Sertoli cell-derived 
growth factor Igf3. Similarly, studies in rainbow trout showed that close to one hundred 
genes responded to Fsh in an androgen-independent manner (7), while more than 200 
testicular genes fall in this category in the zebrafish (8). Genetic studies showed that 
inactivating a single gonadotropin or a single gonadotropin receptor did not result in 
spermatogenic defects, probably because Fsh and Lh regulate steroidogenesis (2-4), 
and both Lh- and Fsh-signalling had to be inactivated to achieve infertility in male 
zebrafish (9, 10). However, also other hormones and short-range signalling molecules 
are involved in regulating spermatogenesis.

Thyroid hormones (TH) are relevant for male reproduction in mammals and fish 
by modulating the number of  functionally differentiated SCs (11-16), involving down-
regulation of  aromatase and up-regulation of  androgen receptor gene expression (16, 
17). In zebrafish, thyroid hormone receptors (thrs) are expressed in both SCs and Leydig 
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cells and T3 stimulated the formation of  new cysts (self-renewal) by promoting the 
proliferation and accumulation of  SCs and of  Aund (18). The T3 effects were mainly 
mediated by increasing SC igf3 expression and were completely and partially blocked, 
respectively, for Aund and SC proliferation, by an Igf  receptor (Igfr) inhibitor (18).

The Igf  family of  growth factors promotes proliferation and differentiation of  
diverse cell types. In most vertebrates, the Igf  signalling system is composed of  Igf1 and 
Igf2, two Igf  receptors (Igfrs) and the Igf  binding proteins (Igfbps; 19). Prior to Igf/Igfr 
interaction, Igfbps bind Igf  with equal or higher affinity than Igfrs (19, 20). Therefore, 
Igfbps can modulate the bioavailability of  Igfs, thereby inhibiting or potentiating Igf  
actions (20-22). Igf3 (previously referred to as Igf1b) is the most recently discovered 
ligand member of  this system that has been identified in gonadal tissue of  fish (23). As 
mentioned above, igf3 is expressed in zebrafish SCs, and Fsh and T3 increased testicular 
igf3 transcript levels (6, 18). Gonadotropin-stimulated igf3 gene expression has also been 
reported for immature rainbow trout testis (7) and zebrafish ovarian tissue (24, 25). 
In zebrafish, we have shown recently that recombinant zebrafish Igf3 promoted in 
an androgen-independent manner the proliferation of  type Aund and type Adiff  and up-
regulated the expression of  genes related to spermatogonial differentiation (6). Insulin/
Igf  signalling regulates early stages of  male germ cell development in species representing 
diverse animal groups, ranging from worms (26, 27) and insects (28) to mammals (29), 
underlining the relevance of  further examining this system. Our previous work showed 
that testis tissue expressed igf1, igf2a, igf2b and igf3, and both known zebrafish igfr variants 
(6, 30, 31). However, information about the Igfbps and their potential implication in 
modulating spermatogenesis has not been addressed yet. Here, we studied the effect 
of  T3 and Fsh on spermatogonial proliferation and differentiation, on igfbp transcript 
levels, and we explored the potential contribution of  Igfbps to mediating T3- or Fsh-
effects by using an Igfbp inhibitor.

MATERIALS AND METHODS
Animals

Adult male zebrafish between 3-12 months of  age were used in this study. In order 
to study gene expression and for morphometric analyses, 6-8 animals were used per 
experiment. All experiments followed the Dutch National regulations for animal care 
and use in experimentation, and the experimental protocols have been submitted to and 
were approved by the Utrecht University Experimental Animal Committee.
Tissue culture
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Adult zebrafish testes were dissected for tissue culture experiments using a previously 
described system (5), in which one testis was incubated under control conditions, the 
contralateral one under experimental conditions (i.e. with medium containing hormones 
and/or Igfbp inhibitor). In this experimental system, two conditions are compared at a 
time, which in the present study were basal versus T3, T3 versus T3 in the presence of  10 
µM NBI-31772, basal versus Fsh, or Fsh versus Fsh in the presence of  10 µM NBI-31772. 
According to previous results (4, 18), T3 (Sigma-Aldrich) was used at a concentration of  
50 ng/mL, recombinant zebrafish Fsh at a concentration of  (100 ng/mL; see reference 
4 for details on the production and characterization of  recombinant zebrafish Fsh), 
and testis tissue was incubated for 1 (gene expression) or 3 or 4 days (gene expression 
or morphology). NBI-31772 is a non-peptide IGFBP ligand that exhibits high affinity 
for all six mammalian IGFBPs without interacting with the IGF receptors, and thus 
increasing “free” biologically active IGF (32, 33). The affinity for NBI-31772 is quite 
similar among IGFBPs (Ki 1.18 to 5.64 nM), except for IGFBP6, which shows a lower 
affinity (Ki=16.06 nM; 32). In zebrafish, 10 µM NBI-31772 increased cardiomyocyte 
proliferation during heart regeneration (34). As described above, we used NBI-31772 in 
combination with T3 or Fsh. Therefore, we also examined if  10 µM NBI-31772 alone 
(i.e. comparing basal versus NBI-31772) affected the mitotic index, the section areas 
occupied by different spermatogonial generation, or testicular gene expression.

Finally, zebrafish testes were incubated for 3 days in the presence of  recombinant 
zebrafish Igf3 (100 ng/mL; see reference 6 for details the production and characterization 
of  recombinant zebrafish Igf3) with or without 10 µM NBI-31772 to examine amh 
transcript levels. 

In all experiments with Fsh, the production of  biologically active steroids was 
blocked by including 25 µg/mL trilostane (Chemos), an inhibitor of  3β-hydroxysteroid 
dehydrogenase activity. At the end of  the incubation period, testis tissue was snap-frozen 
in liquid nitrogen and stored at -80ºC until RNA extraction, or fixed for morphological 
analyses.

Gene expression
The relative transcript levels of  igfbps, germ cells markers and other genes of  

interest (Table 1) were quantified by real-time, quantitative polymerase chain reaction 
(qPCR) assays in testis tissue incubated with Fsh or T3 for 1 (igfbps) or 3 or 4 days (germ 
cells marker or growth factors) day. In the present study, specific qPCR primers to 
detect igfbp1a, 1b, 2a, 2b, 5a, 5b, 6a and 6b mRNAs were designed and validated; these 
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primers were designed using Primer Express software (PE Biosystems) on different 
exons to avoid amplification of  potential genomic DNA contaminations, as described 
previously (35). In addition, all zebrafish igfbp qPCR primer sets were also tested to 
confirm the lack of  cross-reactivity on all cloned full-length zebrafish igfbp cDNAs as 
templates in the qPCR (data not shown). The expression of  igfbp3 was analyzed using a 
commercial available TaqMan gene expression assay (Applied Biosystems).

Total RNA was isolated from tissue using an RNAqueous Micro kit (Ambion), 
according to the manufacturer’s protocol. cDNA synthesis from total RNA and 
quantification of  transcript levels were carried out as described previously (35). In brief, 
2 µg of  total RNA were reverse transcribed using 250 U of  Supercript II RNAse¯ 
reverse transcriptase (Life Technologies). Each qPCR was performed in 20 µl 1X 
SYBER Green assay mix (Applied Biosystems) and specific qPCR primers (each 900 
nM), containing 5 µl cDNA. The quantification cycle (Cq) values were determined in a 
Step One Plus Real-Time PCR System (Applied Biosystems) using default settings. The 
relative amounts of  mRNA in the cDNA samples were calculated using the arithmetic 
comparative method (ΔΔCt method), according to Bogerd et al. (35). Expression of  
the elongation factor 1 alpha (ef1a) was stable (Supplemental Fig. 1); therefore, ef1a was 
used as endogenous control. Results on testicular gene expression were expressed as 
fold change with respect to the control group. In experiments where we investigated 
the effects T3, Fsh, or NBI-31772 alone, the control tissues were incubated with basal 
medium. In experiments examining the effects of  NBI-31772 on the T3-,  Fsh- or 
Igf3-induced changes in gene expression, control tissues were incubated in medium 
containing T3 , Fsh or Igf3, respectively. 

Morphological analysis
To quantify the proliferation activity of  Aund, Adiff  and type B spermatogonia, 100 

μg/ml of  the proliferation marker 5-bromo-2’-deoxyuridine (BrdU; Sigma-Aldrich) was 
added to the tissue culture medium during the last 6 h of  the 4-day incubation period. 
After fixation in methacarn (60% [v/v] absolute ethanol, 30% chloroform and 10% 
acetic acid), the samples were dehydrated in graded ethanol (70%, 96% and 100%), 
embedded in Technovit 7100 (Heraeus Kulzer) and sectioned at a thickness of  4 μm. 
To determine the proliferation activity, one set of  sections was used to localize BrdU as 
described previously (5). The mitotic index was determined by analyzing 100 Aund cells 
or 100 cysts (Adiff  and B spermatogonia), discriminating between BrdU positive and 
negative cells/cysts.
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Table 1. Primers used for gene expression studies. 

Target  genes Primers name Sequence (5’-3’) Gene information

ef1α
AG (Fw) GCCGTCCCACCGACAAG Reference gene (18)
AH (Rv) CCACACGACCCACAGGTACAG  

igfbp1a
4194 (Fw) GAGCCCCGAGCCTAACCA This paper
4196 (Rv) TCTCATAACGGGCCGACG  

igfbp1b
4199 (Fw) GTGGAGCACCACCCTACTGAAG This paper
4200 (Rv) TGCATCACCTGCTGAGCC  

igfbp2a
4206 (Fw) GACCCTAAAGCACCACATGCTAA This paper
4207 (Rv) TTGACCAGGTGCTGGAAAGG  

igfbp2b
4211 (Fw) GCCCACCATGACCAACCA This paper
4213 (Rv) GAAGTAAATGGCACGCGGTC  

igfbp5a
4226 (Fw) CTCCCCTTCCCATCGACAA This paper
4227 (Rv) CAGAAGGAAGCTGGACGGAAT  

igfbp5b
4333 (Fw) CGCAAACATGTAAGCCCTCTAG This paper
4334 (Rv) ATGGAGTTCAAATGCCGGG  

igfbp6a
4955 (Fw) CCTCTGGTGGCGACAAATATG This paper
4956 (Rv) TGCATCAACTGCCAGAACTCTAA  

igfbp6b
4928 (Fw) TGACATCTACATCCCAAACTGTGA This paper
4929 (Rv) GGAAAAAGCAGTGTCGGTCC  

nanos2
4817 (Fw) AAACGGAGAGACTGCGCAGAT Expressed in type Aund spermatogonia 

(53,64)4818 (Rv) CGTCCGTCCCTTGCCTTT

piwil1
2542 (Fw) GATACCGCTGCTGGAAAAAGG Expressed in all generations of  type A 

spermatogonia (54)2543 (Rv) TGGTTCTCCAAGTGTGTCTTGC

piwil2
2994 (Fw) TGATACCAGCAAGAAGAGCAGATCT Expressed in all germ cell type except type 

Aund spermatogonia and spermatozoa (62)2995 (Rv) ATTTGGAAGGTCACCCTGGAGTA

dazl 
3104 (Fw) AGTGCAGACTTTGCTAACCCTTATGTA Expressed mainly in type B spermatogonia 

and primary spermatocytes (31)3105 (Rv) GTCCACTGCTCCAAGTTGCTCT

igf3 
2680(Fw) TGTGCGGAGACAGAGGCTTT Promotes differentiation (18)
2681 (Rv) CGCCGCACTTTCTTGGATT  

insl3
2466 (Fw) TCGCATCGTGTGGGAGTTT Promotes differentiation (56)
2467 (Rv) TGCACAACGAGGTCTCTATCCA  

amh
AD (Fw) CTCTGACCTTGATGAGCCTCATTT Negative regulator of differentiation (48)
AE (Rv) GGATGTCCCTTAAGAACTTTTGCA  

gsdf 
2366 (Fw) CATCTGCGGGAGTCATTGAAA Expressed in Sertoli cells (63)
2367 (Rv) CAGAGTCCTCCGGCAAGCT  

(Fw= Forward; Rv=Reverse)

To quantify the proportions of  section areas occupied by the different 
spermatogonial cell types, another set of  sections was stained with toluidine blue and 15 
randomly chosen, non-overlapping fields were photographed at 400-fold magnification. 
The images were analyzed quantitatively by counting the number of  points over the 
three spermatogonial cell types investigated (Aund, Adiff  and B spermatogonia), using 



98

ImageJ software (National Institute of  Health, Bethesda, Maryland, USA, http://
rsbweb.nih.gov/ij) with a 540-point grid. 

The samples were coded such that the person evaluating the BrdU labeling or 
section surface areas was not aware of  the treatment group the samples belonged to. 
All results were expressed as fold change of  control. In case of  incubations with T3 
(Figs. 2A and B) and Fsh (Figs. 3A and B), the control tissue was incubated in basal 
medium without hormone to evaluate the effects of  the two hormones. The evaluate 
the potential modulation of  T3 or Fsh effects by NBI-31772, the control tissue was 
incubated in medium containing T3 or Fsh, respectively. In addition to expressing the 
results as fold change, the individual data of  the pair-wise comparisons (basal vs. T3, T3 
vs. T3 and NBI-31772, basal vs. Fsh, or Fsh vs. Fsh and NBI-31772) were presented in 
supplemental figure 2, thereby showing the variation between individuals.

Statistical analysis
Statistical analyses were carried out using the GraphPad Prism 5 software package 

(San Diego, California, USA). Differences between control and experimental groups 
were tested for statistical significance using Student’s t-test for paired observation, 
comparing the two testes of  one male that were incubated under two different 
conditions. Morphological (mitotic index and the proportions of  section areas occupied 
by the different spermatogonial cell types) and gene expression data are represented as 
fold change of  control (mean ± standard error of  mean; SEM). The morphological 
data are also shown as individual data in supplemental figure 2, where the testes of  a 
single male that were incubated under control (open symbols) or experimental (filled 
symbols) conditions are connected by a stippled line to illustrate the individual response 
patterns. 

RESULTS
T3 and Fsh modulate the expression of  specific Igfbps 

The expression of  the igfbps was analyzed by qPCR in zebrafish testis treated 
for one day with T3 (50 ng/mL) or Fsh (100 ng/mL) in the presence of  25 µg/mL 
trilostane to block the production of  biologically active steroids. All nine igfbps known in 
the zebrafish genome were expressed in testis tissue (Fig. 1). Transcript levels of  igfbp1a 
and igfbp3 were up-regulated in response to T3 (Fig. 1A), while igfbp1a transcript levels 
were down-regulated in response to Fsh (Fig. 1B). Neither T3 nor Fsh modulated the 
transcript levels of  any of  the other igfbp genes at the concentration and time evaluated 
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here (Fig. 1A and B). 

T3 and Fsh effects on spermatogonial development 
A previous study indicated that T3 increased the mitotic index of  Aund spermatogonia 

and led to their accumulation after 4 days of  testis tissue culture (18). However, the 
proliferation activity and potential accumulation of  type Adiff  and B spermatogonia was 
not addressed. As expected from previous studies, the mitotic index of  Aund increased 
in the presence of  50 ng/ml of  T3 after 4 days of  incubation. The mitotic index of  Adiff  
spermatogonia also increased whereas it remained constant for type B spermatogonia 
(Fig. 2A and supplemental Fig. 2A). Furthermore, the relative surface areas occupied 
by Aund and Adiff  spermatogonia increased, while the one for type B spermatogonia 
decreases slightly in response to T3 (Fig. 2B and supplemental Fig. 2B).

Exposure to Fsh increased the mitotic indices of  Aund, Adiff  and type B spermatogonia 
after 4 days of  incubation (Fig. 3A and supplemental Fig. 2E). The proportion of  area 
occupied by Aund did not change but the areas occupied by Adiff  and B spermatogonia 
increased (Fig. 3B and supplemental Fig. 2F).

T3 and Fsh stimulate spermatogonial differentiation in presence of  an Igfbp 
inhibitor

In order to better understand the function of  T3/Fsh and Igf3 signalling systems 

Figure 1. Levels of  nine igfbp transcripts 
after 1 day of  adult zebrafish testis tissue 
culture. Effect of  T3 (50 ng/mL) (A) and 
Fsh (100 ng/mL) in the presence of  25 
mg/mL trilostane (B) on igfbp expression. 
Dotted line and bars represent control 
group (basal conditions) and the relative 
mRNA levels (fold of  basal; mean ± 
SEM), respectively. The production of  
biologically active steroids was blocked 
by trilostane (25 µg/mL) in B. Asterisks 
indicate significant differences (P < 0.05) 
between control and experimental group 
(n=7).
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Figure 2. Effects of  T3 (A and B) and T3 in the presence of  the Igfbp inhibitor (C, D and E) after 4 days 
of  adult zebrafish testis tissue culture on spermatogonial proliferation, accumulation and gene expression. 
(A) Mitotic indices of  type Aund, type Adiff  and type B spermatogonia after incubation under basal conditions 
(dotted line) or in the presence of  T3 (50 ng/mL) (bars) (n=12). (B) Proportion of  section surface area with 
spermatogenic cysts containing type Aund, type Adiff, and type B spermatogonia after incubation under basal 
conditions (dotted line) or in medium containing T3 (50 ng/mL) (bars) (n=6). (C) Mitotic indices of  type 
Aund, type Adiff  and type B spermatogonia in the presence of  T3 (50 ng/mL) (dotted line) or T3 (50 ng/mL) 
and 10 µM NBI-31772 (bars) (n=13).  (D) Proportion of  section surface area with cysts of  type Aund, type 
Adiff, and type B spermatogonia in the presence of  T3 (50 ng/mL) (dotted line) or T3 (50 ng/mL) and 10 µM 
NBI-31772 (bars) (n=6). (E) Gene expression analysis in adult zebrafish testis after 4 days of  tissue culture 
in the presence of  T3 (50 ng/mL) (dotted line) or T3 (50 ng/mL) and 10 µM NBI-31772 (bars) (n=7). 
Results are presented as fold changes with respect to the control group (basal or T3). Asterisks indicate 
significant differences (* P<0.05; ** P<0.01; *** P<0.001) compared to the respective control group.
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in modulating spermatogenesis, the main modulators of  Igf  bioavailability, the Igfbps, 
were studied using a specific inhibitor (NBI-31772) blocking Igf  interaction with 
Igfbps. The effect of  NBI-31772 on spermatogenesis was first tested by analyzing 
BrdU incorporation in spermatogonia in zebrafish testis incubated under basal 
condition or in the presence of  10 µM NBI-31772. NBI-31772 alone did not modulate 
spermatogonial proliferation, relative section surface areas occupied by spermatogonia, 
or gene expression (Supplemental Fig. 3). Then, we analyzed if  T3-stimulated BrdU 
incorporation into spermatogonia was modulated in the presence of  NBI-31772. 
The mitotic index of  type Aund spermatogonia remained unchanged, but increased for 
type Adiff  and B spermatogonia (Fig. 2C and supplemental Fig. 2C). The relative area 
occupied by type Aund spermatogonia decreased while those of  the more differentiated 
spermatogonial generations increased in the additional presence of  NBI-31772 (Fig 
2D and supplemental Fig. 2D). In parallel experiments, we quantified the transcript 
levels of  selected genes. In line with the morphological analysis, nanos2 (a marker for 
type Aund spermatogonia) was down-regulated, while piwil2 (expressed by all germ 
cells except type Aund spermatogonia and spermatozoa) and dazl (expressed by type B 
spermatogonia and primary spermatocytes) were up-regulated in the presence of  T3 

and NBI-31772 (Fig. 2E). The transcript levels of  igf3 did not change, but anti-müllerian 
hormone (amh) transcript levels decreased significantly (Fig. 2E); transcript levels of  two 
other growth factors reported to promote germ cell differentiation (i.e. gsdf and insl3) 
also did not change (data not shown).

