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Chapter 1

General Introduction

1

General introduction
The survival of all species relies on their capacity to produce viable offspring. Two
reproductive strategies have emerged during evolution: asexual and sexual reproduction.
The former is energetically less demanding and produces progeny from a single organism
that is genetically identical to its parent. This feature makes asexual reproduction ideal for
stable environmental conditions, while a changing environment can compromise offspring
survival. Sexual reproduction is energetically more expensive and requires the production
of two types of haploid germ cells, sperm and eggs. Their production provides genetic
variation, first during meiosis, inducing crossing-over and chromosomal segregation, and
later during fertilization by combining two haploid, non-identical genomes. Moreover, in
species where specific individuals mate after a partner selection process, sexual
selection/mate choice allows a strong evolutionary force to act. The endocrine system has
evolved as the major modulator of reproduction in vertebrates, allowing the integration of
reproduction with other major life processes, such as growth or metabolism. Notably,
maturation of the reproductive system is related to somatic growth, and sexual maturation is
delayed until most of the somatic growth is completed. When then the brain-pituitarygonadal axis is activated, the individual becomes capable of reproducing sexually
(puberty). A hallmark feature of puberty is the start of gamete production, but also the
development of reproductive behavior and secondary sexual characters, which all occur
under the control of reproductive hormones. It is therefore not surprising that complex
mechanisms have evolved to regulate gametogenesis in vertebrates. In males, the process to
produce gametes is called spermatogenesis and takes place in the testis. The overall
regulation of spermatogenesis by the endocrine system moreover ensures the adaptability to
environmental signals, such as photoperiod, temperature or food availability, but also to
factors like health condition or long-term stressors.

1. Structural organization of testis and spermatogenesis
The testis in vertebrates consists of two compartments, the interstitial or intertubular
compartment and the seminiferous or spermatogenic compartment. The interstitial
compartment contains Leydig, myoid and mast cells, macrophages, connective and nervous
tissue elements, and blood/lymphatic vessels. The interstitial compartment embeds the
spermatogenic tubules, which only contain two types of cells: the somatic Sertoli cells and
the germ cells, jointly forming the germinal epithelium. In this epithelium, germ cell
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survival and development depend on the close contact with the supporting Sertoli cells.
Although the structural organization is conserved across vertebrates, the interaction
between germ cells and Sertoli cells differs in amniote (reptile, birds and mammals) and
anamniote (fish and amphibians) vertebrates. In the amniote non-cystic type of
spermatogenesis, the germinal epithelium in the adult testis is composed of a fixed number
of “immortal”, post-mitotic Sertoli cells, which support successive waves of
spermatogenesis and assist different germ cell clones at the same time during their
developmental (Fig. 1). On the other hand, in the cystic type of spermatogenesis found in
anamniote vertebrates, a dynamic (i.e. still proliferating) group of Sertoli cells contacts one,
sometimes two, germ cell clones (Fig. 1). Cytoplasmic extensions of Sertoli cells form
cysts that usually envelope a single germ cell clone derived from a single spermatogonial
stem cells (SSC), and sometimes two different clones are situated at both sides of a given
Sertoli cell extension. An important characteristic of an anamniote Sertoli cell, the capacity
to proliferate in adults, is of great functional relevance. Since the lifespan of a Sertoli cell
seems to be connected to the lifespan of the germ cell clone(s) it accompanies, Sertoli cell
proliferation in anamniotes is required to support successive waves of spermatogenesis and
hence for long-term fertility (Schulz et al., 2015). In the amniote testis, on the other hand,
Sertoli cells proliferate only up until the completion of puberty and constitute a
“permanent”, single-layered epithelium in the seminiferous tubules (França et al., 2015).

Figure 1. Cellular composition and organization of testes in the cystic and non-cystic type of spermatogenesis.
The spermatogenic tubules contain Sertoli (SE) and germ cells at different developmental stages (SG:
spermatogonia, SC: spermatocyte, RST: round spermatid, EST: elongated spermatids). The interstitial
compartment is delimited by the basal lamina (BL) and peritubular myoid cells (MY). In this compartment, the
androgen producing Leydig cells (LC), macrophages and other somatic cells are located (França et al., 2015).
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The cellular basis of spermatogenesis is a population of diploid SSCs, usually
present as single cells in close contact with Sertoli cells (Leal et al., 2009a). Depending on
the (genetically determined) number of mitotic cell cycles at the start of the spermatogenic
process, a given SSC is able to produce hundreds of motile cells called spermatozoa that
each will carry a haploid set of genes to fuse with its female counterpart, the egg, during
fertilization. Three phases can be distinguished in the process of male germ cell
differentiation (Fig. 2). (1) The mitotic or proliferative phase is characterized by successive
rounds of mitotic divisions of the spermatogonia with incomplete cytokinesis, such that the
spermatogonia remain interconnected by cytoplasmic bridges. In this way, all
developmental steps of the differentiating spermatogonia that descend from a given SSC
are synchronized.
In zebrafish, the experimental model used in this thesis, single type A
undifferentiated spermatogonia (Aund) constitute a cell population that contain the SSC
(Nóbrega et al., 2015). When differentiating, they give rise to type A differentiating
spermatogonia (Adiff), which form cysts containing 2, 4 or 8 Adiff spermatogonia. The latter
continue with differentiating mitotic proliferations, resulting in 5 subsequent generations
(yielding 16, 32, 64, 128 and 256 cells, respectively) of B spermatogonia (type B), the last
developmental stage in the mitotic proliferation phase. The distinction among Aund, Adiff
and type B spermatogonia is based on morphological criteria (e.g. size, shape and
heterochromatin content of their nuclei, volume and stainability of nucleoplasm and
cytoplasm; see Leal et al., 2009a). (2) The second phase, the meiotic phase, starts with the
differentiation of type B spermatogonia into primary, preleptotene spermatocytes, and
comprises the two meiotic divisions. After the second meiotic division, each daughter cell
receives a haploid set of genes. (3) During the spermiogenic phase, the DNA of haploid
spermatids is maximally condensed, superfluous organelles and cytoplasm are shed and
resorbed by Sertoli cells, and finally the cytoplasmic bridges are broken, to form individual
spermatozoa upon release of the germ cells into the lumen of the spermatogenic tubules
(spermiation).
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Figure 2. Germ cell development in
zebrafish spermatogenesis through three
different phases: Proliferative phase,
meiotic phase and spermiogenic phase.
Type A undifferentiated spermatogonia
(Aund),
type
A
differentiating
spermatogonia (Adiff, three generations),
type B spermatogonia (B, five
generations), early spermatids (E1),
intermediate spermatids (E2), final
spermatids (E3) and spermatozoa (SZ).
Differentiation is represented by an
arrow while self-renewal is show as a
curved arrow (Schulz et al., 2010).