When testis tissue was incubated with Fsh (and trilostane), the additional presence 
of  NBI-31772 further elevated the mitotic indices of  all spermatogonia (Fig. 3C and 
supplemental Fig. 2G). The relative area occupied by Aund spermatogonia decreased, 
while those occupied by Adiff  and B increased in the additional presence of  NBI-31772 
(Fig. 3D and supplemental Fig. 2H). Finally, the transcript levels of  nanos2 were strongly 
dow n-regulated and also those of  amh were significantly lower than in the presence of  
Fsh alone (Fig. 3E); transcript levels of  gsdf and insl3 did not change (data not shown). 

Igf3 down-regulates amh expression in the presence of  the Igfbp inhibitor
Our previous studies suggested that Fsh (6) but not T3 (18) down-regulated amh 

expression. Since in the experiments with the Igfbp inhibitor, T3 did reduce, and Fsh 
further reduced, amh transcript levels, we hypothesized that the increased availability 
of  Igf3 may have down-regulated amh expression. To test this, zebrafish testis was 
incubated for 3 days in presence of  Igf3 (100 ng/mL; this concentration did not affect 
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Figure 3. Effects of  Fsh (A and B) and Fsh in the presence of  the Igfbp inhibitor NBI—31772 (C, D and 
E) on Fsh-stimulated spermatogenesis after 4 days of  adult zebrafish testis tissue culture on spermatogonial 
proliferation, accumulation and gene expression. (A) Mitotic indices of  type Aund, type Adiff  and type B 
spermatogonia, in the presence of  trilostane (25 µg/mL), in the absence (dotted line) or presence (bars) 
of  Fsh (100 ng/mL) (n=15). (B) Proportion of  section surface area with spermatogenic cysts containing 
type Aund, type Adiff, and type B spermatogonia in the presence of  trilostane (25 µg/mL), in the absence 
(dotted line) or presence (bars) of  Fsh (100 ng/mL) (black bars) (n=8). (C) Mitotic indices of  type Aund, 
type Adiff  and type B spermatogonia in presence of  Fsh (100 ng/mL) (dotted line) or Fsh (100 ng/mL) in 
combination with 10 µM NBI-31772 (bars) (n=14). (D) Proportion of  section surface area with cysts of  
type Aund, type Adiff, and type B spermatogonia in the presence of  Fsh (100 ng/mL) (dotted line) or Fsh 
(100 ng/mL) in combination with 10 µM NBI-31772 (bars) (n=7).  (E) Gene expression analysis in adult 
zebrafish testis after 4 days of  tissue culture in the presence of  Fsh  (100 ng/mL) (dotted line) or Fsh 
(100 ng/mL) and 10 µM NBI-31772 (bars) (n=8). The production of  biologically active steroids by Fsh 
was blocked by including trilostane (25 µg/mL). Results are presented as fold changes with respect to the 
control group (basal or Fsh). Asterisks indicate significant differences (* P<0.05; ** P<0.01; *** P<0.001) 
compared to the respective control group.
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amh transcript levels; see 6) with or without the NBI-31772 (10 µM). The testicular 
expression of  amh was down-regulated in response to Igf3 when the Igfbp inhibitor was 
also present (Supplemental Fig. 4). 

DISCUSSION
In mammals, six IGFBPs with high affinity for IGF family members and ubiquitous 

expression have been described (19-22). Several studies on IGFBP function have been 
published, but information about potential functions in testis tissue is limited. Igfbp2-4 
transcripts have been detected in purified Leydig cells and seminiferous tubules in rats 
(36); Igfbp2-6 transcripts were detected in sheep testis following in vivo treatment with 
IGF1 (37). Nine igfbp genes have been reported in zebrafish genome (38); the additional 
paralogs probably have arisen in context with the additional, fish-specific genome 
duplication. As in mammals, zebrafish igfbps are expressed in several tissues (39-43), 
including the testis, suggesting that Igfbps have short-range roles in addition to systemic 
functions. Here, we report testicular expression of  all nine igfbps and their regulation by 
T3 and Fsh in zebrafish testis. T3 up-regulated the transcript levels of  igfbp1a and igfbp3 
whereas Fsh down-regulated the expression of  igfbp1a. Studies in pig (44) and rat (45) 
have reported that thyroid hormone and FSH, respectively, modulated the expression of  
testicular Igfbps. Thyroid hormone induced Igfbp4 expression in prepubertal porcine SCs. 
Hypophysectomy elevated rat testicular Igfbp3 transcripts levels that returned to control 
levels following FSH treatment. In fish, information on the regulation of  testicular igfbp 
expression is scarce. In rainbow trout, the expression of  igfbp6 was up-regulated by Fsh-
induced stimulation of  sex steroid production (7); other igfbps were not analyzed in this 
study. In rainbow trout ovaries, a partially purified salmon gonadotropin that induced 
oocyte maturation also down-regulated the expression of  igfbp2b, 4 and 5 (46). Growth 
hormone (Gh) treatment of  female sea bream, on the other hand, elevated ovarian 
igfbp2 transcript levels (47). Taken together, these studies may indicate that thyroid 
hormone (and GH/IGF) signalling supports gonadal Igfbp levels, while FSH effects 
via Sertoli or granulosa cells (i.e. excluding steroidogenic effects of  Fsh in fish) reduce 
Igfbp levels. This is similar to the response pattern evoked by T3 and Fsh we have found 
for the zebrafish testis and might suggest that it represents an evolutionary conserved 
response of  physiological relevance. The use of  trilostane may have allowed detecting 
the Fsh-mediated reduction of  igfbp1a expression in our studies. 

Thyroid hormone receptors (thrα and thrβ) are expressed in adult zebrafish testis in 
Sertoli and/or Leydig cells and T3 promoted the formation of  new spermatogonial 
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cysts by stimulating the proliferation of  SCs and Aund via SC-derived Igf3 (18). 
However, this study did not examine the effect of  T3 on other spermatogonial 
generations. Here, we found that T3 promoted the proliferation of  both type Aund and 
Adiff  but not of  type B spermatogonia. In agreement with our previous study (18), 
the proportion of  Aund increased in response to T3 but different from the previous 
study, we find here that T3 also increased the relative section area occupied by Adiff  but 
decreased the one occupied by type B spermatogonia. This discrepancy could reflect 
the different methodological approaches: previously, we determined the percentage 
of  spermatogenic cyst with spermatogonia in different stages of  development while 
here, we quantified the proportion of  the total section area occupied by the different 
spermatogonial generations. Our data suggest that T3 promoted the formation of  new 
cysts with type Aund spermatogonia, but also stimulated the accumulation of  Adiff  by 
increasing their proliferation, while slightly reducing their further development into type 
B spermatogonia (Fig. 4A). Overall, T3 exposure resulted in expanding preferentially the 
type A spermatogonial population. This was associated with elevated transcript levels 
of  selected Igfbps (discussed further below). 

Fsh promoted spermatogonial proliferation and differentiation in zebrafish in 
androgen-dependent and -independent manners (4, 6, 48), and stimulatory effects of  
Fsh on spermatogenesis, either via androgens (2) or also independent of  androgens 
(7) were reported in eel or trout, respectively. While the steroidogenic potency of  Fsh 
is a fish-specific feature, (non-steroidogenic) FSH bioactivity is required for normal 
pre-meiotic germ cell numbers also in mammals (49). In the present study, zebrafish 
testes were incubated with Fsh while blocking the production of  biologically active 
steroids. Under these conditions, Fsh increased the mitotic indices of  type A and B 
spermatogonia and also elevated the surface areas occupied by these cells, except for 
type Aund spermatogonia. An increased proliferation activity but a stable surface area 
proportion suggests that Fsh stimulated some type Aund spermatogonia to self-renew, 
while other type Aund spermatogonia differentiated towards Adiff  and B spermatogonia. 
It therefore appears that Fsh triggered a balanced activation of  both self-renewal and 
differentiation of  type A spermatogonia while also promoting further differentiation 
to type B spermatogonia. This was associated with reduced transcript levels for igfbp1a 
(discussed further below). (Fig. 4B).

Igf3 mediated stimulatory effects of  T3 and Fsh on spermatogonial proliferation 
in the adult zebrafish testis (6, 18), making both hormones interesting test cases for 
examining the potential role of  Igfbps. NBI-31772 displaces IGFs from the IGF-
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IGFBP complex, increasing the levels of  “free” bioactive IGF (33). In mice, NBI-31772 
produced neuropharmacological effects similar to those observed after experimentally 
increasing circulating IGF1 levels (50) and in vivo administration of  NBI-31772 enhanced 
muscle regeneration (51). In rat, IGF1 increased the survival of  motor neurons, and 
cell survival improved further in the presence of  NBI-31772 (52). Effects of  NBI-
31772 are not restricted to mammals. In zebrafish embryos treated with NBI-31772, 
cardiomyocyte proliferation increased by 47% (34). In the present study, NBI-31772 
did not change basal spermatogonial proliferation, suggesting that Igfbp occupancy 
with Igf  family members is low in the zebrafish testis under basal conditions. However, 
NBI-31772 clearly modulated spermatogonial development in response to T3 or Fsh 

Figure 4. Schematic representation of the T3/Fsh and Igfbp inhibitor (NBI) effects on zebrafish 
spermatogenesis. (A) T3 expands type A spermatogonia by increasing their proliferation and accumulation, 
and by slightly reducing their further development into type B spermatogonia. These effects were 
accompanied by the increased expression of  two igfbp transcripts. (B) Fsh stimulates part of  the type 
Aund spermatogonia to self-renew while other type Aund spermatogonia differentiated towards Adiff  and B 
spermatogonia. This concomitant stimulation of  self-renewal and differentiation is associated with the 
selective reduction of  igfbp1a transcript levels that may allow differentiation of  type A spermatogonia. 
(C) T3 in the presence of  the Igfbp inhibitor further promoted differentiation of  type Aund spermatogonia 
into the more differentiated spermatogonial stages. (D) In the presence of  the Igfpb inhibitor, the pro-
differentiation effects of  Fsh dominate and type Aund spermatogonia become partially depleted (curved 
white arrow = self-renewal proliferation; curved black arrow = strong self-renewal proliferation; dotted 
arrow = weak differentiation effect; dotted flat tipped arrow = reduced differentiation; black arrows: 
differentiation; thick black arrows = strong differentiation).
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that both were shown previously to increase igf3 expression and Igf3 release (6, 18). 
As discussed above, T3 promoted self-renewal of  type Aund spermatogonia that 

accumulated (Fig. 2A, B). But, when combined with the Igfbp inhibitor, T3 decreased 
the area occupied by type Aund spermatogonia. The morphological evidence is 
supported by the decrease of  nanos2 transcript levels, a molecular marker for single type 
Aund spermatogonia (54). The amh transcript levels decreased as well, which is usually 
observed in teleost testis when hormone treatment recruits germ cells into differentiation 
(e.g. zebrafish (6); trout (7); eel (54); sea bass (55)). Also the elevated mitotic indices 
and areas occupied by type Adiff  and type B spermatogonia, and expression of  dazl, a 
germ cell markers reflecting differentiation beyond type A spermatogonia, indicate that 
blocking Igfbps resulted in an additional (i.e. on top of  T3) pro-differentiation signal 
(Fig. 4C). Overall, the preferential expansion of  the type A spermatogonial population 
seen after exposure to T3 alone, shifted to more differentiated germ cells at the expense 
of  type Aund spermatogonia in the presence of  the Igfbp inhibitor.

Compared to T3, Fsh exerted a stronger but still balanced pro-differentiation effect. 
Blocking Igfbps in the presence of  Fsh further increased the proliferation activity of  
all spermatogonial cells, including type Aund cells. Also the areas occupied by Adiff  and 
B type cells increased, while the one of  type Aund spermatogonia was reduced, despite 
their increased proliferation activity. These data suggest that the balanced effect of  Fsh 
alone, i.e. promoting both self-renewal and differentiation, is lost when blocking Igfbps 
inhibitor, such that unimpeded Igf3 bioactivity together with other pro-differentiation 
effects of  Fsh (e.g. increased insl3 transcript levels (56)), jointly reduce type Aund 
spermatogonia and tip the balance towards favoring the production of  type Adiff  and B 
spermatogonia (Fig. 4D).

Information on the functional role(s) of  IGFBPs in gonads is limited, but several 
studies in other tissues in mammals and fish have suggested that Igfbps restrict the 
biological activity of  Igfs. Transgenic mice overexpressing Igfbp1 showed growth 
retardation (57). Also when driven by a liver-specific promoter, rat overexpressing 
Igfbp1 displayed growth retardation, but also small gonads and a reduced fertility (58, 
59). Moreover, IGFBP3 and 4 blocked the steroidogenic effects of  IGF1 in rat Leydig 
cell (44) and IGFBP3 inhibited IGF1-stimulated lactate production in rat SC cultures 
(45). In addition, IGFBP3 has been implicated in promoting spermatogonial stem cell 
apoptosis in rats and mice (60, 61). In zebrafish, overexpression of  igfbp1a, 1b, 2a, 2b, 
4, 6a and 6b delayed embryonic development (40-43). Also, Igfbp1a and b inhibited 
Igf1-mediated proliferation in cultured zebrafish embryonic cells (ZF-4; 41), whereas 
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zebrafish Igfbp5a and b decreased the Igf1-mediated viability of  U2OS and HEK 293 
cells (40). Seen in context with the present data, we propose that the effects of  blocking 
Igfbps can be understood in the following way: T3- (18) or Fsh-induced (6) stimulation 
of  Igf3 release, in combination with the increased availability of  Igf3 for its cognate 
receptors when blocking Igfbp activity and the resulting drop of  amh transcript levels, 
jointly facilitate the additional stimulatory effects on spermatogonial proliferation and 
differentiation. This resulted in a strong pro-differentiation signal associated with a 
depletion of  type Aund spermatogonia. Vice versa, we propose that an Igfbp function 
is to fine-tune the biological activity of  the pro-differentiation factor Igf3, to prevent 
exhaustion of  the type Aund spermatogonial pool. 

In this regard, it is very interesting to note that in the presence of  the Igfbp inhibitor, 
depletion of  type Aund spermatogonia and the production of  Adiff  and B spermatogonia 
is taking place irrespective of  using T3 or Fsh, while the two hormones have clearly 
different effects when the inhibitor is absent. We propose that this difference is related 
to the differential effects the two hormones exert on Igfbp expression. T3 elevated 
Igfbp activity that would increase the protection of  type Aund spermatogonia against 
Igf3-mediated differentiation and explain the accumulation of  type Aund spermatogonia. 
On the other hand, Fsh may achieve the activation of  self-renewal and differentiation 
by selectively decreasing Igfbp activity.

In conclusion, we have shown that all Igfbps known in the zebrafish genome 
are expressed in testis and that T3 and Fsh modulate, each in a specific manner, the 
expression of  selected igfbp genes. We also report that T3 stimulates the self-renewal 
of  type Aund spermatogonia and the accumulation of  type Adiff  spermatogonia, while 
Fsh promotes both self-renewal and differentiation in zebrafish testis. However, both 
hormones promote the depletion of  type Aund spermatogonia and the accumulation of  
type Adiff  and type B spermatogonia in the presence of  an Igfbp inhibitor, suggesting 
that Igfbps protect type Aund spermatogonia from excessive differentiation in response 
to Igf3.
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SUPPLEMENTAL MATERIAL

Supplemental Figure 1. Quantification cycles (Cq) of  ef1 alpha under basal conditions and in the presence 
of  (A) T3 (50 ng/mL) or Fsh (100 ng/mL), (B) T3 (50 ng/mL) with or without 10 µM NBI-31772, (C) Fsh 
(100 ng/mL) in the absence or the presence of  10 µM NBI-31772 (n=6) and (D) Igf3 (100 ng/mL) with 
or without 10 µM NBI-31772 (n=7).
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Supplemental Figure 2. Effect of  T3 or Fsh on spermatogonial proliferation and accumulation in the 
absence or presence of  the Igfbp inhibitor NBI-31772. (A) Mitotic indices (n=12) and (B) proportion of  
section surface area (n=8) of  type Aund, type Adiff  and type B spermatogonia under basal conditions or in 
the presence of  T3 (100 ng/mL). (C) Mitotic indices (n=12) and (D) proportion of  section surface area 
(n=7) of  type Aund, type Adiff  and type B spermatogonia in presence of  T3 (50 ng/mL) or T3 (50 ng/mL) 
in combination with 10 µM NBI-31772. (E) Mitotic indices (n=15) and (F) proportion of  section surface 
area (n=8) of  type Aund, type Adiff  and type B spermatogonia under basal conditions or in the presence of  
Fsh (100 ng/mL). (G) Mitotic indices (n=14) and (H) proportion of  section surface area (n=7) of  type 
Aund, type Adiff  and type B spermatogonia in the presence of  Fsh (100 ng/mL) or Fsh (100 ng/mL) in 
combination with 10 µM NBI-31772. The production of  biologically active steroids by Fsh was blocked 
by including trilostane (25 µg/mL). Dotted lines connect the observations made in the two testes from 
one animal that were incubated under control or experimental conditions. Asterisks indicate significant 
differences (* P<0.05; ** P<0.01; *** P<0.001) compared to the respective control group.