2. Brain-pituitary axis regulation of spermatogonial stem cell fate
Spermatogenesis relies on the activation of an undifferentiated germ stem cell population,
the SSCs, representing a small fraction of all germ cells. SSCs reside in a specific
microenvironment, referred to as the SSC niche. The SSC niche is formed by somatic cells
such as Sertoli cells, Leydig cells and myoid cells, which provide SSCs with nutrients and
signals relevant to modulate their behavior (Oatley et al., 2009; Ding et al., 2011; Chen et
al., 2016). In mammals, it is generally believed that SSCs are evenly distributed along
seminiferous tubules and their niches are located close to the basal membrane of the
seminiferous tubules, in close contact to the intratubular Sertoli cells but also to somatic
cells of the interstitial compartment (Chairini-Garcia et al., 2003; Yoshida et al., 2007).
However, this concept was recently challenged, indicating that SSCs are either randomly
distributed, or even avoid areas close to the interstitial compartment (Hara et al., 2014;
Chan et al., 2014). More studies are required to fully characterize the SSC niche in
mammals and to identify a suitable SSC marker will be crucial. In zebrafish, although a
molecular SSC marker has not been characterized yet, morphological analysis on the
localization of Aund spermatogonia showed that ~75% of these cells are found close to the
interstitial tissue (Nóbrega et al., 2010).
SSC activity can differ depending on the reproductive strategy of a give species. A
recent study in rainbow trout has shown that although the stem cell capacity of A und
spermatogonia is detectable during the entire year, the level of activity differs depending on
the season during the reproductive cycle (Sato et al., 2017). When SSCs proliferate, they
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can either self-renew (i.e. produce more SSCs) or produce differentiating daughter cells.
When self-renewing, the newly produced Aund daughter cell will have to find and then
occupy an empty/new niche to act as a new stem cell. SSCs that undergo a differentiating
proliferation produce Adiff spermatogonia committed to differentiate and eventually produce
spermatozoa. The balance of this process (self-renewal vs differentiation) is critical to
maintain long-term spermatogenesis (De Rooij 2015, 2017).

Figure 3. Schematic representation of
self-renewal and differentiation of
spermatogonial stem cells (SSC) to
either produce more SSC or cells
committed to differentiate. “Apr” is a
pair of type A spermatogonia
connected by a cytoplasmic bridge
and “SZ” is spermatozoa (modified
from Oatley & Brinster, 2012).