Supplemental Figure 3. Effects of  NBI-31772 after 4 days of  adult zebrafish testis tissue culture on 
spermatogonial proliferation, accumulation and gene expression. (A) Mitotic indices of  type Aund, type Adiff  
and type B spermatogonia in basal (dotted line) or in the presence of  NBI-31722 (10 µM) (bars) (n=8). (B) 
Proportion of  section surface area with cysts of  type Aund, type Adiff, and type B spermatogonia in basal  
(dotted line) or in the presence of  NBI-31722 (10 µM) (bars) (n=8).  (E) Gene expression analysis in adult 
zebrafish testis after 4 days of  tissue culture in basal  (dotted line) or in the presence of  NBI-31722 (10 µM) 
(bars) (n=6). Results are presented as fold changes with respect to the control group (basal). Non statistical 
significance (ns) was found when comparing to the control group (basal).
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Supplemental Figure 4. amh transcript levels 
after 3 days of  tissue culture in the presence of  
Igf3 (100 ng/mL) with (black bar) or without 
(white bar) 10 µM NBI-31772. The asterisk 
indicates a significant difference compared to the 
control group (P<0.05; n=7).
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ABSTRACT
Fsh-mediated regulation of  zebrafish spermatogenesis includes modulating the 

expression of  testicular growth factors. Here, we study if  and how two Sertoli cell-
derived Fsh-responsive growth factors, anti-Müllerian hormone (Amh; inhibiting 
steroidogenesis and germ cell differentiation) and insulin-like growth factor 3 (Igf3; 
stimulating germ cell differentiation), cooperate in regulating spermatogonial 
development. In dose response and time course experiments with primary testis tissue 
cultures, Fsh up-regulated igf3 transcript levels and down-regulated amh transcript 
levels; igf3 transcript levels were more rapidly up-regulated and responded to lower Fsh 
concentrations than were required to decrease amh mRNA levels. Quantification of  
immunoreactive Amh and Igf3 on testis sections showed that Fsh increased slightly 
Igf3 staining but decreased clearly Amh staining. Studying the direct interaction of  the 
two growth factors showed that Amh compromised Igf3-stimulated proliferation of  
type A (both undifferentiated [Aund] and differentiating [Adiff]) spermatogonia. Also the 
proliferation of  those Sertoli cells associated with Aund spermatogonia was reduced by 
Amh. To gain more insight into how Amh inhibits germ cell development, we examined 
Amh-induced changes in testicular gene expression by RNA sequencing. The majority 
(69%) of  the differentially expressed genes was down-regulated by Amh, including 
several stimulators of  spermatogenesis, such as igf3 and steroidogenesis-related genes. 
At the same time, Amh increased the expression of  inhibitory signals, such as inha and 
id3, or facilitated prostaglandin E2 (PGE2) signalling. Evaluating one of  the potentially 
inhibitory signals, we indeed found in tissue culture experiments that PGE2 promoted the 
accumulation of  Aund at the expense of  Adiff  and B spermatogonia. Our data suggest that 
an important aspect of  Fsh bioactivity in stimulating spermatogenesis is implemented 
by restricting the different inhibitory effects of  Amh and by counterbalancing them 
with stimulatory signals, such as Igf3.
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1. INTRODUCTION
Gonadotropins and sex steroids are reproductive hormones of  major relevance for 

the regulation of  spermatogenesis in vertebrates. Among the gonadotropins, follicle-
stimulating hormone (Fsh) is a more critical hormone than luteinizing hormone (Lh) 
in teleost fish, since both Leydig and Sertoli cells express the Fsh receptor (fshr) gene, 
rendering Fsh also a potent steroidogenic hormone (Chauvigne et al., 2012; García-
López et al., 2010; Ohta et al., 2007). Moreover, loss-of-function studies showed that 
the luteinizing hormone/choriogonadotropin receptor (lhcgr) gene is dispensable for 
male fertility; loss of  the fshr gene delays the start of  spermatogenesis in zebrafish 
(Danio rerio), while loss of  both receptor genes resulted in male infertility (Chu et al., 
2015; Zhang et al., 2015). Since androgens, in fish in particular 11-ketotestosterone 
(11-KT), stimulated spermatogenesis in Japanese eel (Anguilla japonica) and zebrafish 
testis tissue explants (Leal et al., 2009b; Miura et al., 1991), one mechanism to promote 
spermatogenesis is by stimulating androgen production by Fsh (Ohta et al., 2007). Also 
in vivo, recombinant Fsh, but not recombinant Lh, stimulated the onset of  sea bass 
spermatogenesis and elevated circulating androgen levels (Mazón et al., 2014; Mazón 
et al., 2011). Interestingly, Fsh also modulated testicular gene expression in rainbow 
trout (Oncorhynchus mykiss) at the beginning of  pubertal development while inhibiting 
the production of  biologically active steroids (Sambroni et al., 2013a), suggesting that 
non-steroidal signalling mediates part of  the biological activity of  Fsh. Also in adult 
zebrafish testis, Fsh modulates the expression of  ~200 genes in a steroid-independent 
manner (Crespo et al., 2016).

More than 80% of  the Fsh-modulated genes identified in the latter study were 
expressed by Sertoli cells or other somatic cells in the testis, including the secreted 
signalling factors anti-Müllerian hormone (amh) and insulin-like growth factor 3 
(igf3). Testicular amh transcript levels decreased in response to Fsh, recombinant 
zebrafish Amh inhibited steroidogenesis and, independent of  steroids, inhibited also 
the differentiation of  type A spermatogonia (Skaar et al., 2011). Similar observations 
have been made before in Japanese eel (Miura et al., 2002), and a decrease of  testicular 
amh expression was associated with the onset of  pubertal spermatogenesis in various 
vertebrates, including several fish species (Johnsen et al., 2013; Maugars and Schmitz, 
2008; Morinaga et al., 2007; Rey et al., 2009). Hence, by restricting amh transcript levels, 
Fsh controls Amh-mediated inhibition of  androgen production and spermatogonial 
differentiation. On the other hand, Fsh increased igf3 transcript levels in zebrafish and 
trout testes (Baudiffier et al., 2012; de Waal et al., 2009; Sambroni et al., 2013a); Igf3 is 
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a fish-specific member of  the Igf  family that is predominately found in gonadal tissue 
(Wang et al., 2008). Further studies using recombinant zebrafish Igf3 showed that it 
mediated stimulatory effects of  Fsh on the proliferation and differentiation of  type A 
spermatogonia, without influencing sex steroid production (Nóbrega et al., 2015). This 
led us to develop a model, in which Fsh stimulates stimulators, and inhibits inhibitors, 
of  spermatogenesis in zebrafish: the Fsh-stimulated androgen and Igf3 production 
would promote spermatogenesis, facilitated by the Fsh-mediated decrease of  Amh, 
thereby restricting inhibitory effects on steroidogenesis and germ cell differentiation.

However, this model does not take into account the possibility that Amh and 
Igf3 directly influence each other’s biological activity. Moreover, the timing and/or 
the dose-response effects of  Fsh on the expression of  the two growth factors genes 
may differ. Theoretically, this consideration could include androgens that might have 
effects on Amh and/or Igf3 actions, and conversely growth factor effects on androgen 
production. However, previous work in adult zebrafish has shown already that – 
different from juvenile Japanese eel (Miura et al., 2002) – 11-KT did not modulate 
testicular amh transcript levels, while Amh protein did inhibit gonadotropin-stimulated 
androgen production (Skaar et al., 2011). Igf3, on the other hand, did not modulate 
basal or gonadotropin-stimulated androgen production, while igf3 transcript levels were 
up-regulated somewhat by androgens in adult zebrafish testis (Nóbrega et al., 2015). 
In the light of  these data, we have designed the present experiments to investigate 
the Fsh-induced responses of  amh/Amh and igf3/Igf3 transcript and protein levels in 
more detail (Fsh dose and time course experiments), and to examine if  Amh influenced 
Igf3 effects or vice versa, while preventing the production of  biologically active steroids. 
Moreover, considering the broad inhibitory effects of  Amh on zebrafish testis functions, 
we hypothesized that transcriptomic analysis of  zebrafish tissue exposed to Amh may 
provide new leads for understanding how Amh exerts its inhibitory effects. Finally, 
results of  the transcriptomic analyses triggered experiments to start evaluating the 
potential role(s) of  prostaglandins (PGs) in zebrafish spermatogenesis.

2. MATERIAL AND METHODS
2.1. Zebrafish stocks

Wild-type adult male zebrafish (Danio rerio, AB line) between 4-12 months of  age 
were used in the present study. Animal housing and experimentation were consistent 
with the Dutch national regulations and the Life Science Faculties Committee for 
Animal Care and Use in Utrecht (The Netherlands) has approved the protocols.
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2.2. Testis tissue cultures
Using a previously established tissue culture system (Leal et al., 2009b), adult 

zebrafish testis tissue was incubated with recombinant zebrafish Fsh (García-López 
et al., 2010), at different doses (25, 50, 75, 100 and 1000 ng/mL), or with 75 ng/mL 
Fsh for different times (1, 3, 5 and 7 days) to quantify igf3 and amh mRNA levels. To 
exclude effects on igf3 transcript levels mediated by Fsh-stimulated androgen production 
(García-López et al., 2010; Nóbrega et al., 2015), we added trilostane (25 µg/mL; 
Chemos), an inhibitor of  hydroxy-delta-5-steroid dehydrogenase, 3 beta, which blocks 
the production of  biologically active steroids. Additional cultures for 7 days served to 
study if  the proliferation activity of  type A undifferentiated (Aund), type A differentiating 
(Adiff) and type B spermatogonia, stimulated by 100 ng/mL of  recombinant zebrafish 
Igf3 (Nóbrega et al., 2015), was modulated by Amh (10 µg/mL; Skaar et al., 2011), 
using the proliferation marker BrdU (50 µg/mL) that was added to the culture medium 
for the last 6 h of  incubation. Testis tissue was processed for BrdU immunodetection 
to determine the BrdU-labeling index of  type Aund, Adiff  and B spermatogonia. To 
investigate if  Amh modulates Igf3 effects on gene expression, zebrafish testes were 
incubated in the presence or absence of  Amh (10 µg/mL) and Igf3 (100 ng/mL) for 5 
days.

The inhibitory effect of  Amh on zebrafish spermatogenesis becomes evident 
more readily when spermatogenic activity is stimulated above basal level, for example 
by androgens (Skaar et al., 2011). Therefore, testis tissue used for transcriptome analysis 
by RNAseq (see below) was incubated with medium containing 200 nM 11-KT for 3 
days, in the absence or presence of  Amh (10 µg/mL), as described previously (Skaar et 
al., 2011).

Components of  the prostaglandin (PG) signalling system were retrieved in the 
RNAseq study, suggesting that PGE2 may inhibit spermatogenesis. Therefore, we 
exposed zebrafish testis to 100 ng/mL Fsh for 4 days to stimulate spermatogenesis, 
and compared the expression of  selected genes to testis tissue incubated with medium 
that contained, in addition to Fsh, 5 µM PGE2 (Sigma-Aldrich; Feng et al., 2012; North 
et al., 2010). Finally, we incubated testis tissue for 5 days with medium containing Amh 
(10 µg/mL) or Igf3 (100 ng/mL), followed by examining testicular transcript levels of  
selected PG-related genes.



2.3. Testicular gene expression
After tissue culture, testis tissue was snap frozen in liquid nitrogen and stored 

at -80ºC until RNA isolation. Total RNA extraction, cDNA synthesis and real-time 
quantitative PCR (qPCR) were carried out as described previously (Nóbrega et al., 
2015). Data were normalized to ef1a (elongation factor 1a), a housekeeping control gene, 
which showed a constant expression pattern under the conditions analyzed without any 
statistically significant differences between control and treated groups (Supplemental 
Fig. 1). All qPCRs were performed in 20 µL reactions and quantification cycle (Cq) 
values were obtained in a Step One Plus Real-Time PCR system (Applied Biosystems) 
using default settings. Relative mRNA levels were calculated as reported by Bogerd et 
al. (2001). The primers used in the qPCR analyses are listed in Supplemental Table 1.

2.4. Morphometric and immunohistochemical (IHC) analyses
For BrdU immunodetection, zebrafish testes were fixed at 4°C overnight in freshly 

prepared methacarn (60% [v/v] absolute ethanol, 30% chloroform, and 10% acetic 
acid). The tissue was then dehydrated, embedded in Technovit 7100 (Kulzer), sectioned 
at 4 µm thickness, and submitted to immunohistochemistry, as described previously 
by Leal et al. (2009b). Additional sections from the same experiments (i.e. Igf3 versus 
Amh+Igf3, and Fsh versus Fsh+PGE2) were counterstained with toluidine blue in 
order to quantify the proportions of  section surface area occupied by type Aund, type 
Adiff  or type B spermatogonia, as described previously (Assis et al., 2016).

For immunofluorescence analyses, adult zebrafish received two intracoelomic 
injections of  Fsh (100 ng/g of  body weight, n = 8) 24 h apart from each other. Testis 
tissue was collected 24 h after the second injection. The control group (n = 8) received 
two injections with saline. After fixation in 4% paraformaldehyde and embedding in 
paraplast, 4 µm thick sections were prepared for fluorescent IHC according to Nóbrega 
et al. (2015), and antibodies raised against zebrafish Igf3 (2 µg/mL; Nóbrega et al., 2015) 
or zebrafish Amh (100 µg/mL; Skaar et al., 2011) were applied as described previously. 
Alexa Fluor 488 labeled goat anti-rabbit (1 µg/mL; Life Technologies) was used as the 
secondary antibody. Propidium iodide (1 µg/mL; Sigma-Aldrich) was used as nuclear 
counterstain. To quantify the Amh and Igf3 immunoreactive areas per testicular surface 
area, two images (at 200x magnification) were taken at random from each of  the 8 
testes, such that 16 images were analyzed per condition (Fsh- and saline-injected fish) 
using a confocal laser scanning microscope (Zeiss LSM 700). The average of  the two 
images per testis was used to perform statistical analysis (n = 8). Image J software 
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(http://imagej.nih.gov/ij/index.html) served to quantify the immunoreactive area per 
section surface area, as exemplified in the Supplemental video.

2.5. Transcriptome analysis by RNA sequencing (RNAseq)
From testis tissue incubated with 11-KT in the presence or absence of  Amh for 3 

days (see point 2.2), RNA was isolated using the miRNeasy Mini Kit (Qiagen) according 
to the manufacturer’s protocol. RNA integrity was verified on an Agilent Bio-analyzer 
2100 total RNA Nano series II chip (Agilent). Only samples with a RNA integrity 
number > 8 were used for library preparation. Illumina RNAseq libraries were prepared 
from 2 µg total RNA using the Illumina TruSeq RNA Sample Prep Kit v2 (Illumina, 
Inc.) according to the manufacturer’s instructions. The resulting RNAseq libraries were 
sequenced on an Illumina HiSeq2500 sequencer (Illumina, Inc.) as 1x50 nucleotide reads. 
Image analysis and base calling were done by the Illumina pipeline. Quality control of  
the obtained reads was performed using FastQC suite (v0.10.1; default parameters). The 
sequencing yield ranged between ~14 and ~23 million reads per sample and mapping 
efficiency for uniquely mapped reads was between 62.2 and 68.8% (see Supplemental 
Table 2). Reads were aligned to the zebrafish genome (Zv9) using TopHat (v2.0.5; 
Trapnell et al., 2009). The resulting files were filtered using SAMtools (v0.1.18; Li et 
al., 2009), and the read counts extracted using the Python package HTSeq (http://
www-huber.embl.de/HTSeq/doc/overview.html/; Anders et al., 2014). Data analysis 
was performed using the R/Bioconductor package DESeq (p<0.05; Anders and Huber, 
2010). The raw RNAseq data of  the 10 samples sequenced (5 biological replicates per 
condition) have been deposited in the NCBI GEO database with accession number 
GSE86944. Regulated KEGG pathways in Amh-treated testis tissue were determined 
using the KEGG Mapper tool (Wang et al., 2014). KEGG pathways represented by at 
least 3 differentially expressed genes (DEGs) and by the ratios of  regulated genes (up-/
down-, and vice versa) higher than 2 were considered for the analysis.

For functional enrichment analysis, we used a freely available plugin (http://www.
baderlab.org/Software/EnrichmentMap; Isserlin et al., 2014; Merico et al., 2010) for the 
Cytoscape network environment (Shannon et al., 2013). The Enrichment Map plugin 
calculates over-representation of  genes involved in closely related Gene Ontology 
(GO) categories (Ashburner et al., 2000), resulting in a network composed of  gene 
sets related and grouped according to their function. DAVID Bioinformatics Resources 
6.7 (Huang et al., 2008) was used to retrieve GO terms from the list of  differentially 
expressed genes (p<0.05) and exported as input for the functional enrichment analysis. 
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To determine biological enrichment, a false discovery rate (FDR) q-value of  15% was 
applied. In addition, the overlap coefficient used to connect related GO terms was set 
at 0.7.

2.6. Cellular localization of  inhibin a (inha) mRNA in zebrafish testis
One of  the few transcripts up-regulated by Amh was inha, which was localized in 

zebrafish testis by in situ hybridization (ISH), as described previously (Assis et al., 2016). 
We used 10 µm thick cryo-sections prepared from 4% paraformaldehyde-fixed testis 
tissue from adult zebrafish. DIG-labeled sense and antisense cRNAs were synthesized 
from an inha-specific PCR product generated with primers 5146–5147 (Supplemental 
Table 1).

2.7. Statistical analyses
Values are presented as mean ± SEM, and data were analyzed using a paired t-test 

when comparing the two testes of  males, or one-way ANOVA followed by the Student–
Newman–Keuls test for three or more groups using GraphPad Prism (v4; GraphPad 
Software). The significance level (p) was fixed at 0.05 in both cases.

3. RESULTS AND DISCUSSION
3.1. Fsh led to changes in both Igf3 and Amh protein and transcript levels

To study the effects of  Fsh on Amh and Igf3 protein localization patterns in 
adult zebrafish testis, males received Fsh or saline injections. In the control group, Igf3 
was found in Sertoli cells contacting germ cells in all stages of  development as well as 
in type A spermatogonia (Fig. 1 A-C). The staining pattern in Sertoli cells varied with 
the developmental stage of  the germ cells. The Igf3 signal was finely dispersed initially 
in Sertoli cells contacting type A spermatogonia but became more aggregated, forming 
intensely stained spots, in Sertoli cells contacting type B spermatogonia, spermatocytes 
and spermatids (Fig. 1 A-C; M). The detection of  Igf3 being restricted to the intratubular 
compartment in the zebrafish testis differs from the situation in tilapia (Oreochromis 
niloticus), where Igf3 protein was also localized to interstitial cells and modulated the 
expression of  steroidogenesis-related genes (Li et al., 2012). In zebrafish, Igf3 neither 
changed basal nor gonadotropin-stimulated testicular androgen release (Nóbrega et 
al., 2015) so that the profile of  biological activities of  Igf3 may show species-specific 
differences.

Following Fsh treatment, the Igf3 protein expression pattern did not differ clearly 
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from the control situation except for an increased intensity (Fig. 1 D-F). Quantifying 
the surface area of  Igf3 immunoreactive material revealed an increase of  about 25% in 
response to Fsh (Fig. 1 N). Previously, we detected igf3 mRNA by ISH in Sertoli cells 
contacting germ cells from type A spermatogonia to spermatocytes, and the biological 
activity of  Igf3 included stimulating the proliferation of  spermatogonia and their entry 
into meiosis (Nóbrega et al., 2015). Low igf3 mRNA level in Sertoli cells associated with 
spermatids (Nóbrega et al., 2015) suggests that igf3 gene expression fades out when 
spermiogenesis starts while Igf3 protein remains present. While detection of  Igf3 protein 
in Sertoli cells associated with spermatids might indicate a yet unidentified function of  
Igf3 during spermiogenesis, it may also reflect the presence of  residual Igf3 and future 
work will show if  the appearance of  intensely stained Igf3 aggregates is a step towards 
intracellular breakdown. The presence of  Igf3 in type A spermatogonia is intriguing and 
may be part of  an autocrine loop to support spermatogonial development. However, it 
could also be involved in germ to Sertoli cell signalling, such as in the Igf3-stimulated 
Sertoli proliferation that we have reported previously in zebrafish (Morais et al., 2013).

As pointed out earlier (de Waal et al, 2009; Nóbrega et al., 2015; Sambroni et al., 
2013b), testicular igf3 transcript levels increased in response to Fsh in zebrafish and 
trout. However, Fsh dose- and time-response characteristics had not been studied yet. 

Figure 1. Localization and quantification of  Igf3 and Amh protein in zebrafish testis following 
Fsh or saline injections. Sertoli cells and type A spermatogonia are Igf3-positive (green) in zebrafish 
testis 24 h after the second injection, i.e. 48 h after the start of  treatment with saline (A-C) or Fsh (D-
F). The Igf3 staining shows as a finely dispersed labeling covering larger areas in Sertoli cells contacting 
type A spermatogonia (as well as in the type A spermatogonia themselves) while a lower number of  
intensely green, somewhat larger structures were present in Sertoli cells contacting later stages of  germ cell 
development (see higher magnification in M). We observed no major change in the Igf3 pattern in response 
to Fsh. Sertoli cells are Amh-positive (green) in zebrafish testis 24 h after the second injection with saline 
(G-I) or Fsh (J-L). Fsh treatment resulted in a more restricted staining pattern: while Sertoli cells contacting 
type A spermatogonia kept an intense label, the signal became weaker and covered less area in Sertoli cells 
contacting all later germ cell stages. Fsh treatment also reduced the staining among the spermatozoa in the 
tubular lumen. M) Higher magnification of  testis from Fsh-treated male, showing Sertoli cells contacting 
type A spermatogonia (asterisks) with a finely dispersed staining, while larger spots (arrowheads) are more 
typical of  Sertoli cells contacting germ cells in more advanced stages of  differentiation. N) Quantification 
of  Amh and Igf3 immunoreactive material per surface area of  zebrafish testis sections in response to 
two Fsh (2 x 100 ng/g bw) or saline injections. Testis tissue was fixed 24 h after the second Fsh or saline 
injection. Data are expressed as mean ± SEM (n = 8) percentage immunoreactive material, determined as 
indicated in the Supplemental video. Asterisks indicate significant differences between treatments (unpaired 
t-test, *** p<0.001; * p<0.05). 1, type A spermatogonia (including type Aund and Adiff  spermatogonia); 2, 
type B spermatogonia; 3, spermatocytes; 4, spermatids; and 5, spermatozoa. Propidium iodide (red) was 
used as DNA counterstaining.
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Fsh increased igf3 mRNA levels at all times analyzed and at most doses used, except 
for the lowest one (25 ng/mL; Fig. 2 A-B). The relatively small (1.3-fold; Fig. 1 N) 
increase in Igf3-positive section surface area as observed by IHC does not seem to 
fit to 6- to 8-fold increases in igf3 transcript levels. In this regard, it is important to 
recall that there is very little constitutive or basal release of  Igf3 (Safian et al., 2016) 
and that Fsh-stimulated spermatogonial proliferation and differentiation depended on 
functional Igf  receptors (Nóbrega et al., 2015), i.e. on acutely stimulated Igf3 release. 
Since samples for immunocytochemistry were collected 48 hours after the start of  Fsh 
injection, a treatment triggering Igf3 release, we can assume a decrease of  the cellular 
content of  Igf3. At the same time, however, the Fsh-induced increase in igf3 transcript 
levels probably resulted in Igf3 de novo synthesis. It therefore seems possible that Fsh 
triggered two processes changing cellular Igf3 levels into opposite directions, such 
that a comparatively small net change in the cellular Igf3 protein content took place. 
In addition, it cannot be excluded that mechanisms regulating the use of  igf3 mRNA, 
potentially involving micro RNAs (Hale et al., 2014) or long, non-coding RNAs (Chen 
and Zhang, 2016), contribute to the smaller protein than mRNA amplitude.

Previous work localized amh transcripts to Sertoli cells in zebrafish, in particular to 
those associated with type A spermatogonia (Rodriguez-Mari et al., 2005). This seems 
in line with the observation that one effect of  Amh was to inhibit the differentiation of  
type A spermatogonia (Skaar et al., 2011). Still, Amh protein was also found in Sertoli 

Figure 2. Time-course (A; 1 – 7 days) and dose-response effects (B; 25 – 1000 ng/mL) of  Fsh 
stimulation ex vivo on amh (open columns) and igf3 (black columns) transcript levels in adult 
zebrafish testis tissue. The medium contained 25 µg/mL trilostane to prevent the production of  
biologically active steroids that can modulate igf3 transcript levels (Nóbrega et al., 2015). Bars marked with 
an asterisk are significantly different from the respective controls (paired t-test, p<0.05, comparing the 
two testes of  an individual; n = 6-8 per time period or Fsh concentration) while different letters indicate 
statistical differences among the Fsh doses used (ANOVA, p<0.05). Data are expressed as mean ± SEM 
fold change  in gene expression relative to the control condition, which is set at 1 (dashed line).

129



cells associated with germ cells in later stages of  differentiation, although the staining 
appeared less intense than in Sertoli cells associated with type A spermatogonia (Skaar 
et al., 2011). However, the previously applied combination of  fixation, counterstaining 
and IHC technique made identification of  germ cell types difficult and was suboptimal as 
regards the sensitivity of  Amh detection. Therefore, we switched to fluorescent IHC in 
combination with confocal laser scanning microscopy to increase the sensitivity of  Amh 
detection and to improve cell type identification by staining the nuclei with propidium 
iodide, which allowed measuring the nuclear diameter of  the germ cell types, in turn 
facilitating germ cell identification based on previous nuclear diameter measurements 
(Leal et al., 2009a). Moreover, no information was available on the response of  the 
Amh protein expression pattern to a challenge with Fsh and if  the response to Fsh 
would depend on the germ cell type the Sertoli cell was associated with. Analyzing 
Amh expression in the control group, we found Amh protein in Sertoli cells contacting 
germ cells in all stages of  development; signal was also found among spermatozoa in 
the lumen (Fig. 1 G-I). In testes of  Fsh-treated fish, the Amh staining was lost from 
Sertoli cells contacting spermatids and from the lumen among spermatozoa (Fig. 1 
J-L), while the signal remained strong in Sertoli cells contacting type A spermatogonia. 
Also Sertoli cells associated with type B spermatogonia and spermatocytes remained 
Amh-positive, although the signal appeared weaker following Fsh treatment (Fig. 1 J-L). 
Quantification of  the Amh-immunoreactive area on testis sections revealed a reduction 
by approximately 40% in response to Fsh (Fig. 1N).

We confirmed previous findings that amh mRNA levels decreased in response to 
Fsh (García-López et al., 2010; Skaar et al., 2011). Moreover, we show that exposure 
to Fsh (75 ng/mL) for more than 3 days (Fig. 2A), and to doses higher than 50 ng/mL 
(Fig. 2B) were required to down-regulate amh transcript levels. The IHC data, on the 
other hand, showed that Fsh reduced the Amh protein staining and distribution in the 
zebrafish testis already after 2 days (Fig. 1). One possibility to explain this discrepancy 
is an Fsh-induced Amh degradation. Moreover, one of  the Fsh functions in the 
pubertal mammalian testis is to stimulate Sertoli cell fluid production (Grover et al., 
2004) that later on is mainly regulated by androgens (Sharpe, 1994; Gendt et al., 2004). 
Assuming a similar function for Fsh and/or Fsh-triggered androgen production in the 
zebrafish testis, it seems possible that reduced staining for Amh in the tubular lumen is 
a consequence of  increased tubular fluid flow.

In addition to the antagonism between Igf3 that stimulated (Nóbrega et al., 2015) 
and Amh that inhibited (Skaar et al., 2011) proliferation and differentiation of  type A 
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spermatogonia, the present results suggest that the different response patterns of  the 
two growth factors’ transcripts to increasing levels of  Fsh, provides an option for a 
graded control of  the stimulation of  spermatogenesis: a weak Fsh stimulation would 
only elevate igf3 levels while a strong Fsh stimulation would further elevate igf3 levels but 
also reduce amh levels. Moreover, Fsh stimulation would increase Leydig cell production 
of  androgens (García-López et al., 2010) and insulin-like peptide 3 (Insl3; Assis et al., 
2016) that both stimulate germ cell differentiation, while fading Amh signalling would 
alleviate its inhibitory effects on androgen and insl3 production (Skaar et al., 2011).

3.2. Amh inhibited Igf3-induced proliferation of  type Aund and type Adiff  
spermatogonia

Considering the data presented above, it appears that shortly after the beginning 
of  an Fsh stimulus or when an Fsh stimulus is not very strong, both Amh and Igf3 are 
present simultaneously. Therefore, we studied if  Amh compromises the stimulatory 
effects of  Igf3. Type Aund spermatogonia showed the expected (Nóbrega et al., 2015) high 
mitotic index in the presence of  Igf3, which was clearly reduced when Amh was present 
(Fig. 3 A). Amh also reduced the mitotic index of  type Adiff  but not the one of  type B 
spermatogonia (Fig. 3 A). Skaar et al. (2011) reported that Amh inhibited differentiation, 
rather than proliferation, of  type Aund spermatogonia, i.e. it was mainly self-renewal 
proliferation that these early spermatogonia carried out in the presence of  Amh, 
resulting in an accumulation of  type Aund spermatogonia in response to Amh exposure, 
while further differentiated germ cell types became depleted. Since analyzing only the 
proliferation activity does not provide information on the question if  spermatogonia 
are heading for a self-renewal or a differentiating division, we also quantified the 
proportion of  the section surface area occupied by different spermatogonial types. 
Amh reduced the proportion of  type Adiff  spermatogonia cysts, while the proportions 
of  type Aund and of  B spermatogonia remained unaltered (Fig. 3 B). Hence, in contrast 
to androgen-stimulated spermatogenesis (Skaar et al., 2011), Amh did not induce an 
accumulation of  type Aund or a depletion of  type B spermatogonia when Igf3 was used 
to stimulate spermatogenesis. Taken together, the proliferation and surface proportion 
data show that Amh compromised the Igf3-induced differentiating divisions of  type 
Aund spermatogonia and the further proliferation of  type Adiff  germ cells. However, it 
is not clear if  the difference in the behavior of  type Aund spermatogonia is based on a 
balanced reduction of  the differentiating and of  the self-renewal divisions of  type Aund 
germ cells, or rather on a higher rate of  differentiation of  Aund germ cells, despite the 
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Figure 3. Quantitative morphological analysis of  zebrafish testis tissue after ex vivo exposure to 
Igf3 (100 ng/mL) in the absence or presence of  Amh (10 µg/mL). A) Mitotic indices of  type A 
undifferentiated (Aund), type A differentiating (Adiff) and type B (SPG B) spermatogonia. B) Proportion of  
section surface area containing cysts with type Aund, Adiff  or B spermatogonia. C) Mitotic indices of  Sertoli 
cells contacting type Aund, type Adiff  or B spermatogonia. An asterisk indicates a significant difference 
between treatments (paired t-test, p<0.05, comparing the two testes of  an individual; n = 6).
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presence of  Amh, when Igf3 instead of  androgen drives spermatogenesis.
To obtain additional information in this regard, we have quantified Sertoli cell 

proliferation, reasoning that a change (reduction) in the proliferation of  Sertoli cells 
associated with differentiating spermatogonia would reflect a reduction of  differentiating 
germ cell divisions (i.e. a reduced rate of  spermatogenic cyst growth), while a reduced 
proliferation of  Sertoli cells associated with single type Aund spermatogonia would 
indicate a reduced self-renewal activity, i.e. a reduced generation of  new niche space 
(de França et al., 2015; Leal et al., 2009a). Since only Sertoli cells associated with type 
Aund spermatogonia showed a reduced mitotic index (Fig. 3 C), reduced self-renewal 
divisions would represent the main contribution to the Amh-induced decrease of  the 
mitotic indices of  type A spermatogonia. Androgen-driven transition of  type Adiff  into 
type B spermatogonia was reported to be compromised by Amh (Skaar et al., 2011), 
but was not affected in this experiment when using Igf3 to stimulate spermatogenesis. 
A possible explanation for the stronger inhibitory effect of  Amh on androgen- than 
on Igf3-induced spermatogonial development may be related to the fact that both 
androgens and Amh exert their effects on Sertoli cells, while Igf  receptors are also 
expressed by germ cells (Nóbrega et al., 2015), where Amh cannot interfere directly, 
since Amh receptor expression has not been reported for germ cells in vertebrates 
including fish (Kluver et al., 2007).

We have shown that Amh restricts Igf3 effects but considering that also androgen 
production and insl3 transcript levels were reduced (Skaar et al., 2011), Amh seems to 
exert a range of  inhibitory effects. We therefore studied the effect of  Amh on testicular 
gene expression by RNAseq, also because there is little information available in this 
regard in vertebrates in general.

3.3. Amh-induced changes in testicular gene expression
To this end, we have used the zebrafish testis tissue culture approach and, 

as reported previously (Skaar et al., 2011), we have carried out the experiments in 
androgen-containing medium to support spermatogenesis as the control condition, 
versus androgen-containing medium in combination with Amh as the experimental 
condition.

Gene expression profiling of  adult zebrafish testis tissue ex vivo revealed that Amh 
caused a significant modulation in the expression of  236 genes compared with the 
control condition (Supplemental Table 3; in total, 33.737 unique genes included in the 
zebrafish genome [Zv9] were considered for the analysis). The majority of  the DEGs 
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Figure 4. Testicular gene expression in response to Amh treatment. A) Total numbers of  up- and 
down-regulated genes identified by RNAseq (p<0.05). B) Regulated KEGG pathways in Amh-treated 
testis were determined using the KEGG Mapper tool (Wang et al., 2014). KEGG pathways represented 
by at least 3 DEGs and ratio of  regulated genes higher than 2 were considered for the analysis (using these 
criteria only down-regulated pathways were found). C) RNAseq data were mapped into functionally-related 
gene sets forming enrichment clusters. Nodes represent statistically significant GO terms (p<0.05; FDR 
15%, enrichment significance represented as a color gradient) and links (grey lines) represent the number 
of  overlapping genes (indicated by their thickness) between connected sets. Solid black lines encircle groups 
of  closely related GO terms into functional clusters (total number of  up- and down-regulated genes, 
respectively, is shown numerically between brackets). Clusters of  particular interest are highlighted by a 
dashed black line, with selected genes listed next to the cluster. Only clusters represented by a minimum 
number of  5 DEGs were considered for enrichment analysis.
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(p<0.05; 163, 69.07% of  the total) was down-regulated by Amh (Fig. 4 A; Supplemental 
Table 3). Similar proportions were observed after applying less strict selection criteria 
(Supplemental Fig. 2 A), so that Amh mainly inhibited gene expression. This was also 
observed in the mammalian ovary challenged by AMH (Nilsson et al., 2007), although 
different from the latter study, our control situation included androgens. KEGG 
pathway analyses confirmed this Amh-associated expression pattern in the zebrafish 
testis since all the pathways identified were classified as down-regulated (Fig. 4 B).

We selected 6 down- and 4 up-regulated genes in order to confirm differential 
gene expression by qPCR analysis (Supplemental Fig. 2 B). In all cases, qPCR analysis 
confirmed the RNAseq results and no significant differences were found between the 
two techniques.

In the next experiment, we asked if  androgens modulate Amh effects. We selected 
4 growth factors, 3 intracellular proteins, and 3 steroidogenesis-related genes to study 
this question. In all but one case (kitlgb), there were no statistically significant differences 
in transcript levels comparing the absence and presence of  androgen (Fig. 5), suggesting 
that the RNAseq data indeed mainly reflect Amh effects on testicular gene expression. 
Among the genes analyzed, igf3 transcript levels were down-regulated by Amh (Fig. 5), 
while the expression of  id3 was up-regulated (Fig. 5), a gene involved in the maintenance 
of  self-renewal, pluripotency and the undifferentiated state of  progenitor cells (Carroll 
et al., 2011; Hong et al., 2011), providing potentially important clues for mechanisms by 
which Amh exerts its effects in the zebrafish testis.