Different from invertebrates, in which nutrients are the most relevant extrinsic
modulators of spermatogenesis (McLeod et al., 2010), the brain-pituitary axis has emerged
as the major regulator of spermatogenesis in the vertebrate testis; nutrients still play a role,
but their effects are mediated via the brain-pituitary axis. The activities of this axis
modulate SSC fate (Oatley et al., 2009; Ding et al., 2011; Chen et al., 2016). Gonadotropinreleasing hormone (GnRH) is secreted by the hypothalamus and regulates the gonadotropic
cells of the pituitary to release follicle-stimulating hormone (FSH) and luteinizing hormone
(LH). These two pituitary hormones in turn regulate somatic cell functions in the testis,
which then communicate with germ cells via short-range signaling molecules. The first
studies reporting on gonadotropic hormone function in the testis were performed in
mammals. FSH modulates Sertoli cell functions, including the expression of several growth
factors that regulate spermatogonial proliferation and differentiation, such as FGF2 or IGF1
(Mullaney and Skinner, 1992; Pitetti et al., 2012). On the other hand, LH targets Leydig
cell functions, in particular the production of androgens, which in turn modulate germ cell
development. Early studies showed that androgens primarily modulate meiotic and postmeiotic germ cells (De Gendt et al., 2004; Holdcraft & Braun, 2004). More recent reports
have also shown that Leydig cell-derived androgens promote SSC self-renewal by
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increasing the production of GDNF by myoid cells (Chen et al., 2014; 2016), and by
decreasing the production of WNT5A by Sertoli cells, allowing differentiation to occur
(Tanaka et al., 2016). In general, androgen effects on germ cells are mediated by somatic
cells in the testis, which do express the androgen receptor, in contrast to germ cells
(Johnston et al., 2011; Zhou et al., 2012). Androgens also modulate the proliferation of
spermatogonia in zebrafish (Leal et al., 2009b). However, a recent report in zebrafish
showed that androgen receptor knock-out animals are still producing spermatozoa but
showed testis that were 80% smaller than in wild-type (Tang et al., 2018), suggesting that
androgens are relevant but not indispensable (in contrast to mammals [Holdcraft & Braun,
2004]) for zebrafish sperm production.
In mammals, FSH receptor (Fshr) knockout mice showed smaller testes and reduced
fertility (Dierich et al., 1998; Abel et al., 2000), while LH receptor (Lhcgr) knockout mice
are infertile (Lei et al., 2001). Studies in zebrafish on the other hand have shown that fshr
knockout animals present a smaller testis and delayed spermatogenesis, while lhcgr
knockout animals where indistinguishable from wild type males (Zhang et al., 2015). The
latter report suggested that Fsh is able to drive spermatogenesis in the absence of Lh
signaling, while Lh failed in doing so in the absence of Fsh signaling in zebrafish (Zhang et
al., 2015). This situation is understandable because in fish, Fsh also regulates Leydig cell
functions via the Fshr, including androgen production to stimulate spermatogonial
proliferation and differentiation (Ohta et al., 2007; Garcia-Lopez et al., 2010). Recent
studies also described that zebrafish Fsh promoted germ cell proliferation and
differentiation in an androgen-independent manner. Next to promoting androgen production
in Leydig cells, Fsh stimulated the expression of the growth factor insulin-like peptide 3
(insl3; Garcia-Lopez et al., 2010) (Fig. 4). Recombinant human and zebrafish Insl3 both
stimulated spermatogenesis in an androgen independent-manner by stimulating the
differentiation of Aund spermatogonia in zebrafish testis tissue culture (Assis et al., 2015;
Crespo et al., 2016). Concerning the regulation of growth factor production by Sertoli cells,
Fsh down-regulated the transcript levels of anti-müllerian hormone (amh). This Tgf-β
family member inhibited the androgen-stimulated proliferation of type A spermatogonia
and directly reduced the differentiation of type A spermatogonia (Skaar et al., 2011; Morais
et al., 2017) (Fig. 4). In addition, Fsh also strongly stimulated the expression and
production of an insulin-like growth factor (Igf) family member, Igf3. Igf3 is a lower
vertebrate-specific member of the Igf family of growth factors that shows similarity to Igf1
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(Wang et al., 2008). It is the first Fsh-regulated, Sertoli cell-derived growth factor identified
in vertebrates that stimulates spermatogenesis (Nóbrega et al., 2015; Crespo et al., 2016)
(Fig. 4). However, no information is available as regards how Igf3 develops its biological
functions. Therefore, the focus of the present thesis is to study the Igf3 signaling
mechanism in zebrafish testis. The next section will present an overview of the Igf
signaling system.

Figure 4. Mechanism of regulation of zebrafish spermatogenesis by
the pituitary hormone Fsh (Skaar et al., 2011; Nóbrega et al., 2015;
Crespo et al., 2016; Morais et al., 2017).

3. Igf signaling system
In most vertebrates, the IGF signaling system consists of IGFs ligands, two IGF1 receptors
(IGFR1A and 1B), two IGF2 receptors (IGFR2A and 2B), and six IGF binding proteins
(IGFBP1-6) (Duan et al., 2010) (Fig. 5). Systemic IGFs are primarily produced in the liver
under the control of growth hormone (GH), but IGFs are also produced locally in many
tissues under the control of GH and other hormones (LeRoith et al., 2001). Prior to ligandreceptor interaction, IGFs can be transported in the circulation complexed with IGFBPs,
which increase their half-life by preventing proteolytic degradation, and also regulate IGF
bioavailability by limiting/facilitating their interaction with the IGF1 receptors (Jones et al.,
1995; Firth et al., 2002; Duan & Xu, 2005). Close to 90% of the circulating IGF is bound to
IGFBPs (Baxter, 2000), with IGFBP3 and Igfbp2b as most abundant Igfbp in circulation in
mammals and fish, respectively (Shimizu & Dichkoff, 2017; Garcia de la Serrana &
Macqueen, 2018). However, Igfbps can also be synthesized in different tissues and some of
them (Igfbp1, 2 and 3) are predominately produced in the liver, while others (Igfbp4, 5 and
6) are primarily expressed extrahepatically (Maures & Duan 2002, Kamangar et al., 2006,
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Kamei et al., 2008; Chen et al., 2004; Safian et al., 2012). Locally produced Igfbps appear
primarily involved in modulating locally produced Igf bioactivity (Allard & Duan, 2018).
Several studies have shown that locally produced Igfbps can increase or reduce Igf activity
depending on the experimental conditions, but the mechanisms are not well understood yet
(Duan & Xu, 2005). Due to an additional genome duplication event in fish, additional
paralogous Igfbp genes have been formed, and in zebrafish, 9 Igfbps have been described,
each one relevant for normal zebrafish development (Fig. 5) (Duan et al., 2010). However,
little is known about Igfbps in adult tissues, such as in testis tissue.

Figure 5. Schematic representation of the interactions between the IGFs and the IGF1r or the IGFBPs (A) and the
different members of the insulin-like growth factors family in mammals and zebrafish (B). The percentages
represent the identity between amino acid sequences while crossed figures represent genes lost in zebrafish
(modified from Garcia de la Serrana & Macqueen, 2018).