3.3.1. Steroidogenesis-related genes
To further analyze Amh effects, DEGs were tested and mapped for functional 

enrichment (see Material and methods section). Among the genes affected by Amh, 
several functionally related gene clusters emerged that were characterized by a high 
number of  overlapping genes (Fig. 4 C; Supplemental Table 4). Amh treatment caused a 
clear inhibition of  genes involved in steroidogenesis (steroid biosynthesis cluster), including 
star, hsd3b1, hsd11b2 and cyp11c1 (Fig. 4 C). KEGG analyses similarly reported steroid 
as well as steroid hormone biosynthesis pathway as down-regulated (Fig. 4 B). These 
observations add to previous findings that Amh suppressed Fsh-stimulated increases in 
cyp17a1, star, and insl3 gene expression and androgen release in adult zebrafish (Skaar 
et al., 2011). AMH-mediated inhibition of  Leydig cell steroidogenesis is known from 
studies in mammals (Teixeira et al., 1999), suggesting that an evolutionary conserved 
aspect of  the inhibitory effects of  Amh resides in compromising Leydig cell function.
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3.3.2. Tgf-β family members 
A total of  21 DEGs (10 up- and 11 down-regulated) were mapped in the cluster 

developmental process (Fig. 4 C). This included factors regulating the spermatogenetic 
process in vertebrates, such as htra2 (Hayashi et al., 2006; Tain et al., 2009), clu (Plotton 
et al., 2006) and inha (Hedger and Winnall, 2012; Nalam et al., 2010). Considering inha, 
studies in immature rainbow trout reported that androgen treatment in vivo decreased 
(Rolland et al., 2013) while androgen treatment ex vivo increased (Sambroni et al., 2013a) 
testicular inha transcript levels. This seems to be different in adult zebrafish, since 
androgens did not influence the stimulatory effects of  Amh on inha levels (Fig. 5). Amh 
also increased follistatin-like 4 (fstl4) transcript levels (Supplemental Table 3). Follistatin 
binds and neutralizes TGF-β family members, in particular Activin (Ueno et al., 1987; 
Welt et al., 2002). In conjunction with the Amh-induced up-regulation of  inha and the 
fact that Inhibin and Activin use the same type II receptor, we propose that Amh 
shifted this branch of  Tgf-β signalling from Activin to Inhibin.

Recent work in mammals identified an intratesticular role for Inhibin in balancing 

Figure 5. Effects of  androgen on Amh-modulated transcript levels of  selected genes. Testicular 
gene expression analysis after ex vivo exposure for three days to Amh (10 µg/mL), comparing basal medium 
(grey columns) and medium containing 200 nM 11-ketotestosterone (11-KT, black columns). Asterisks 
indicate significant differences (p<0.05; unpaired t-test) compared with the respective controls that were 
incubated in medium without Amh. A hashtag indicates a significant difference between the absence and 
presence of  androgen. Data are expressed as mean ± SEM fold change (n = 5-8) in gene expression, 
relative to the control condition, which is set at 1 (dashed line).
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Activin signalling, which stimulates Sertoli cell proliferation and regulates the integrity of  
the blood-testis barrier (Itman et al., 2015; Nicholls et al., 2012). Therefore, it is possible 
that Inhibin may mediate inhibitory effects of  Amh also in zebrafish spermatogenesis 
by reducing Sertoli cell proliferation. There are two modes of  Sertoli cell proliferation 
in fish. Mode 1 provides “free” Sertoli cells that increase spermatogonial stem cell 
niche space and are the basis for the production of  new spermatogenic cysts, and 
mode 2, the proliferation of  Sertoli cells that are associated with already differentiating 
spermatogenic cysts and where Sertoli cell proliferation creates the space required 
for the differentiating and hence expanding germ cell clone (de França et al., 2015). 
Examining Sertoli cell proliferation demonstrated that Amh (Fig. 3 C) specifically 
decreased the mitotic index of  Sertoli cells contacting type Aund spermatogonia, 
suggesting that (i) Sertoli cell proliferation accompanying the growth of  existing cysts 
(i.e. Sertoli cells contacting type Adiff  and B spermatogonia) is regulated differently from 
Sertoli cell proliferation to generate new cysts, and that (ii) Amh reduced divisions 
from type Aund to Adiff  spermatogonia. Future work will have to show if  this is indeed 
an Inhibin-mediated effect sensitive to the Inhibin/Activin balance in the zebrafish 
testis. Inhibin-mediated interference with Activin signalling may also be relevant for the 
further development of  Adiff  spermatogonia, for example, that showed reduced mitotic 
activity in response to Amh. In eel, human Activin induced differentiating proliferation 
of  spermatogonia in primary tissue cultures from immature testis (Miura et al., 1995). 
Finally, in addition to intratesticular Inhibin effects discussed so far, inha transcript was 
localized to Sertoli cells in the zebrafish testis (Supplemental Fig. 3), similar to other 
vertebrates (Barakat et al., 2008; Tada et al., 2002). The cystic type of  spermatogenesis 
allowed pinpointing inha expression to Sertoli cells contacting type B spermatogonia and 
spermatocytes (Supplemental Fig. 3). Beyond intratesticular effects, another aspect of  
the Amh-mediated up-regulation of  testicular Inhibin production may be the potential 
reduction of  pituitary Fsh release (Poon et al., 2009; Sambroni et al., 2013b), although 
direct experimental evidence for Inhibin-mediated suppression of  pituitary Fsh release 
is missing so far for fish.

3.3.3. Immune and prostaglandin-related genes
Several studies have identified expression of  genes related to the immune system 

in the testis (Gong et al., 2013; Martinovic-Weigelt et al., 2011; Rolland et al., 2009; 
Ryser et al., 2011), suggesting that some of  these molecules may also have functions 
in spermatogenesis. A large number of  genes involved in immune responses were also 
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observed in the present study (immune response cluster; Fig. 4 C; Supplemental Table 4). 
Among those genes, different members of  the complement system (such as c1s, c3 and 
c8g) were down-regulated by Amh. Complement components such as C1 (Scully et al., 
2015; Sumida et al., 2015) and C3 (Maurer et al., 2015; Rutkowski et al., 2010), acting 
in wound healing and regeneration, stimulate proliferation and might do so also in the 
testis, a process inhibited by Amh in type Aund spermatogonia (Skaar et al., 2011). A 
particular group of  genes that is usually categorized in the immune response cluster, the 
PG-related genes, caught our interest. The PGE2 receptors ptger4a and ptger2a and the 
PG synthase ptgs2a were modulated by Amh (Fig. 4 C). D-type PGs keep spermatogonia 
in an undifferentiated state in the embryonic mouse testis (Moniot et al., 2014), PGs 
are involved in zebrafish gonadal sex differentiation (Pradham and Olsson, 2014), and 
also in the proliferation/differentiation behavior of  bladder cancer stem cells (Kurtova 
et al., 2015). Exploring the potential role of  PGs in zebrafish spermatogenesis, and 
guided by the differentially expressed genes retrieved in the RNA sequencing study, 
we analyzed the expression of  selected PG-related genes in zebrafish testis cultured 
in the presence of  Amh or Igf3 (Fig. 6 A). Amh up-regulated the expression of  ptgs2a 
and ptger4b genes while Igf3 up-regulated the receptor ptger2a and down-regulated 
another PG synthase gene, the ptges3b (Fig. 6 A). A much stronger (26.4-fold) down-
regulation of  ptges3b transcript levels was reported in response to Fsh (Crespo et al., 
2016). Considering that Fsh seems to reduce PGE2 synthesis while Amh may increase 
Ptger4b-mediated sensitivity to PGE2 and promote its production, we speculated that 
PGE2 may inhibit spermatogonial differentiation. Using nanos2 transcript levels as a 
marker for type Aund spermatogonia (Beer and Draper, 2013; Bellaiche et al., 2014; 
Draper, 2017), we stimulated spermatogonial differentiation in an experiments with Fsh 
(100 ng/mL; control condition) and examined if  the additional presence of  PGE2 (5 
μM; experimental condition) changed nanos2 transcript abundance. In the presence of  
PGE2, nanos2 transcript levels increased significantly, while those of  dazl – expressed in 
type B spermatogonia and spermatocytes in zebrafish (Chen et al., 2013) – were reduced 
(Fig. 6 B). In addition, PGE2 increased the mitotic index of  Aund spermatogonia as well 
as the area occupied by this cell type (Fig. 6 C-D). On the other hand, PGE2 inhibited 
the proliferation activity and reduced the number of  Adiff  and B spermatogonia (Fig. 6 
C-D). The PGE2-mediated up-regulation of  nanos2 transcript levels may block further 
germ cell differentiation by suppressing target genes required for differentiation, such 
as Dazl (Kato et al., 2016). Since Fsh also regulates the expression of  growth factors 
able to modulate spermatogonial proliferation and differentiation, we also examined if  
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PGE2 modulated amh, igf3, or insl3 expression. This, however, was not the case (Fig. 6 B). 
Taken together, these observations suggest that PG signalling participates in regulating 
spermatogonial development in adult zebrafish testis, although it would rather be the 
E-type than the D-type PG that were reported to function in the embryonic mouse 
testis (Moniot et al., 2014).

3.3.4. Insulin/Igf/relaxin family members

Figure 6. Potential role of  PGE2 in mediating inhibitory effects on spermatogenesis. A) Relative 
mRNA levels of  selected PG-related genes in testicular explants incubated for 5 days with Amh (10 µg/mL; 
open columns) or Igf3 (100 ng/mL; black columns) compared with its respective controls. B) Testicular 
gene expression after ex vivo exposure for 4 days to Fsh and PGE2 (100 ng/mL and 5 µM, respectively) 
compared to Fsh alone. Asterisks indicate significant differences induced by exposure to PGE2 (p<0.05). 
Data are expressed as mean ± SEM fold change (n = 5-8) in gene expression, relative to the control 
condition, which is set at 1 (dashed line). C-D) Quantitative determination of  mitotic indices (C) and 
volumetric proportion of  cysts (D) of  type Aund, type Adiff  and B spermatogonia in zebrafish testes cultured 
for 4 days and exposed to Fsh and PGE2 (100 ng/mL and 5 µM, respectively) compared with Fsh only. 
Data are shown as mean ± SEM (n = 7). ND, not determined.  Paired t-test, *** p<0.001; ** p<0.001; * 
p<0.05. 
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Examining selected testicular transcript levels after incubation with Amh in the 
absence of  androgens (Fig. 5) showed that insl3 was down-regulated. Skaar et al. (2011) 
reported that Amh inhibited Fsh-induced increases in insl3 mRNA levels in the zebrafish 
testis. Since Insl3 promoted differentiating mitoses of  type Aund spermatogonia in adult 
zebrafish testis tissue in primary culture (Assis et al., 2016; Crespo et al., 2016), yet 
another mechanism by which Amh can inhibit spermatogonial differentiation is to 
weaken the pro-differentiation effects of  Insl3.

Having shown that Amh modulated the expression of  several genes, including 
igf3 (Fig. 5), we wondered if  Igf3 in turn would modulate transcript levels of  amh and 
a number of  other genes discussed here, namely inha, insl3, kitlgb, tnfa, hsd11b2, hsd3b1, 
star, id3, itch and mcm5. Quantifying these transcripts after incubating testis tissue in 
the presence of  Igf3 for 5 days did not reveal significant changes among these genes 
(data not shown). However, with respect to Amh, this differed when increasing Igf3 
bioactivity by pharmacological blocking of  Igf  binding proteins (Safian et al., 2016).

3.3.5. Miscellaneous
We also identified a significant enrichment in gene sets belonging to the multicellular 

organism process cluster (highest number of  DEGs mapped, 53; Fig. 4 C). Here, genes 
involved in the regulation of  cell growth and proliferation in different tissues were mainly 
down-regulated in response to Amh (e.g. pou4f1, crybb2, spry4, mab21l2, and itch). For 
instance, loss of  crybb2, mainly expressed in spermatogonia, reduced fertility as a result of  
the disordered proliferation and increased apoptosis of  germ cells in mice (Xiang et al., 
2012). The expression of  an E3 ubiquitin protein ligase (itch) is required for embryonic 
stem cell self-renewal (Liao et al., 2013) and was increased by Amh. Interestingly, 
previous work has shown that Amh increased the number of  single spermatogonia 
type Aund (Skaar et al., 2011), a cell population containing the spermatogonial stem cells 
(SSCs; Nóbrega et al., 2010). Support of  stem cell self-renewal by Amh is also in line 
with the observations that neutralization of  endogenous Amh in the Japanese eel testis 
induced differentiating spermatogonial proliferation (Miura et al., 2002). This suggests 
that Itch-mediated ubiquitination is important for the stemness of  spermatogonial cells 
in zebrafish. Other genes with yet ill-defined functions in mammalian reproduction, but 
expressed in the testis, were found up-regulated (i.e. aldoaa, cd44a, ctgfa).

Functional enrichment results also included gene sets related to a variety 
of  different cellular processes (such as cell-cell adhesion, negative regulation of  
cell activation and oxidative stress; Fig. 4 C). In terms of  site of  expression, many 
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DEGs identified in response to Amh are related to the extracellular matrix and 
plasma membrane compartments (Fig. 4 C). The decrease in spermatogenic activity 
following Amh treatment and the associated morphological changes in the germinal 
epithelium may involve remodeling of  extracellular matrix components. In this regard, 
it is interesting to note that androgen-stimulated spermatogenesis was accompanied by 
elevated expression of  extracellular matrix proteins (Rolland et al., 2009).

4. CONCLUSIONS
Amh compromised the stimulatory effect of  Igf3 on spermatogonial proliferation 

and differentiation (see Fig. 7). Moreover, Amh reduced igf3 transcript levels, both in the 
absence and presence of  androgens, so that Amh counteracted the biological activity 
of  Igf3 and reduced its production. Amh also inhibited androgen production and insl3 
gene expression, two other stimulators of  germ cell differentiation, while increasing 
inhibitory signals, such as inha, fstl4, id3 and PG-related genes. The importance of  Amh 
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Figure 7. Schematic representation of  the endocrine and paracrine regulation of  zebrafish 
spermatogenesis. Fsh stimulated Leydig cell insulin-like 3 (Insl3; Crespo et al., 2016) and androgen 
production (Garcia-Lopez et al., 2010), factors promoting germ cell differentiation. Fsh also reduced 
Sertoli cell expression of  anti-Müllerian hormone (Amh; Skaar et al., 2011) that would otherwise exert 



for the regulation of  early stages of  germ cell development is also exemplified in medaka 
(Oryzias latipes), where loss of  the Amh receptor II resulted in an over-proliferation of  
undifferentiated spermatogonia (Nakamura et al., 2012). It therefore appears that Amh 
plays a central, inhibitory role (by inhibiting stimulators and stimulating inhibitors), 
suggesting that an important aspect of  the biological activity of  Fsh to stimulate 
spermatogenesis involves controlling the inhibitory influence of  Amh (Fig. 7).

ACKNOWLEDGEMENTS
The authors acknowledge financial support by the São Paulo Research Foundation 

(FAPESP; project nº: 12/00423-6 and 14/07620-7), by the European Union Grant 
LIFECYCLE FP7-222719, the Norwegian Research Council BIOTEK2021 program 
with the project SALMOSTERILE (project nº: 221648), and by a scholarship awarded 
to R.D.V.S.M. from the National Council for Scientific and Technological Development 
of  Brazil (CNPq; project nº: 201488/2014-0).

diverse inhibitory effects on Leydig cells as well as on spermatogonial differentiation. Fsh furthermore 
stimulated the expression of  insulin-like growth factor 3 (Igf3; Nobrega et al., 2015), which promotes germ 
cell differentiation. In the present study, we show that Amh inhibits both igf3 expression as well as Igf3-
induced proliferation and differentiation of  spermatogonia. In addition, Amh stimulates the expression 
of  Tgf  beta family members with potentially inhibitory effects on spermatogenesis (e.g. inha, fstl4), and we 
report that PGE2 prevents germ cell differentiation.
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SUPPLEMENTAL MATERIAL 

Supplemental Fig. 1. Housekeeping gene expression from ex vivo experiments. mRNA levels of  
elongation factor 1 alpha (ef1a) used to normalize mRNA levels of  the target genes investigated under the 
following conditions: zebrafish testis exposure to Fsh-time (A) and Fsh-dose (B) response experiments; 
zebrafish testis exposure to medium containing or not Amh or Igf3(C); testis tissue incubated with 11-KT 
in the presence and absence of  Amh (D) and, testis tissue incubated with Fsh in the presence and absence 
of  PGE2 (E). No significant differences (p≥0.05) in testicular control gene mRNA levels were observed in 
the different experiments between basal and experimental conditions. Cq, quantitation cycle.
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Supplemental Fig. 2. Gene numbers and validation of  RNAseq results. A) Total numbers of  up- (red) 
and down-regulated (green) genes identified by RNAseq after applying different cut-off  values (p<0.05, 
p<0.10 and p<0.15). B) Analysis of  transcript levels of  ten selected genes by qPCR. The sample set used 
for RNAseq library preparation as well as additional samples from the same experiment were used for 
qPCR analysis. Data are expressed as mean ± SEM fold change (n = 5-7) in gene expression in response 
to Amh and 11-KT, and relative to the control condition (11-KT only), which is set at 1. Colored back-
ground (red, up-; green, down-regulation) indicates a significant difference compared to the control group 
(p<0.05). For genes where only RNAseq or only qPCR revealed a significant regulation (indicated by #), 
direct comparison of  the fold changes showed no significant difference (p≥0.05) between fold-changes in 
RNAseq and qPCR analyses.
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Table S1. Primers used in gene expression analyses by quantitative PCR (qPCR) and primers used to 
generate DNA templates for DIG-labeled cRNA probe syntheses for in situ hybridization (ISH).

For the following supplemental information (listed below) access the link: 
http://dx.doi.org/10.1016/j.mce.2017.06.017. 

Supplemental Table 2. Characterization of  RNAseq data. Summary of  read counts 
and mapping statistics for each RNAseq replicate.

Supplemental Table 3. List of  Amh-modulated genes identified by RNAseq 

Supplemental Fig. 3. Localization of  inhibin (inha) transcript by in situ hybridization in zebrafish 
testis. Black arrowheads indicate intensely labeled Sertoli cell cytoplasm contacting spermatocytes (upper 
inset). B, type B spermatogonia; SPC, spermatocytes; the germ cells were identified based on their shape, 
size and number. No specific staining was obtained with the sense inha cRNA probe (lower inset). Scale 
bar represents 25 µm.

Target gene Gene name Primer Sequence (5’→ 3’)

ef1a elongation factor 1 alpha 2476 (Fw) 
2477 (Rv)

GCCGTCCCACCGACAAG
CCACACGACCCACAGGTACAG

amh anti-Müllerian hormone 4486 (Fw) 
4487 (Rv)

CTCTGACCTTGATGAGCCTCATTT
GGATGTCCCTTAAGAACTTTTGCA

igf3 insulin-like growth factor 3 2680 (Fw) 
2681 (Rv)

TGTGCGGAGACAGAGGCTTT
CGCCGCACTTTCTTGGATT

insl3 insulin-like peptide 3 2466 (Fw) 
2467 (Rv)

TCGCATCGTGTGGGAGTTT
TGCACAACGAGGTCTCTATCCA

inha inhibin alpha 4879 (Fw) 
4881 (Rv)

CATCAGGAGTCCTCTCAGGTCATT
CATCAGAAGAGTGGCCAGGTATATC

kitlgb kit ligand b 4631 (Fw) 
4632 (Rv)

GCTGCAGGATTTTCGTTTCACT
GCGCCTAGTCGGCCACTT

tnfa tumor necrosis factor alpha 5132 (Fw) 
5133 (Rv)

CCAAGGCTGCCATCCATTTA
GTCCTGGTCATCTCTCCAGTCTAAGGTCTT

hsd11b2 hydroxysteroid 11-beta dehydrogenase 
2

5103 (Fw) 
5104 (Rv)

CCCTCCCTGCCAGTTGAA
ATTACCAAAACCTGAATCACAAC

hsd3b1 hydroxy-delta-5-steroid dehydrogenase, 
3 beta- and steroid delta-isomerase 1

5096 (Fw) 
5097 (Rv)

GATCCGACTGCTGGATAGAAACA
CCCGGCAATCATCAAGAGA

star steroidogenic acute regulatory protein 2546 (Fw) 
2547 (Rv)

CCTGGAATGCCTGAGCAGAA
ATCTGCACTTGGTCGCATGAC

id3 inhibitor of DNA binding 3 5111 (Fw) 
5112 (Rv)

GGAAAACGAGACAGACACACAAAA
GGCTCATCTCTGAGTTCTTCATTG

itch itchy E3 ubiquitin protein ligase 5118 (Fw) 
5119 (Rv)

CCTCGCAGACCCACATCTTC
CGCTGCCGTCTGGAAATG

mcm5 minichromosome maintenance defi-
cient 5 (S. cerevisiae)

5122 (Fw) 
5123 (Rv)

TCCCCGACGAGGTGTTAATTCGCTCTA
TCCTTTTGGAGAAGACATGATTGA

ptges3b prostaglandin E synthase 3b (cytosolic) 4908 (Fw) 
4909 (Rv)

GACAGCAAAGACGTGAAAGTAAATTTT
CGGCTCCACTGAGACAGCTAA

ptgs2a prostaglandin-endoperoxide synthase 2a 4075 (Fw) 
4076 (Rv)

ACGCTGGAGGTTCAACACAAA
CACCTGGACGTCCTTCACAAG

ptger4b prostaglandin E receptor 4 (subtype 
EP4) b

4083 (Fw) 
4085 (Rv)

GTGCTCATCTGCTCCACTCCTT
GCAGAGTTAAACAGCTGGTTCACA

ptger2a prostaglandin E receptor 2a (subtype 
EP2)

4077 (Fw) 
4078 (Rv)

CTGTGGTTCAAACGGCGTATTT
ACACACCGCATGAGTCTTGCT

nanos2 nanos homolog 2 4817 (Fw) 
4818 (Rv)

AAACGGAGAGACTGCGCAGAT
CGTCCGTCCCTTGCCTTT

inha - ISH inhibin alpha 5146 (Fw) 
5147 (Rv)

T3Rpp-GGATGGACCACCTATAAATTGGATGTTCATCTTCA
T7Rpp-GGTGGTGGTGAAACGGAGTGACTTCATG

Fw: forward; Rv: reverse; Primer 5146 contains the T3 RNA polymerase promoter sequence 
(underlined) at its 5’-end (T3Rpps; 5’-GGGCGGGTGTTATTAACCCTCACTAAAGGG-3’), while 
primer 5147 contains the T7 RNA polymerase promoter sequence (underlined) at its 5’-end (T7Rpps; 
5’-CCGGGGGGTGTAATACGACTCACTATAGGG-3’).
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(p<0.05). A second list that includes additional genes after applying a less strict cut-off  
(p<0.10) is also shown.

Supplemental Table 4. Functional enrichment results. Genes belonging to the 
clusters identified (p<0.05, FDR 15%) by enrichment analysis are shown.

Supplemental video. Video exemplifying how Igf3 and Amh immunoreactive areas 
were quantified per section surface area.
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ABSTRACT

The fate of  a spermatogonial stem cell (SSC) is determined through the action 
of  extrinsic as well as intrinsic factors that can result in this germ cell undergoing self-
renewal or differentiating proliferation, or maintaining its quiescent state. Investigating 
the effects of  different hormones and growth factors on spermatogenesis in adult 
zebrafish, we demonstrated previously that recombinant zebrafish Igf3 triggered the 
proliferation and differentiation of  type A undifferentiated (Aund; a subpopulation of  
which are SSCs) and type A differentiating (Adiff) spermatogonia. These effects were 
compromised by an Igf  receptor inhibitor or by recombinant zebrafish Amh, a growth 
factor decreasing Igf3 bioactivity and transcript levels. In view of  the nearly exclusive 
expression of  igf3 in gonadal tissue in adults and methodological developments allowing 
to induce targeted loss-of-function mutations in many species via the CRISPR-Cas9 
system, we studied the effects of  the loss of  the igf3 gene on spermatogenesis in 
zebrafish. Unexpectedly, we observed a high embryo mortality among mutants, and 
initial studies suggest an early brain function for Igf3. Possibly, surviving embryos may 
have successfully compensated the loss of  igf3 by elevating the levels of  other members 
of  the Igf  family. Adult male F0-mutants showed impaired spermatogenesis with an 
accumulation of  type Aund spermatogonia and a reduced proportion of  meiotic and 
postmeiotic cells. This indicates that Igf3 signalling is relevant for the maintenance 
of  a quantitatively normal spermatogenesis in zebrafish. However, analysing a larger 
number of  homozygous igf3 mutants and examining the ontogenetic development of  
the phenotype will be required for drawing more firm conclusions.
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INTRODUCTION
The fate of  a spermatogonial stem cell (SSC) is determined through the action 

of  extrinsic as well as intrinsic factors that can result in this germ cell undergoing 
self-renewal or differentiating proliferation, or maintaining its quiescent state. The 
microenvironment in the testis that allows quiescence and self-renewal divisions 
is referred to as stem cell niche (Nóbrega et al., 2010; Yang & Oatley, 2014; Wei et 
al., 2015). Regulatory processes involved in the level of  SSC activity (quiescence vs. 
cell cycling) and the mode of  cell cycling (self-renewal vs. differentiation) are tightly 
controlled to ensure normal puberty and adult spermatogenesis, (Schulz et al., 2010; de 
Rooij, 2015; Chen & Liu, 2015). 

Investigating the effects of  different hormones and growth factors on 
spermatogenesis in adult zebrafish, we demonstrated that recombinant zebrafish 
Igf3 triggered the proliferation and differentiation of  type A undifferentiated (Aund; a 
subpopulation of  which are SSCs), and type A differentiating (Adiff) spermatogonia and 
resulted in elevated transcript levels of  dazl (Nóbrega et al., 2015), a gene indicating 
differentiation of  spermatogonia and their entry into meiosis (Saunders et al., 2003). 
Furthermore, we showed that preventing Igf3 interaction with Igf  binding proteins 
(Igfbps), which increased the Igf3 bioavailability, strongly stimulated spermatogonial 
differentiation in the zebrafish testis, and even led to a partial depletion of  type Aund 
spermatogonia (Safian et al., 2016). On the other hand, the Igf3-triggered increase of  
the mitotic indices of  type Aund and Adiff  spermatogonia was compromised by an Igf  
receptor inhibitor (Nóbrega et al., 2015), or by recombinant zebrafish Amh, a growth 
factor decreasing Igf3 bioactivity and transcript levels (Morais et al., 2017). Jointly, these 
lines of  evidence suggest that Igf3 is an important growth factor contributing to the 
regulation of  SSC activity in the zebrafish testis.

Igf3 is the product of  a growth factor gene, which is thought to be derived from the 
teleost-specific, 3rd round of  whole genome duplication and is preferentially expressed 
in the gonads (Wang et al., 2008; Berishivili et al., 2010). Instead, two other IGF family 
members, IGF1 and IGF2 are expressed in the mammalian gonad (Griffeth et al., 
2014) as well as in many other tissues. In zebrafish, next to igf3, igf1, 2a and 2b are also 
expressed in testis, however, only igf3 transcript levels responded to Fsh (Nóbrega et 
al., 2015). Also in invertebrates Igf/insulin signalling is important for spermatogenesis, 
considering that the starvation-induced loss of  SSCs is reversed by the re-increase in 
Igf/insulin signalling following re-feeding (McLeod et al., 2010; Michaelson et al., 2010; 
Hubbard, 2011). Hence, Igf/insulin regulation of  spermatogenesis is an evolutionary 
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conserved mechanism deserving further attention. A general knockout of  IGF1 
in mouse resulted in male infertility due to a severe decline in spermatogenesis and 
testosterone production (Baker et al., 1996). However, in the light of  the wide expression 
pattern of  IGF1 and the severe growth retardation observed in this genetic model, clear 
conclusions on specific IGF1 effects on spermatogenesis were not possible. Analysis 
of  a Sertoli cell-specific knockout of  IGF and insulin receptors, on the other hand, 
clearly demonstrated a reduction in testis size and daily sperm production, which were 
the consequence of  a reduced proliferation rate of  Sertoli cell until puberty (Pitetti 
et al., 2013). Studies in mice suggested that the IGF receptor is also expressed by 
undifferentiated spermatogonia (Wang et al., 2015), but germ cell-specific knockout of  
IGF and insulin receptors did not compromise spermatogenesis (Pitetti et al., 2013). 
Also in zebrafish testis, the two Igf  receptors are expressed by somatic as well as germ 
cells (Nóbrega et al., 2015). 

In view of  the higher expression of  igf3 in gonadal tissue in fish (Wang et al., 2008; 
Berishvili et al., 2010; Yang et al., 2015), in the zebrafish testis mainly in Sertoli cells and 
also in type A spermatogonia (Morais et al., 2017), and methodological developments 
allowing to induce loss-of-function mutagenesis in many species via the gene editing 
tool CRISPR-Cas9 system (Jinek et al., 2012; Hwang et al., 2013), we decided to study 
the effects of  the loss of  the igf3 gene on spermatogenesis in zebrafish. We assumed that 
with the restricted expression pattern of  the igf3 gene, no other physiological function 
would be compromised. Unexpectedly, we found a high rate of  embryonic lethality 
that considerably delayed the generation of  homozygous mutant fish. This chapter will 
therefore present data on two types of  F0 (or founder generation) CRISPR-Cas9 igf3 
knock out (KO) zebrafish, each carrying a different deletion in the igf3 gene.

MATERIAL AND METHODS
Zebrafish igf3 guide RNA design for CRISPR-Cas9 gene knock out

Plasmids pT7-gRNA (http://www.addgene.org/46759) and pT3TS-nls-Cas9-nls 
(http://www.add gene.org/46757) were developed by Chen et al. (2013) and kindly 
provided by Anna Wargelius (IMR, Bergen, Norway). The pT7-gRNA plasmid encodes 
a customizable single guide RNA (gRNA) that targets complementary sequences of  the 
target organism. The pT3TS-nls-Cas9-nls plasmid encodes a zebrafish codon-optimized 
Cas9 nuclease sequence, flanked by two SV40 nuclear localization signals.

To target the zebrafish igf3 gene, two pairs of  oligonucleotides (primers 4310 and 
4311, and 4312 and 4313) were designed online (http://zifit.partners.org), which identified 
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5′-GG-(N18)-NGG-3′ sequences in exon 2 (GGAGACAGAGGCTTTTACATAGG) 
and in exon 3 (GGTCCTCGCTCTCGTGGGAAA GG). These pairs of  
oligonucleotides were annealed and inserted into Bsm BI-digested pT7-gRNA plasmid 
using the Rapid DNA Ligation kit (Roche). The ligation product was then used to 
transform chemically competent TOP10 cells, which were plated of  LB ampicillin 
plates and incubated overnight at 37°C. Colonies were selected and grown overnight, 
after which plasmids were purified using the QIAprep Spin Miniprep kit (Qiagen) and 
checked by PCR amplification and DNA sequencing.

Capped mRNA synthesis and microinjection into zebrafish embryos
Capped Cas9 mRNA was synthesized using a commercial kit and linearized plasmid 

DNA as template (mMESSAGE mMACHINE kit; Ambion, Inc.). Approximately 100 
wild-type long tail zebrafish (Danio rerio) embryos were co-injected in the one-cell stage 
with 12.5 ng/μl of  each gRNA and 300 ng/μl Cas9-encoding mRNA. After that, all 
embryos were maintained in an environmental incubator at 28°C for five days before 
been transferred to the tanks. 

Animals
Injected embryos of  the long tail strain (F0) that survived to adulthood (see below) 

were screened (fin clip samples for genomic DNA analysis) in order to detect and 
select igf3 mutants. F0 mutant founder animals were crossed out to wild-type long tail 
zebrafish to generate heterozygous F1 fish. Recently, F2 homozygous mutant offspring 
was obtained and will be available for more detailed studies in the near future. 

For the present study, however, we were restricted to analysing the effects of  igf3 
gene mutations in F0 animals. To this end, five founder zebrafish adults were sacrificed 
and their gonads were used for DNA sequence analysis and for morphometric analyses 
(see below). All experiments followed the Dutch National regulations for animal care 
and use in experimentation, and the experimental protocols have been submitted to and 
were approved by the Utrecht University Experimental Animal Committee.

Embryonic lethality and localisation of  Igf3 protein expression
The main reason for the delay in the generation of  homozygous mutants was 

a high embryonic mortality (43%), in particular in the period between 24-48 hours 
post fertilisation (hpf). Since the low survival appeared to be related to the loss of  
the igf3 gene, we hypothesised that Igf3 might have a function early during embryonic 
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development. To examine this, we used zebrafish embryos collected 4, 8 and 24 hpf  
for whole mount immunocytochemistry to detect Igf3 protein. After overnight fixation 
in phosphate-buffered 4% paraformaldehyde, embryos were dehydrated, washed with 
phosphate-buffered saline (PBS; Life technologies) and then exposed to rabbit anti-
Igf3 (2 μg/mL of  affinity purified antibodies; Nóbrega et al., 2015) overnight. The 
immunocytochemistry procedure followed a standard protocol previously published 
(Marín-Juez et al., 2015). 

As a negative control, the antibody was pre-absorbed with a blocking peptide to 
verify the specificity of  the Igf3 antibody staining, as described previously by Nóbrega 
et al. (2015). The antigen sequence C-ADLQRDEESASQ RIRER corresponding to 
the E domain present only in the zebrafish Igf3 protein was used to direct Igf3 antibody 
production (Nóbrega et al., 2015).

igf3 expression during embryonic development and in different adult zebrafish 
tissues

In order to quantify the igf3 mRNA levels during the first hours of  zebrafish 
development, gene expression analysis was performed in zebrafish embryos collected 0, 
4, 8, 12, 24 and 36 hpf. A pool of  30 embryos was used per time point investigated. Also, 
the expression of  igf3 in different tissues of  adult zebrafish was investigated (n=3). And 
finally, adult zebrafish (n=5) received one injection with saline (control) or Fsh (100 
ng/g bw) to examine if  igf3 mRNA levels present in the brain would respond to Fsh. 
Brain and testis tissues were collected 4 h after injection and tissues were snap frozen 
in liquid nitrogen and stored at -80ºC until RNA extraction. Total RNA was isolated 
from tissue using an RNAqueous microkit (Ambion), according to the manufacturer’s 
protocol. cDNA synthesis from total RNA and quantification of  transcript levels were 
carried using qPCR primers 2680 and 2681 (see Table 1). Differences in gene expression 
were calculated as described previously (Bogerd et al., 2001). 

Genomic DNA extraction
From each animal, one testis was snap frozen in liquid nitrogen and stored at 

-80°C until genomic DNA (gDNA) extraction and the other one was fixed for 
morphological analyses (see below). To isolate genomic DNA, a piece of  testis tissue 
was first transferred into an Eppendorf  tube containing 100 µl 50 mM NaOH. The 
samples were incubated for 10 min at 96°C, after which the reaction was neutralized by 
adding 10 µl 1 M Tris-HCl (pH 8.0). After a short centrifugation step, the supernatant 
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Table 1. Primers used in the present study to generate the gRNA constructs, genomic DNA 
amplifications and real-time qPCRs. 

Description Primers Sequences (5´→ 3’)

Primers to generate the gRNA 1 
construct in pT7-gRNA

4310 (Fw) 
4311 (Rv)

TAGGAGACAGAGGCTTTTACAT
AAACATGTAAAAGCCTCTGTCT

Primers to generate the gRNA 2 
construct in pT7-gRNA

4312 (Fw) 
4313 (Rv)

TAGGTCCTCGCTCTCGTGGGAA
AAACTTCCCACGAGAGCGAGGA

Primers to amplify the region 
flanking gRNA 1 (444 bp)

4314 (Fw) 
4315 (Rv)

GCGAGCGCGTCATCCGTCAAGAATTGTGTT
GCGCAGTCTGTATCTTCAGGGCAAGGCCACTT

Primers to amplify the region 
flanking gRNA2 (439 bp)

4316 (Fw) 
4317 (Rv)

CATTTGTCGTCCAGCAAGATCCCACATTGGGACTA
CTCGCCTCCTTTCCACAAGAGGGTGGAGCTTT

Primers for igf3 expression analysis 
by rt-qPCR 

2680 (Fw) 
2681 (Rv)

TGTGCGGAGACAGAGGCTTT
CGCCGCACTTTCTTGGATT

Fw: forward; Rv: reverse.

containing gDNA was used as template for PCR amplification.

PCR amplification of  gRNA target sequences and DNA sequencing
gDNA from F0 fish was used for PCR amplification of  the target sites (Figure 1) 

using primer combinations 4314-4315, 4316-4317 and 4314-4317. PCR products were 
purified from gel and send in for direct sequencing with primer 4314 or 4316.