Once ligand (IGF1 or IGF2) becomes available for the IGF1R, the ligand interacts
with the extracellular α subunits, thereby bringing the transmembrane β subunits in close
proximity, which each contain tyrosine kinase activity (LeRoith et al., 2001). The IGF2R,
on the other hand, is a mannose 6-phosphate receptors that shows affinity for IGF2 in
mammals, but the biological function of this interaction is unclear (Williams et al., 2012).
Since the loss of IGF2R has been associated with higher levels of circulating IGF2 and
progression of tumorigenesis while IGF2R overexpression suppressed tumor growth, it has
been proposed that IGF2/IGF2R interaction results in the internalization and lysosome
degradation of IGF2 in cancer cells (Gosh et al., 2003; Hoyo et al., 2009). In fish and birds,
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however, Igf2 did not bind Igf2r (Williams et al., 2012) and, interestingly, marsupial IGF2
bind with 10-fold lower affinity than the human IGF2, suggesting that the IGF2/IGF2R
binding has positively evolved in mammals (Yandell et al., 1999; Frago et al., 2016). The
activation of IGF1R triggers two major signaling pathways, the mitogen-activated protein
kinase (MAPK) pathway and the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)
pathway (LeRoith, 2008). The MAPK pathway consists of three kinases, the RAF protooncogene serine/threonine-protein kinase (RAF), the mitogen-activated protein kinase
(MEK) and the extracellular signal-regulated kinases (ERK). The activation of this
pathways leads to the translocation of ERK from the cytosol into the nucleus to regulate
gene expression and eventually stimulate cell proliferation/differentiation (Zhang & Liu,
2002) (Fig. 6). PI3K, on the other hand, activates the 3'-phosphoinositide-dependent kinase1 (PDK1)/protein kinase B (AKT), which promotes cell division and survival by multiple
mechanisms, such as the modulation of the glycogen synthase kinase 3 beta (GSK-3β) or
the mammalian target of rapamycin complex 1 (mTORC1), but also by inhibiting the
forkhead box O (FOXO) family of transcription factors and the apoptotic pathway (Jung &
Suh, 2015) (Fig. 6).

Figure 6. Schematic representation of part of the Igf and canonical Wnt intracellular signaling. Igf/Igf1r
interaction triggers the activation of the MAPK and PI3K/AKT pathways. Wnt ligands interact with the Frizzled
(FZD)and the low-density lipoprotein receptor-related protein 5/6 (LRP5/6) to block the activity of the β-catenin
destruction complex, leading to the accumulation of β-catenin. The potential interaction between both pathways is
shown with a question mark (?), as proposed by Jung & Suh (2015).

4. Role of Igfs in regulating spermatogenesis
IGF/insulin signaling regulates early stages of male germ cell development in species
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representing diverse animal groups, ranging from invertebrates (Michaelson et al., 2010;
Hubbard, 2011; McLeod et al., 2010) to mammals (Pitetti et al., 2013). A double knock-out
of both the insulin receptor and the IGF1 receptor (IGF1R) strongly reduced mouse testis
size as a result of reduced Sertoli cell proliferation and hence reduced germ cell-supporting
capacity (Pitetti et al., 2013). A more recent report indicated that selectively blocking
IGF1R in a primary culture of mouse SSCs reduced their proliferation and stemness (Wang
et al., 2015). Yao et al. (2017), on the other hand, reported that the IGF1R protein was
found in round and elongated spermatids and that IGF1 increased the percentage of these
two types of germ cells after 31 days of incubation in cultured neonatal (5.5 days postpartum) mouse testicular fragments. In fish, few studies have addressed the role of the Igfs
in spermatogenesis. Interestingly, Igf3, the most recently detected member of the Igf
family, is preferentially expressed in gonadal tissue of fish (Wang et al., 2008). Igf3 has
been identified in several fish species (Wang et al., 2008; Zou et al., 2009; Li et al., 2012;
Sambroni et al., 2012; Melo et al., 2014; Song et al., 2016), while the igf3 gene seems to
have been lost in higher vertebrates (Fig. 5). Remarkably, the transcript levels of igf3, but
not those of igf1, igf2a and b, strongly increase in response to Fsh in zebrafish (Nóbrega et
al., 2015). Gonadotropin-stimulated igf3 gene expression has also been reported for
immature rainbow trout testis (Sambroni et al., 2013) and zebrafish ovarian tissue (Li et al.,
2010; Irwin & Van Der Kraak, 2012). Next to responding to Fsh, a report in zebrafish
indicated that igf3 was also up-regulated by T3 (the biologically most active thyroid
hormone [Nelson & Habibi, 2009]) and that T3-stimulated Sertoli cell and Aund
proliferation was completely and partially blocked, respectively, by an IGF receptor (IGFR)
inhibitor (Morais et al., 2013). A more direct study showed that recombinant zebrafish Igf3
promoted, in an androgen-independent manner, the proliferation of type A spermatogonia
and up-regulated the expression of genes related to spermatogonial differentiation (Nóbrega
et al., 2015). Although direct effects of Igf3 have been studied previously in zebrafish
testis, the signaling system used by Igf3 and the role of other components of the Igf system
modulating spermatogenesis such as Igfbps have not been addressed previously. Due to the
broad range of proteins targeted by PI3K/AKT signaling, another focus of attention was the
potential interaction between Igf3 signaling and other pathways. The Wnt signaling system
was of particular interest in this regard in the present thesis since a previous report from our
group showed that Fsh, next to inducing Igf3 production, also regulated the expression of
several genes belonging to the Wnt signaling system, however, not including Wnt ligands
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or receptors (Crespo et al., 2016). Also, previous work in other experimental systems has
shown that a potential interaction site between Igf and β-catenin signaling is the
PI3K/AKT-mediated modulation of the activity of the β-catenin destruction complex
(Malaguarnera & Belfiore, 2014; Sastre-Perona & Santisteban, 2014; Jung & Suh, 2015;
Fig. 6).

5. Wnt signaling system
The Wnt signaling system is a conserved cell-to-cell communication system that consists of
two intracellular branches. The first one is referred as to the canonical or -catenindependent pathway and relies on the levels of cytoplasmic β-catenin. Accumulation of
cytoplasmic β-catenin results in its translocation into the nucleus, where it interacts with
transcription factors of the T cell factor/lymphoid enhancer factor (TCF/LEF) family,
modulating the expression of Wnt-related genes (Salic et al., 2000). The levels of
cytoplasmic β-catenin remain low in the absence of Wnt ligand due to the tight control of
the β-catenin destruction complex. This complex is a dynamic structure formed primarily
by the GSK-3 and casein kinase 1 (CK1), the scaffolding protein AXIN and the
Adenomatous polyposis coli (APC) protein (Stamos & Weis, 2013). In the absence of Wnt
ligands, the complex is active and GSK-3 and CK1 phosphorylate β-catenin, which is then
ubiquitinated by the E3-ubiquitin ligase β-TrCP for degradation in the proteasome.
However, the interaction between Wnt ligands and the extracellular Frizzled (FZD)
receptors and its co-receptors, the low-density lipoprotein receptor-related protein 5/6
(LRP5/6), blocks the activity of the β-catenin destruction complex, thereby increasing the
levels of cytoplasmic β-catenin (Fig. 6) (Nusse, 1999). It has been proposed that the
activation of FZD/LRP5/6 by Wnt recruits the β-catenin destruction complex and
Dishevelled (DVL) to the receptor complex, inactivating AXIN, GSK-3 and CK1, resulting
in the release of β-catenin from the complex (Clevers & Nusse, 2012).
The second branch, the non-canonical Wnt pathway, also involves Wnt ligands
and some others of the components of the canonical Wnt pathway. However, this system
induces the activation of different intracellular pathways in a β-catenin-independent
manner, implying that this system does neither rely on β-catenin nor its destruction
complex (Van Amerongen, 2012). Although the mechanism is not fully understood yet,
reports have proposed that DVL directly activates intracellular pathways such as Jun Nterminal kinases (JKNs) and the planar cell polarity pathway upon Wnt/FZD (LRP5/6 is not

12

involved) interaction (Gao & Chen, 2010). In addition, Wnt ligand seems to also interact
with alternatives receptors to exert biological effects (Winkel et al., 2008; Mikels et al.,
2009; Lin et al., 2010).

6. Aims and outlines of this thesis
The understanding of the functioning of the Igf system in vertebrates has increased in the
last years. However, studies addressing Igf function in gonads are scarce. In the present
thesis, efforts were made to characterize the signaling system used by Igf3 to exert its
biological activity on zebrafish spermatogenesis. We started analyzing the regulation of
Igf3 activity prior to its interaction with the receptor by studying the role of the main
modulators of Igf bioavailability, the Igfbps. In Chapter 2, the effect of two hormones,
modulating spermatogenesis via Igf3 (T3 and Fsh), on igfbp expression was analyzed.
Further experiments examined the effects of an Igfbp inhibitor on T3 (self-renewal) or Fsh
(self-renewal and differentiation)-stimulated spermatogenesis. The results showed that
pharmacological inhibition of the Igfbps promoted differentiation of A und and stimulated the
production of Adiff and type B spermatogonia, irrespective of the hormone (T3 or Fsh) used,
suggesting that Igfbps protect Aund from an excessive differentiation mediated by Igf3. In
Chapter 3, the regulation of igfbp transcript levels and the function of Igfbps were further
studied. This allowed classifying igfbp transcripts into three groups, based on their response
to hormonal exposure: a. not-responding to selected hormones (Fsh, androgens and Igf3), b.
down-regulated by Fsh and Igf3, and c. up-regulated by Fsh and 11-KT. Moreover, the
igfbps formed two groups as regards the timing and direction of their response to Fsh: those
down-regulated fast and those up-regulated slowly. Finally, experiments with an Igfbp
inhibitor allowed concluding that the Fsh-regulated Igfbps modulated Igf3 activity in two
opposing ways: some Igfbps inhibited

while others supported Igf3-stimulated

differentiation of spermatogonia. This data was used to propose a model for how Igfbps are
integrated into mediating the biological activity of hormones regulating germ cell
development.
Chapter 4 describes how Igf3 promotes spermatogonial differentiation. Using a βcatenin reporter line, we found that Igf3 activates the β-catenin-dependent signaling
pathway and that pharmacological inhibition of the β-catenin signaling blocked the effects
of Igf3 on type A spermatogonia. We conclude that Fsh-stimulated Igf3 release from Sertoli
cells activates -catenin signaling in germ cells, independent of Wnt-ligands, thereby
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inducing spermatogonial differentiation. Finally, Chapter 5 reports that the non-canonical
Wnt pathway is used by a reproductive hormone, Fsh, to mediate the regulation of
spermatogonial activity in zebrafish. Fsh promoted self-renewal of Aund spermatogonia by
increasing the synthesis of Wnt5a in Leydig cells. Considering chapters 4 and 5 together,
we propose that Fsh regulates the fate of type A spermatogonia in a balanced manner by
regulating self-renewal via non-canonical Wnt (Wnt5a) signaling and differentiation by
activating, via Igf3, β-catenin-dependent signaling in these spermatogonia.
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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 T 3. Here, we report the effects of Fsh and T 3
on igfbp transcript levels in adult zebrafish testis. We then examined T 3 and Fsh effects on
zebrafish spermatogenesis and explored the relevance of Igfbps in modulating these T 3 or
Fsh effects, using a primary tissue culture system for adult zebrafish testis. T 3 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, T 3 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 T 3- or Fshinduced 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 signaling 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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1. 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 signaling 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, folliclestimulating 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 Fshsignalling had to be inactivated to achieve infertility in male zebrafish (9, 10). However,
also other hormones and short-range signaling molecules are involved in regulating
spermatogenesis.
Thyroids hormones (TH) are relevant for male reproduction in mammals and fish
by modulating the number of functionally differentiated SCs (11-16), involving down-
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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 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 A und 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 signaling 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 T 3 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 signaling 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 T 3 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.