Morphological analysis
After dissection, zebrafish testis was fixed in 4% buffered glutaraldehyde at 4°C 

overnight, dehydrated, embedded in Technovit 7100 (Heraeus Kulzer), sectioned at 4 
µm thickness, and stained with toluidine blue, according to conventional histological 
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Figure 1: igf3 gene structure showing the CRISPR-Cas9 target sites at domains B and C. The black and grey 
boxes represent untranslated and coding exon regions, respectively.
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procedures. The proportions of  section area occupied by the different testicular cell 
types were obtained by analysing 15 images, randomly chosen from non-overlapping 
fields photographed at 400-fold magnification. The images were analysed quantitatively 
by counting the number of  points over the following cell types and components: 
spermatogonia type A undifferentiated (Aund), type A differentiated (Adiff) and type B, 
spermatocytes (SPC), spermatids (SPT), spermatozoa (SPZ), Leydig cells, Sertoli cells, 
apoptotic cells and connective tissue elements (blood vessels and connective tissue) 
and empty areas (tubular lumen without SPZ). To this end, ImageJ software (National 
Institutes of  Health, Bethesda, Maryland, http://rsbweb.nih.gov/ij) with a 540-point 
grid was used. 

Statistical analyses
Differences between igf3 mutant and wild-type zebrafish were tested for statistical 

significance (p<0.05) using a Student’s t test for unpaired observation. Data are 
represented as the mean ± SEM. Statistical analyses were carried out using the GraphPad 
Prism 5 software package (GraphPad Inc).

RESULTS AND DISCUSSION
igf3 mutant zebrafish 

To disrupt the insulin-like growth factor 3 gene (igf3) in the zebrafish, we used 
CRISPR-Cas9 gene editing (Jinek et al., 2012; Hwang et al., 2013).  To this end, we 
targeted two different sites of  the igf3 gene, one in exon 2 and another one in exon 3 
(Figure 1). For unknown reasons, the CRISPR-Cas9 approach was only successful at the 
first target site in exon 2, located at the end of  the coding region for the B domain and 
yielded deletions in two out of  the five zebrafish analysed. In one igf3 mutant zebrafish 
five nucleotides were deleted (mutant 1), causing a frame shift and as a consequence a 
premature translation stop (Figure 2). In the second igf3 mutant zebrafish (mutant 2), 
twelve nucleotides were deleted, which may result in the translation of  an Igf3 precursor 
protein that misses four amino acids in the B domain of  the Igf3 protein (Figure 2).

Igf3 protein and igf3 mRNA expression in zebrafish 
With the observation that igf3 mutant embryos had a high mortality rate (43%) 

within the first 24 hpf, we decided to investigate Igf3 protein expression in wild-type 
embryos after 4, 8 and 24 hpf; igf3 transcript had already been detected at this early stages 
(Li et al., 2014) but it was not known if  also Igf3 protein was present. Whole mount 
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Figure 2: DNA sequence analysis of  the igf3 gene in wild-type and mutant zebrafish. Induced by CRIS-
PR-Cas9, five nucleotides were deleted in mutant 1 while twelve nucleotides were missing in mutant 2.



immunocytochemistry (Figure 3A-F) demonstrated that Igf3 protein was detectable at 
4 hpf  (sphere stage), 8 hpf  (epiboly stage) and also at 24 hpf  (prim-5 stage; Figure 
3D-F). No signal for Igf3 was observed in the negative controls (Figure 3A-C). Gene 
expression data support these findings (Figure 3G) since transcript levels of  igf3 were 
detectable at these three time points (Figure 3G). Although the transcript levels of  
igf3 found by Li et al. (2014) varies from our results in terms of  magnitude, it is clear 
that this growth factor is expressed during early development of  zebrafish. Also, in situ 
hybridization demonstrated that igf3 mRNA was localized in the brain of  zebrafish 
embryos from 10 to 48 hpf  (Li et al., 2014). Taken together, these results suggest that 
Igf3 plays a role in brain development in zebrafish. It therefore seems possible that the 
high mortality reflects problems during brain development and that surviving embryos 
may have successfully compensated the loss of  igf3 by elevating the levels of  other 
members of  the Igf  family in zebrafish (i.e. Igf1, Igf2a or Igf2b) in the brain. Screening 
for igf3 expression in different tissues of  adult, wild-type zebrafish showed that no other 
tissue but testis and brain presented measurable igf3 transcript levels and that testicular 
expression exceeded by far brain expression (Figure 3H). Finally, in order to see if  igf3 
expression in the brain would respond to Fsh stimulation as igf3 mRNA levels present 
in the testis does, we injected adult zebrafish with Fsh or saline. No change in the igf3 
mRNA levels was observed in the brain of  zebrafish in comparison to the control 
group (Figure 3I), in contrast to igf3 transcript levels in the testis, as demonstrated 
previously (García-López et al., 2010; Nóbrega et al., 2015).

Morphological analysis
Comparing zebrafish testis sections from three wild-type and two igf3 mutants 

showed clear differences (Figure 4). Less sperm was present in the tubular lumen 
such that more empty space was obvious when the igf3 gene was mutated (Figure 4). 
In the wild-type animals, the testicular parenchyma showed germinal and interstitial 
compartments (Figure 4A) similar to the situation described previously by Leal et al. 
(2009). 

Quantification of  the proportion of  testicular cells per testis section surface 
area allowed a detailed analysis of  the changes in the cellular composition when igf3 
loss of  function was induced (Figures 4 and 5). Compared to wild-type animals, the 
proportion of  type Aund spermatogonia increased (p<0.05) in igf3 mutants (Figure 
5), while no changes were observed for the other spermatogonial generations. Our 
previous studies indicated that Igf3 promoted the differentiating proliferation of  
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type Aund spermatogonia (Nóbrega et al., 2015; Morais et al., 2017). The increased 
proportion of  type Aund spermatogonia may therefore reflect an accumulation of  these 
cells due to the lack of  the pro-differentiation factor igf3 in the mutant testis (Figure 
4-6). This assumption also fits well to the observation that recombinant Igf3 decreased 
the proportion of  type Aund but increased those of  type Adiff  and type B spermatogonia 
(Safian et al., 2017). However, how to explain that the proportions of  type Adiff  and 
B spermatogonia were not different in mutants? We speculate that, although Igf3 is 
missing, other pro-differentiating factors, such as insulin-like peptide 3 (Insl3; Assis 
et al., 2015) and androgens (Leal et al., 2009; Crespo et al., 2016), are present and 
can stimulate the differentiation of  type Aund spermatogonia (Figure 6). The fact that 
igf3 knockout fish were fertile despite the production of  less spermatozoa suggests 
that androgen production and signalling was sufficient to support development of  

Figure 3: Whole mount immunocytochemistry and gene expression analyses. A-F) Igf3 immunode-
tection in wild-type zebrafish embryos at 4, 8 and 24 hpf. G) igf3 expression in wild-type zebrafish embryos 
from 0 to 36 hpf. H) igf3 expression analysis in different adult zebrafish tissues. I) Expression levels for igf3 
gene in response to Fsh in vivo treatment.
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secondary sexual characters and reproductive behaviour.
In igf3 mutants we found a decrease (p<0.05) in the proportion of  spermatocytes, 

spermatids and spermatozoa (Figure 5). This finding is in line with our previous 
observation that recombinant Igf3 increased the appearance of  spermatocytes and 
transcript levels of  dazl (Nóbrega et al., 2015). Although the transition from type B 
spermatogonia into meiosis was reduced in the mutant, the meiotic germ cells that were 
formed, appeared to continue their development in a normal manner since spermatids 
and spermatozoa were formed and functional (viz. the mutants’ fertility). It therefore 
seems possible that the reduced number of  spermatids and spermatozoa reflects the 
reduced transition of  germ cells into meiosis, while the completion of  meiosis and 
spermiogenesis proceeded normally. This hypothesis has been depicted in Figure 6. 
Interestingly, no change was observed in apoptotic cells between the igf3 mutants and 
wild-type zebrafish (Figure 5), suggesting that the shifted balance in the differentiation 
of  type A spermatogonia and the reduced transition of  type B spermatogonia into 
meiosis were not associated with changes in the loss of  germ cells to apoptosis. 

Sertoli cells and connective tissue elements were found in higher proportions in 
igf3 mutant testes (Figure 5). So far, we have no explanation for these observations. As 
regards Sertoli cells, it is possible that the accumulation of  type Aund spermatogonia, 

Figure 4: Morphological analysis of  wild-type and mutant zebrafish testis. A-B) Low and high 
magnification of  wild-type zebrafish testis showing a standard morphological pattern. C-D) Low and high 
magnification from mutant 1 zebrafish testis demonstrating less spermatozoa into the tubular lumen (C) 
and a higher proportion of  type Aund spermatogonia (D). E) Low magnification from mutant 2 zebrafish 
testis demonstrating similar phenotype as seen in mutant 1 zebrafish.  Aund: type A undifferentiated sper-
matogonia; Adiff: type A differentiated spermatogonia; B: type B spermatogonia; SPC: spermatocytes; SPT: 
spermatids; SPZ: spermatozoa. Scale bar: 10 µm.
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each of  them being accompanied by 1 or 2 Sertoli cells (Leal et al., 2009), contributed 
to the increase. No change in the proportion of  Leydig cells was observed in the present 
analysis (Figure 5), which is in line with the observation that Igf3 did not modulate basal 
or gonadotropin-stimulated androgen release in zebrafish (Nóbrega et al., 2015). 

CONCLUSION
We have shown that use of  the CRISPR-Cas9 system generated igf3 mutant 

zebrafish. Animals carrying mutations displayed impaired spermatogenesis with an 
accumulation of  type Aund spermatogonia and a reduced proportion of  meiotic and 
postmeiotic cells. This indicates that Igf3 signalling is relevant for the maintenance of  
a quantitatively normal spermatogenesis in zebrafish. While the fish are still fertile, the 
data obtained with the F0 males suggest that the number of  germ cells produced is 
reduced. The fact that we can produce homozygous F2 indicates that females are fertile 
as well. However, we still need to investigate in more detail the potential consequences of  
the igf3 loss of  function in females. In any case, sex steroid production and reproductive 
behaviour seem to be functioning normally in both sexes. Analysing a larger number of  
homozygous igf3 mutants will allow drawing more final conclusions and may provide 
additional aspects of  the phenotype after loss of  Igf3.   
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Figure 5: Quantitative morphological analysis of  wild-type and mutant zebrafish testis tissue. 
Proportion of  cell types and testicular components per surface area. Aund: type A undifferentiated 
spermatogonia; Adiff: type A differentiated spermatogonia; B SPG: type B spermatogonia; SPC: 
spermatocytes; SPT: spermatids; SPZ: spermatozoa, Leydig cells, Sertoli cells, apoptotic cells and connective 
tissue elements (blood vessels and connective tissue) and empty areas (tubular lumen without SPZ).
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Figure 6: Schematic overview of  spermatogenesis in igf3 wild-type and mutant zebrafish. In the 
igf3 wild-type zebrafish a balanced self-renewal (SR) and differentiation (D) rate of  spermatogonia stem 
cells (SSCs) guarantees a normal spermatogenesis, while in igf3 mutant, a misbalance between SR and D, 
trigged by the loss of  Igf3, leads to more type Aund spermatogonia and less meiotic and post-meiotic germ 
cells in the zebrafish testis. 
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1. SUMMARIZING DISCUSSION 
1.1. Onset of  spermatogenesis in teleost fish 

Puberty in fish, as in other vertebrates, is a developmental process during which 
a sexually immature individual becomes capable of  reproducing sexually for the first 
time (Okuzawa, 2002). The initiation of  puberty occurs after gonadal sex differentiation 
and is characterized by the onset of  oogenesis in females and spermatogenesis in 
males (Schulz and Miura 2002; Strüssmann and Nakamura 2002; Schulz et al., 2010). 
Spermatogenesis is regulated by the brain–pituitary–gonad axis, a part of  the endocrine 
system (Okuzawa, 2002; Schulz and Miura, 2002; Jalabert, 2005; Carrillo et al., 2009; 
Taranger et al., 2010). Influenced by a species-specific set of  external and internal factors 
(such as photoperiod, water temperature, food availability, precipitations, somatic growth 
or health status), changes occur in the activity of  neuroendocrine systems controlling 
the production and release of  hormones from the gonadotropic cells in the pituitary. 
These cells produce and release two distinct, but chemically related gonadotropins: Fsh 
and Lh (Kah et al., 1993; Okuzawa, 2002; Weltzien et al., 2004; Taranger et al., 2010; 
Schulz et al., 2010; Shahjahan et al., 2014). Fsh and Lh regulate gonad functions by 
binding to their membrane receptors expressed by Sertoli and Leydig cells (Garcia-
Lopez et al., 2010). These somatic cells will then provide the paracrine support (i.e. 
growth factors and sex steroids) necessary to promote in testis the transition from a 
low, mainly self-renewal proliferation frequency of  Sertoli cells and single type Aund 
spermatogonia taking place until puberty, to a higher single cell proliferation activity, 
that includes differentiating germ cell divisions, leading to substantial (super-allometric) 
testis growth accompanying pubertal activation of  spermatogenesis in fish (Miura et al., 
1991a,b; Cavaco et al., 1998; Schulz et al., 2010; Taranger et al., 2010; de França et al., 
2015). Much of  the cellular and molecular basis underlying pubertal development of  
the testis is not fully understood. A better understanding of  the mechanisms triggering 
and implementing puberty is important not only for basic science but also for more 
applied research areas, such as finfish aquaculture, where the problems associated with 
early puberty result in significant animal welfare and economic issues (Taranger et al., 
2010; Gjedrem, 2012; Gutierrez et al., 2014).

In the present thesis, we used adult zebrafish but also specific experimental models, 
such as after estradiol (E2) exposure in vivo (de Waal et al., 2009) that allows studying 
the initial steps of  spermatogenesis, i.e. from infrequent to more frequent self-renewal 
and then to differentiating divisions, in order to study the regulation of  the early or 
initial stages of  spermatogenesis in zebrafish. Our efforts were directed to investigate 
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the roles of  Fsh (Chapters 2, 4) and of  a number of  Fsh-responsive growth factors 
(Chapters 2-6) in the regulation of  zebrafish spermatogenesis. Emphasis was given to 
the beginning of  the spermatogonial phase, an important target of  different regulatory 
processes controlling the formation number of  new cysts and germ cell commitment to 
the differentiation pathway. The meiotic and spermiogenic phases are rather conserved 
phases not allowing much extrinsic regulation, except perhaps the entrance into meiosis 
and the incidence of  apoptotic loss of  germ cells. 

1.2.Endocrine and paracrine regulation of  spermatogonial activity
In teleost fish, Fsh controls Sertoli and Leydig cell functions, including the 

production of  locally active factors that regulate germ cell development (Schulz et al., 
2010; de França et al., 2015). The fate of  a single Aund spermatogonium, i.e. to remain 
quiescent or to undergo self-renewal or differentiating divisions, is determined by 
signalling molecules that, when reaching the Sertoli/Aund cysts that express the respective 
receptors, change the behaviour of  the cysts, so that the single Aund spermatogonium 
will no longer remain quiescent but undergo self-renewal or differentiating divisions 
to form spermatogonia interconnected by cytoplasmic bridges (Loir et al., 1995) that 
continue the spermatogenic process, eventually giving rise to spermatozoa. Hence, 
understanding the mechanisms controlling the transition from quiescent spermatogonia 
to cell cycling and then to differentiating proliferation might answer several questions 
regarding the control of  spermatogenesis in fish, but also in other vertebrates.

Chapter 2 examined the roles of  Fsh and insulin-like growth factor 3 (Igf3) on 
spermatogonial activity, using a zebrafish testis tissue culture system as experimental 
model (Leal et al., 2009). To focus on the first steps of  spermatogenesis, male zebrafish 
were pre-exposed to 10 nM E2 in vivo for 21 days (de Waal et al., 2009) resulting in 
gonadotropin- and androgen-insufficiency and consequently, an interruption of  
spermatogenesis, associated with an accumulation of  type A spermatogonia in the 
testis. It was known already that androgens can support full spermatogenesis (Japanese 
eel, Miura et al., 1991; zebrafish, Leal et al., 2010). Therefore, we focused on steroid-
independent, Sertoli cell-mediated effects of  Fsh by blocking the production of  
biologically active steroids (García-López et al., 2010). Fsh increased the number and 
mitotic index of  single type Aund and of  clones of  type Adiff  spermatogonia in zebrafish 
testis in a steroid-independent manner while increasing Sertoli cell igf3 transcript levels, 
a new paralogue of  the Igf  family (Wang et al., 2008; Zou et al., 2009). This stimulatory 
effect of  Fsh was inhibited in the presence of  the protein kinase A (PKA) inhibitor H89, 
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suggesting that it is via the PKA pathway that Fsh increased igf3 transcript levels. This 
pathway is typically activated by Fsh in other vertebrates (Hsueh et al., 1984; Salvador et 
al., 2001; Liu et al., 2010). Moreover, recombinant zebrafish Igf3 increased the mitotic 
index of  type Aund and type Adiff  spermatogonia and stimulated the transition of  type A 
into type B spermatogonia and subsequently, into spermatocytes. However, Igf3 did not 
modulate testicular androgen release. In zebrafish testis, detection of  Igf3 protein was 
restricted to Sertoli cells (Chapters 2, 5). However, the crucial experiment to link Fsh-
stimulated Igf3 production to spermatogonial proliferation was to demonstrate that 
Fsh-induced spermatogonial proliferation was blocked by an Igf  receptor inhibitor. 
Altogether, Chapter 2 demonstrated that Fsh stimulated Igf3 production in a steroid-
independent manner, hence promoting spermatogonial proliferation and differentiation. 
In this regard, Igf3 is the very first Fsh-sensitive factor of  testicular origin promoting 
germ cell development in vertebrates. Previously, it was proposed that Fsh stimulated 
Sertoli cell GDNF production to promote spermatogonial stem cell self-renewal (Meng 
et al., 2000; Hofmann, 2008). However, it was demonstrated recently that the biologically 
active GDNF is produced in peritubular myoid cell under control of  testosterone (Chen 
et al., 2016). While it is established that Igf3 stimulates germ cell development, this 
growth factor also seems to promote Sertoli cell proliferation (Chapter 4; Morais et al., 
2013). It will be interesting to identify the testicular cell types expressing Igf  receptors 
in future work. 