2. Materials and Methods
2.1. 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
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experimentation, and the experimental protocols have been submitted to and were approved
by the Utrecht University Experimental Animal Committee.

2.2. Tissue culture
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 T 3, 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), T 3 (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 (K i=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 T 3 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.
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2.3. 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 T 3 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 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 crossreactivity 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 T 3, 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 T 3 , Fsh or Igf3, respectively.
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Table 1. Primers used for gene expression studies. (Fw= Forward; Rv=Reverse)
Target
genes
ef1α

igfbp1a

igfbp1b

igfbp2a

igfbp2b

igfbp5a

igfbp5b

igfbp6a

igfbp6b

nanos2

piwil1

piwil2

dazl

igf3

insl3

amh

Primers
name

Sequence (5'-3')

Gene information

AG (Fw)

GCCGTCCCACCGACAAG

AH (Rv)

CCACACGACCCACAGGTACAG

4194 (Fw)

GAGCCCCGAGCCTAACCA

4196 (Rv)

TCTCATAACGGGCCGACG

4199 (Fw)

GTGGAGCACCACCCTACTGAAG

4200 (Rv)

TGCATCACCTGCTGAGCC

4206 (Fw)

GACCCTAAAGCACCACATGCTAA

4207 (Rv)

TTGACCAGGTGCTGGAAAGG

4211 (Fw)

GCCCACCATGACCAACCA

4213 (Rv)

GAAGTAAATGGCACGCGGTC

4226 (Fw)

CTCCCCTTCCCATCGACAA

4227 (Rv)

CAGAAGGAAGCTGGACGGAAT

4333 (Fw)

Reference gene (18)

This paper

This paper

This paper

This paper

This paper

CGCAAACATGTAAGCCCTCTAG

4334 (Rv)

ATGGAGTTCAAATGCCGGG

4955 (Fw)

CCTCTGGTGGCGACAAATATG

4956 (Rv)

TGCATCAACTGCCAGAACTCTAA

4928 (Fw)

TGACATCTACATCCCAAACTGTGA

4929 (Rv)

GGAAAAAGCAGTGTCGGTCC

4817 (Fw)

AAACGGAGAGACTGCGCAGAT

4818 (Rv)

CGTCCGTCCCTTGCCTTT

2542 (Fw)

GATACCGCTGCTGGAAAAAGG

2543 (Rv)

TGGTTCTCCAAGTGTGTCTTGC

2994 (Fw)

TGATACCAGCAAGAAGAGCAGATCT

2995 (Rv)

ATTTGGAAGGTCACCCTGGAGTA

3104 (Fw)

AGTGCAGACTTTGCTAACCCTTATGTA

3105 (Rv)

GTCCACTGCTCCAAGTTGCTCT

2680(Fw)

TGTGCGGAGACAGAGGCTTT

2681 (Rv)

CGCCGCACTTTCTTGGATT

2466 (Fw)

TCGCATCGTGTGGGAGTTT

2467 (Rv)

TGCACAACGAGGTCTCTATCCA

AD (Fw)

CTCTGACCTTGATGAGCCTCATTT

AE (Rv)

GGATGTCCCTTAAGAACTTTTGCA

This paper

This paper

This paper

Expressed in type Aund spermatogonia (53,64)
Expressed in all generations of type A
spermatogonia (54)
Expressed in all germ cell type except type Aund
spermatogonia and spermatozoa (62)

Expressed mainly in type B spermatogonia and
primary spermatocytes (31)

Promotes differentiation (18)

Promotes differentiation (56)
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Negative regulator of differentiation (48)

2.4. 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.
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 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 T 3 (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. To 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.

2.5. 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
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(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.

3. Results
3.1. 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 upregulated in response to T3 (Fig. 1A), while igfbp1a transcript levels were down-regulated
in response to Fsh (Fig. 1B). Neither T 3 nor Fsh modulated the transcript levels of any of
the other igfbp genes at the concentration and time evaluated here (Fig. 1A and B).

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 µg/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).

3.2. T3 and Fsh effects on spermatogonial development
A previous study indicated that T 3 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
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addressed. As expected from previous studies, the mitotic index of A und increased in the
presence of 50 ng/ml of T 3 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 A und and
Adiff spermatogonia increased, while the one for type B spermatogonia decreases slightly in
response to T3 (Fig. 2B and supplemental Fig. 2B).

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)
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(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.

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).

3.3. T3 and Fsh stimulate spermatogonial differentiation in presence of an Igfbp inhibitor
In order to better understand the function of T 3/Fsh and Igf3 signaling systems 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
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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 downregulated 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).

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)
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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.

3.4. Igf3 down-regulates amh expression in the presence of the Igfbp inhibitor
Our previous studies suggested that Fsh (6) but not T 3 (18) down-regulated amh expression.
Since in the experiments with the Igfbp inhibitor, T 3 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 amh transcript levels; see 6)
with or without the NBI-31772 (10 µM). The testicular expression of amh was downregulated in response to Igf3 when the Igfbp inhibitor was also present (Supplemental Fig.
4).

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 T 3 and Fsh in zebrafish
testis. T3 up-regulated the transcript levels of igfbp1a and igfbp3 whereas Fsh downregulated 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
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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) signaling 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 T 3 promoted the formation of new spermatogonial cysts
by stimulating the proliferation of SCs and Aund via SC-derived Igf3 (18). However, this
study did not examine the effect of T 3 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 A und increased
in response to T3 but different from the previous study, we find here that T 3 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, T 3 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 fishspecific feature, (non-steroidogenic) FSH bioactivity is required for normal pre-meiotic
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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-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 T 3 or Fsh 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, T 3 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
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differentiation beyond type A spermatogonia, indicate that blocking Igfbps resulted in an
additional (i.e. on top of T 3) pro-differentiation signal (Fig. 4C). Overall, the preferential
expansion of the type A spermatogonial population seen after exposure to T 3 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 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.
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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.

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).

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 T 3 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. T 3 elevated
Igfbp activity that would increase the protection of type Aund spermatogonia against Igf3mediated 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.
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In conclusion, we have shown that all Igfbps known in the zebrafish genome are
expressed in testis and that T 3 and Fsh modulate, each in a specific manner, the expression
of selected igfbp genes. We also report that T 3 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.

5. Acknowledgements
The authors thank Henk van der Kant for technical assistance in sectioning and
immunohistochemistry. The authors acknowledge financial support by the Research
Council of Norway (SALMOSTERILE project nº: 221648/O30), by the European Union
Grant LIFECYCLE FP7-222719, and by a scholarship awarded to D. Safian from
CONICYT/Becas Chile.

6. References
1-

De Rooij DG. Regulation of spermatogonial stem cell behavior in vivo and in vitro. Anim Reprod 2006;
3:130–134.
2- Ohta T, Miyake H, Miura C, Kamei H, Aida K, Miura T. Follicle stimulating hormone induces
spermatogenesis mediated by androgen production in Japanese eel, Anguilla 36itocond. Biol. Reprod 2007;
77: 970–977.
3- Garcia-Lopez A, Bogerd J, Granneman JC, van Dijk W, Trant JM, Taranger GL, Schulz RW. Leydig cells
express FSH receptors in African catfish. Endocrinology 2008; 150:357–365.
4- García-López Á, de Jonge H, Nóbrega RH, de Waal PP, van Dijk W, Hemrika W, Taranger GL, Bogerd J,
Schulz RW.Studies in zebrafish reveal unusual 36 itocon expression patterns of gonadotropin receptor
36 itocondr ribonucleic acids in the testis and unexpected functional differentiation of the
gonadotropins. Endocrinology 2010; 151:2349-2360.
5- Leal MC, de Waal PP, García-López Á, 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.
6- Nóbrega RH, Morais RDVDS, Crespo D, de Waal PP, de França LR, Schulz RW, Bogerd J. Fsh stimulates
spermatogonial proliferation and differentiation in zebrafish via Igf3. Endocrinology 2015; 156: 3804-3817.
7- Sambroni E, Lareyre JJ, Le Gac F. Fsh controls gene expression in fish both independently of and through
steroid mediation. PloS ONE 2013; 8 (10).
8- Crespo D, Assis LH, Furmanek T, Bogerd J, Schulz RW. Expression profiling identifies Setoli and Leydig
cells genes as FSH targets in adult zebrafish testis. Mol Cell Endocrinol 2016; 437: 237-251.
9- Chu L, Li J, Liu Y, Cheng CH. Gonadotropin signaling in zebrafish ovary and testis development: insights
from gene knockout study. Mol Endocrinology 2015; 29: 1743-1758.
10- Zhang Z, Lau SW, Zhang L, Ge W. Disruption of zebrafish follicle-stimulating hormone receptor (fshr) but
not luteinizing hormone receptor (lhcgr) gene by TALEN leads to failed follicle activation in females
followed by sexual reversal to males. Endocrinology 2015; 156: 3747-3762.