Thyroid hormones are important for male reproduction in mammals and teleost 
fish (de França et al., 1995; Auharek et al., 2010; Raine, 2011; Habibi et al., 2012). This 
thesis established a link between the Igf  signalling system and thyroid hormones for 
zebrafish spermatogenesis. In the zebrafish testis, T3 promoted the formation of  new 
cysts by stimulating the proliferation of  Sertoli cells and of  type Aund spermatogonia 
(Morais et al., 2013). Although these T3-effects were mediated by increasing igf3 
expression and were compromised by an Igf  receptor inhibitor (Morais et al., 2013), 
we only observed effects on Aund, not on Adiff  or B spermatogonia. This is different 
from the effects induced by recombinant Igf3 (Chapter 2). The Igf  signalling system 
is composed of  Igf  ligands, Igf  receptors, and the Igf  binding proteins (Igfbps; Duan 
et al., 2010). Igfbps modulate the availability of  Igfs, which can inhibit or support Igf  
actions (Firth and Baxter, 2002; Duan et al., 2010). To further our knowledge on the 
Igf  signalling system and to investigate if  T3 modulates Igfbps in a way that can help 
understanding the above-mentioned difference between T3 and Igf3 effects, we studied 
in Chapter 4 how Fsh and T3 modulate Igfbp transcript levels. We also investigated the 
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potential role of  Igfbps in mediating Fsh- and T3-induced spermatogonial proliferation 
and differentiation by blocking Igfbp action, using a primary testis tissue culture system 
(Leal et al., 2009). All nine igfbps known in the zebrafish genome (Ocampo Dasa et al., 
2011) were expressed in the testis. Following 4 days of  incubation, T3 up-regulated 
igfbp1a and igfbp3 expression while Fsh reduced igfbp1a transcript levels. T3 and Fsh 
both affected spermatogonial proliferation and the areas occupied by spermatogonia 
but, akin to T3 and Igf3, showed differential effects: T3 increased in particular the 
area of  Aund while Fsh increased the areas of  Adiff  and B spermatogonia. Intriguingly, 
this differential effect disappeared when preventing Igf/Igfbp interaction, suggesting 
that Igfbps are responsible for this difference. With blocked Igfbps, T3 and Fsh both 
depleted Aund and favoured the production of  Adiff  and B spermatogonia. This swing 
to pro-differentiation effects was supported by the decrease in amh transcript levels, 
a member of  the Tgf-β family known to inhibit the proliferation and differentiation 
of  type Aund spermatogonia (Skaar et al., 2011; Chapter 5). Ongoing studies in our 
group recently demonstrated that igfbp1a and igfbp3 (up-regulated by T3) belong to 
a group of  Igfbps that inhibit spermatogonial differentiation (Safian et al., 2017). 
These observations led to the conclusion that one of  the T3 effects in the zebrafish 
testis is to protect single type Aund spermatogonia against depletion by up-regulating 
the expression of  Igfbps to dampen pro-differentiation effects of  Igf3. Overall, this 
results in the production of  more type Aund spermatogonia (self-renewal)-containing 
spermatogonial cysts (Morais et al., 2013; Chapter 4). Hence, elevating Igf3 bioactivity 
by blocking Igfbps shifts spermatogenesis towards more differentiated stages in the 
zebrafish. It appears that factors actively preventing differentiation, such as Amh (Miura 
et al., 2002; Skaar et al., 2011; Chapter 5) and Igfbps that dampen the activity of  factors 
promoting differentiation, jointly prevent single type Aund from excessive differentiation 
in response to stimulatory signals. 

When spermatogenesis was disturbed by a cytotoxic insult or an E2-induced 
androgen-insufficiency model (de Waal et al., 2009), amh transcript levels were down-
regulated during the spontaneous (Nóbrega et al., 2010) or Fsh-induced (Crespo et al., 
2016) restart of  spermatogenesis. These observations suggest that Amh is one of  the 
factors preventing differentiation that require inhibition to promote spermatogenesis, 
considering that Amh inhibits spermatogonial differentiation and gonadotropin-
stimulated androgen production (Skaar et al., 2011) while Igf3 stimulates spermatogonial 
proliferation and differentiation (Chapter 2). Hence, the antagonistic functions of  these 
two Fsh-responsive growth factors on spermatogonial fate and in modulating each 
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other’s functions were further explored in Chapter 5. We demonstrated in Chapter 5 in 
dose response and time course experiments that igf3 transcript levels were more rapidly 
up-regulated and responded to lower Fsh concentrations than were required to decrease 
amh mRNA levels. Also, Igf3-promoted germ cell development was compromised by 
Amh, which also reduced igf3 as well as insl3 transcript levels (Chapter 3), a Leydig cell-
derived growth factor that promotes spermatogonial differentiation in the zebrafish 
testis (Crespo et al., 2016). Amh also increased the expression of  inhibitory signals, such 
as inhibin (Inha; Hedger and Winnall, 2012) and inhibitor of  DNA binding (Id3; Carroll 
et al., 2011), or facilitated prostaglandin E2 (PGE2) signalling. The latter was shown 
to promote the accumulation of  Aund at the expense of  Adiff  and B spermatogonia in 
the zebrafish testis (Chapter 5). Altogether, an important aspect of  Fsh bioactivity 
in stimulating spermatogenesis is implemented by restricting the different inhibitory 
effects of  Amh and by counterbalancing them with stimulatory signals, such as Igf3, 
Insl3 and androgens. Hence, it appears that zebrafish Amh plays a central inhibitory role 
preventing spermatogonial differentiation using different mechanisms. In this context, 
it would be interesting to investigate, for instance, if  Amh would also compromise Insl3 
action, which has been described to recruit specifically type Aund spermatogonia into 
differentiation (see below; Chapter 3). 

In view of  the potent stimulation of  spermatogonial proliferation and differentiation 
induced by Igf3 and the fact that Igf3 is a new Igf  paralogue preferentially expressed in 
the gonad tissue made Igf3 an excellent candidate to study its loss-of-function effects . 
In Chapter 6 we use the CRISPR-Cas9 system (Jinek et al., 2012; Hwang et al., 2013) to 
generate igf3 mutant zebrafish. High embryo mortality in the mutants, perhaps related to 
early brain function, indicated that surviving embryos may have successfully compensated 
the loss of  igf3 by elevating the levels of  other members of  the Igf  family in zebrafish. 
Morphologically, igf3 loss-of-function mutants showed clear differences in the testis: 
a higher proportion of  type Aund spermatogonia associated with reduced proportions 
of  meiotic and postmeiotic cells. The accumulation of  type Aund spermatogonia may 
reflect the lack of  the pro-differentiation factor Igf3. While other pro-differentiation 
factors, such as Insl3 (Crespo et al., 2016) and androgens (Leal et al., 2009; Crespo et 
al., 2016) may have compensated for the loss if  Igf3 as regards the transition of  Aund to 
Adiff  spermatogonia, it was an apparently incomplete compensation. The reduction of  
meiotic and postmeiotic germ cell generations may be understood in context with the 
observation that Igf3 also promoted the transition of  germ cells into meiosis (Chapter 
2). Altogether, the results presented in Chapter 6 indicate that Igf3 signalling is relevant 
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for the maintenance of  a quantitatively normal spermatogenesis in zebrafish. However, 
analysing a larger number of  homozygous igf3 mutants and examining the ontogenetic 
development of  the phenotype will be required for drawing more firm conclusions; this 
work may also reveal additional aspects of  Igf3 function in zebrafish spermatogenesis. 

Insulin-like peptide 3 (Insl3) is a relaxin peptide family member expressed 
by Leydig cells in all vertebrates. Functionally, it is required for testicular descent in 
mammals (Zimmermann et al., 1999; Nef  and Parada, 1999; Kumagai et al., 2002), an 
event that does not occur in other vertebrates where the testes remain in the body cavity. 
Zebrafish Fsh increased testicular insl3 transcript levels in an androgen-independent 
manner (García-López et al., 2010; Crespo et al., 2016), suggesting so far undiscovered, 
evolutionary older functions for this signalling molecule in the testis. We investigate in 
Chapter 3, the biological activity of  human INSL3 (hINSL3) in the zebrafish testis. 
hINSL3 recruited Aund into differentiation but did not modulate androgen release or 
the expression of  a number of  growth factor genes. Similar results were obtained later 
when recombinant zebrafish Insl3 had become available (Crespo et al., 2016). Hence, a 
yet unknown function has been identified for Insl3 in zebrafish spermatogenesis, which 
may have escaped attention in higher vertebrates so far. Conditional genetic models in 
mice might be an approach to investigate this aspect.

Insl3 and androgens are Leydig cell-derived products under the control of  Fsh, 
but apparently use independent signalling pathways. While androgens drive germ 
cells through the entire process of  spermatogenesis, Insl3 has a pinpointed function 
targeting the differentiation of  type Aund spermatogonia. Several Insl3 receptors are 
described for zebrafish (Good et al., 2012) but the cellular site(s) of  expression are still 
unknown. Hence, it will be interesting to study where the receptors responsible for the 
biological activity of  Insl3 are expressed in order to find out if  Insl3 directly affects 
germ cell development or if  it is via other somatic cells in the testis, potentially involving 
additional signalling. 

FINAL REMARKS
The present thesis provides information regarding the endocrine and paracrine 

regulation of  zebrafish spermatogenesis that is relevant to both, academic and applied 
interests. New knowledge has been obtained with respect to the functions of  Fsh-
regulated factors, produced by Sertoli- and Leydig cells, in regulating spermatogonial 
development in the zebrafish. Our main findings (Figure 1) highlight the endocrine 
effects of  Fsh and T3 on promoting zebrafish spermatogenesis by regulating paracrine 
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signalling molecules such as Igf3 and its binding proteins, Insl3 and Amh, which in turn 
modulate spermatogonial proliferation and differentiation. Amh counteracts stimulatory 
actions, i.e. by blocking Fsh-androgen production (Skaar et al., 2011) and Igf3-stimulated 
spermatogonial proliferation and differentiation, or by promoting inhibin expression or 
prostaglandin E2 production, which in turn prevent germ cell differentiation. Overall, 
there are apparently two completely independent ways of  how spermatogenesis can be 
supported in fish: one having Fsh stimulating Leydig cell androgen production, which 
can support full germ cell development without significantly modulation of  growth 
factor expression (Assis et al., 2018) and, another one having Fsh stimulating a range of  
Sertoli- and Leydig cell-derived growth factors and other local regulators (e.g. PGE2) 
that exert more targeted effects compared to the broad activity of  androgens. In this 

Figure 1: Schematic representation of  the endocrine and paracrine regulation of  spermatogonial 
activity in zebrafish. Fsh stimulated Leydig cell insulin-like 3 (Insl3; Crespo et al., 2016) and androgen 
production (García-Lopez et al., 2010), factors promoting germ cell differentiation (Chapter 3). Fsh and 
T3 stimulated the expression of  insulin-like growth factor 3 (Igf3; Chapters 2, 4, 5), which promotes germ 
cell differentiation (Chapters 2, 5, 6). Fsh reduced Sertoli cell expression of  anti-Müllerian hormone 
(Amh; Chapters 2, 5) that would otherwise exert diverse inhibitory effects on Leydig cells as well as on 
spermatogonial differentiation (Skaar et al., 2011; Chapter 5). In the present thesis, we show that Amh 
inhibits both igf3 expression as well as Igf3-induced proliferation and differentiation of  spermatogonia 
(Chapter 5). Moreover, Amh stimulates the expression of  Tgf  beta family members with potentially 
inhibitory effects on spermatogenesis (e.g. inha, fstl4), and the production of  PGE2, which prevents germ 
cell differentiation (Chapter 5), while Fsh inhibits the production of  PGE2 (Crespo et al., 2016). 
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context, Fsh plays a central role in regulating testis physiology leaving much room for 
future work to learn how reproductive hormones control spermatogenesis. This thesis 
also suggests that the zebrafish model is not only suitable for basic research on the 
regulation of  stem cell activity but also of  potential value for solving reproduction-
related problems in aquaculture species, e.g. salmon. 
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SUMMARY
Spermatogenesis in fish, as in other vertebrates, is a developmental process 

triggered by pituitary gonadotropins (Fsh and Lh) that stimulate testicular 
production of  androgens and growth factors, thus making sperm production 
possible. Spermatogenesis starts with single type A undifferentiated spermatogonia 
(Aund). These cells can show infrequent or more frequent self-renewal proliferation, 
or can embark on differentiating divisions to form clones of  type A differentiating 
spermatogonia (Adiff). The latter give rise to a large number of  type B spermatogonia 
that subsequently enter meiosis and spermiogenesis to complete a spermatogenic 
wave. Studying the mechanisms controlling the transition from quiescent to more 
actively self-renewing and then to differentiating proliferation will allow answering 
questions regarding the regulation of  spermatogenesis in fish, and perhaps also in 
other vertebrates. This thesis investigated the biological activities of  Fsh, thyroid 
hormone (TH), and of  a number of  growth factors identified previously as 
potentially relevant for regulating Fsh-modulated spermatogonial development; many 
experiments used a primary tissue culture system developed for adult zebrafish testis. 
Recombinant zebrafish Fsh increased the number and proliferation activity of  single 
type Aund and of  clones of  Adiff  spermatogonia in a steroid-independent manner, 
while increasing Leydig cell insl3 (insulin-like peptide 3) and Sertoli cell igf3 (insulin-
like growth factor 3) transcript levels but decreasing Sertoli cell amh (anti-Müllerian 
hormone) transcript levels. Recombinant zebrafish Igf3 promoted proliferation and 
differentiation of  spermatogonia and stimulated the transition of  spermatogonia into 
spermatocytes. On the other hand, recombinant zebrafish Amh compromised Igf3-
induced spermatogonial proliferation and reduced the transcript levels of  igf3 and insl3. 
The latter recruits Aund into differentiating proliferation. Furthermore, we investigated 
if  modulators of  Igf3 activity, the Igf  binding proteins (Igfbps), influence TH- or 
Fsh-mediated effects on Igf3-stimulated spermatogonial proliferation. We found that 
elevating Igf3 bioactivity by blocking Igfbps further increased TH- or Fsh-induced 
effects in particular as regards the differentiating spermatogonial divisions, leading to 
a depletion of  type Aund spermatogonia in favor of  more differentiated generations. 
Finally, to study Igf3 function in vivo, zebrafish igf3 mutants were generated using the 
CRISPR-Cas9 approach. Initial results suggest that igf3 loss-of-function increased 
the proportion of  type Aund spermatogonia but reduced the proportion of  meiotic 
and post-meiotic cells. Altogether, the present thesis provides new information with 
respect to the question how systemic hormones (Fsh, TH) modulate the production 



190

of  local signaling molecules in the testis, which then act to mediate the hormones’ 
effects on germ cell development. Regarding Igf3, this growth factor was the first 
Fsh-regulated factor of  testicular origin promoting germ cell development that was 
characterised in vertebrates.

SAMENVATTING
Spermatogenese bij vissen is, net zoals bij andere gewervelde dieren, een 

ontwikkelingsproces dat door twee hypofysaire gonadotrope hormonen (Fsh, 
follikelstimulerend hormoon, en Lh, luteïniserend hormoon) in gang gezet wordt. 
Deze hormonen stimuleren de testiculaire productie van androgenen en groeifactoren, 
waardoor spermaproductie mogelijk wordt. Het startpunt van de spermatogenese zijn 
enkele type A ongedifferentieerde spermatogonia (Aund). Deze cellen kunnen zowel 
infrequente als frequente zelf-vernieuwingsproliferatie-activiteit laten zien, of  kunnen 
omschakelen naar differentiërende delingen om klonen van type A differentiërende 
spermatogonia (Adiff) te vormen. Deze laatste manier geeft aanleiding tot de productie 
van een groot aantal type B spermatogonia, die vervolgens meiose en spermiogenese 
ondergaan om op die manier een spermatogene golf  te voltooien. De bestudering van 
de mechanismen die de overgang van sporadische naar actievere zelfvernieuwing en 
vervolgens naar differentiërende proliferatie van spermatogonia regelen, geeft mogelijk 
antwoorden op de vraag hoe de spermatogenese bij vissen, en misschien ook bij andere 
gewervelde dieren, gereguleerd wordt. In dit proefschrift zijn de biologische activiteiten 
van Fsh, schildklierhormoon (Th) en een aantal eerder geïdentificeerde groeifactoren, 
die mogelijk relevant zijn voor het reguleren van het door Fsh gemoduleerde 
ontwikkelingsproces van spermatogonia, onderzocht; voor veel experimenten werd 
een primair weefselkweeksysteem, ontwikkeld voor volwassen zebravis-testis, gebruikt. 
Recombinant zebravis Fsh verhoogde het aantal en de proliferatieactiviteit van enkele 
type Aund en van klonen van Adiff  spermatogonia op een steroïde-onafhankelijke 
wijze, terwijl Leydig-cel insl3 (insuline-like peptide 3) en Sertoli-cel igf3 (insuline-like 
growth factor 3) mRNA niveaus toenamen, maar het mRNA niveau van Sertoli-cel 
amh (anti-Müllerian hormoon) juist afnam. Recombinant zebravis-Igf3 bevorderde 
de proliferatie en differentiatie van spermatogonia en stimuleerde de overgang van 
spermatogonia naar spermatocyten. Daarentegen compromitteerde recombinant 
zebravis Amh de Igf3-geïnduceerde spermatogonium proliferatie en verminderde 
het de transcriptniveaus van igf3 en insl3. Recombinant-Insl3 recruteerde Aund tot 
een differentiërende proliferatie. Daarnaast hebben we onderzocht of  modulatoren 
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van Igf3-activiteit, nl. de Igf-bindende eiwitten (Igfbps), de Th- of  Fsh-gemedieerde 
effecten op de Igf3-gestimuleerde proliferatie van spermatogonia beïnvloedden. We 
vonden dat het verhogen van de Igf3-bioactiviteit door het blokkeren van Igfbps, 
de TH- of  Fsh-geïnduceerde effecten verder verhoogde, met name wat betreft de 
differentiërende spermatogonia-delingen, wat leidde tot een uitputting van het type 
Aund spermatogonia ten gunste van meer gedifferentieerde generaties. Tenslotte, om de 
Igf3-functie in vivo te bestuderen, werden igf3-mutanten van de zebravis gegenereerd 
met behulp van de CRISPR-Cas9-benadering. De eerste resultaten suggereren dat igf3 
‘loss-of-function’ het aandeel van type Aund spermatogonia verhoogde, maar daarnaast 
het aandeel van meiotische en postmeiotische cellen verminderde. Alles bij elkaar biedt 
het huidige proefschrift nieuwe informatie met betrekking tot de vraag hoe systemische 
hormonen (zoals Fsh en Th) de productie van lokale signaalmoleculen in de testis 
moduleren, die vervolgens de effecten van de hormonen op de ontwikkeling van 
kiemcellen mediëren. Nog een laatste opmerking over Igf3: deze groeifactor was de 
eerste Fsh-gereguleerde groeifactor en die de ontwikkeling van kiemcellen bevorderde, 
die gekarakteriseerd is in gewervelde dieren.
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