36

11- Auharek SA, De França, LR. Postnatal testis development, Sertoli cell proliferation and number of different
spermatogonial types in C57BL/6J mice made transiently hypo‐and hyperthyroidic during the neonatal
period. J Anat 2010; 216:577-588.
12- De Franca LR, Hess RA, Cooke PS, Russell LD. Neonatal hypothyroidism causes delayed Sertoli cell
maturation in rats treated with propylthiouracil: evidence that the Sertoli cell controls testis growth. Anat Rec
1995; 242: 57-69.
13- Gao Y, Lee WM, Cheng CY. Thyroid hormone function in the rat testis. Front Endocrinol 2014; 5 (188).
14- Joyce KL, Porcelli J, Cooke PS. Neonatal goitrogen treatment increases adult testis size and sperm
production in the mouse. J Androl 1993; 14:448–455.
15- Matta SLP, Vilela DAR, Godinho HP, Franc¸a LR. The goitrogen 6-n-propyl-2-thiouracil (PTU) given
during testis development increases 37 itocon and germ cell numbers per cyst in fish: the tilapia
(Oreochromis niloticus) model. Endocrinology 2002; 143:970–978.
16- Wagner MS, Wajner SM, Maia AL. Is there a role for thyroid hormone on spermatogenesis? Microsc Res
Tech 2009; 72:796–808.
17- Catalano S, Pezzi V, Chimento A, et al. Triiodothyronine decreases the activity of the proximal promoter
(PII) of the aromatase gene in the mouse Sertoli cell line, TM4. Mol Endocrinol 2003; 17:923– 934.
18- Morais RDVS, Nobrega RH, Gomez-Gonzalez NE, Schmidt R, Bogerd J, Franca LR, Schulz RW. Thyroid
hormone stimulates the proliferation of Sertoli cells and single type A spermatogonia in adult zebrafish
(Danio rerio) testis. Endocrinology 2013; 154: 4365-4376.
19- Duan C, Ren H, Gao S. Insulin-like growth factors (IGFs), IGF receptor, and IGF-binding proteins: Roles in
skeletal muscle growth and differentiation. Gen Comp Endocrinol 2010; 167: 344-351.
20- Firth SM, Baxter RC. Cellular actions of the insulin-like growth factor binding proteins. Endocr Rev 2002;
23: 824-854.
21- Jones J, Clemmons D. Insulin-like growth factors and their binding proteins: Biological actions. Endocrine
Reviews 1995; 16: 3-34.
22- Duan C, Xu Q. Roles of insulin-like growth factor (IGF) bindings proteins in regulation IGF actions. Gen
Comp Endocrinol 2005; 142: 44-52.
23- Wang DS, Jiao B, Hu C, Huang X, Liu Z, Cheng CH. Discovery of a gonad-specific IGF subtype in
teleost. Biochem Biophys Res Commun 2008; 367: 336-341.
24- Li J, Liu Z, Wang D, Cheng CH. Insulin-like growth factor 3 is involved in oocyte maturation in zebrafish.
Biol Reprod 2010; 84:476–486.
25- Irwin DA, Van Der Kraak G. Regulation and actions of insulin-like growth factors in the ovary of zebrafish
(Danio rerio). Gen Comp Endocrinol 2012; 177:187–194.
26- Michaelson D, Korta DZ, Capua Y, Hubbard EJ. Insulin signaling promotes germline proliferation in C.
elegans. Development 2010; 137:671–680.
27- Hubbard EJ. Insulin and germline proliferation in Caenorhabditis elegans. Vitam Horm 2011; 87:61–77.
28- McLeod CJ, Wang L, Wong C, Jones DL. Stem cell dynamics in response to nutrient availability. Curr Biol
2010; 20:2100–2105.
29- Pitetti JL, Calvel P, Zimmermann C, Conne B, Papaioannou MD, Aubry F, Cederroth CR, Urner F, Fumel B,
Crausaz M, Docquier M, Herrera PL, Pralong F, Germond M, Guillou F, Jegou B, Nef S. An essential role
for insulin and IGF1 receptors in regulating Sertoli cell proliferation, testis size, and FSH action in mice. Mol
Endocrinol 2013; 27:814–827.
30- Nóbrega RH, Greebe CD, Van De Kant H, Bogerd J, de França LR, Schulz RW. Spermatogonial stem cell
niche and spermatogonial stem cell transplantation in zebrafish. PloS One 2010; 5 (9).
31- Chen SX, Bogerd J, Schoonen NE, Martijn J, de Waal PP, Schulz RW. A progestin (17α, 20β-dihydroxy-4pregnen-3-one) stimulates early stages of spermatogenesis in zebrafish. Gen Comp Endocrinol 2013; 185: 19.
32- Chen C, Zhu YF, Liu XJ, Lu ZX, Xie Q, Ling N: Discovery of a series of nonpeptide small molecules that
inhibit the binding of insulin-like growth factor (IGF) to IGF-binding proteins. J Med Chem 2001; 44:4001–
4010.
33- Liu XJ, Xie Q, Zhu YF, Chen C, Ling N. Identification of a nonpeptide ligand that releases bioactive insulinlike growth factor-I from its binding protein complex. J Bio Chem 2001; 276: 32419-32422.

37

34- Choi WY, Gemberling M, Wang J, Holdway JE, Shen MC, Karlstrom RO, Poss KD. In vivo monitoring of
cardiomyocyte proliferation to identify chemical modifiers of heart regeneration Development 2014; 140:
660-666.
35- Bogerd J, Blomenröhr M, Andersson E, van der Putten HH, Tensen CP, Vischer HF, Granneman JC,
Janssen-Dommerholt C, Goos HJ, Schulz, RW Discrepancy between molecular structure and ligand
selectivity of a testicular follicle-stimulating hormone receptor of the African catfish (Clarias
gariepinus). Biol Reprod 2001; 64: 1633-1643.
36- Lin T, Wang D, Nagpal ML, Shimasaki S, Ling N. Expression and regulation of insulin-like growth factorbinding protein-1, -2, -3, and -4 messenger ribonucleic acids in purified rat Leydig cells and their biological
effects. Endocrinology 1993; 132:1898-904.
37- Park E, Parkinson TJ, Cockrem JF, Kenyon PR, Han K, Blair HT. Reproductive and metabolic
endocrinology of Romney rams selected for high or low circulating IGF-I concentrations. Small Ruminant
Res 2010; 93: 186-192.
38- Ocampo Dasa D, Sundstrom G, Bergqvist CA, Duan C, Larhammar D. Evolution of the insulin-like growth
factor binding protein (IGFBP) family. Endocrinology 2011; 152:2278-89.
39- Chen JY, Chen JC, Huang WT, Liu CW, Hui CF, Chen TT & Wu JL Molecular cloning and tissue-specific,
developmental-stage-specific, and hormonal regulation of IGFBP3 gene in zebrafish. Mar Biotechnol 2004;
6:1–7.
40- Dai W, Kamei H, Zhao Y, Ding J, Du Z, Duan C. Duplicated zebrafish insulin-like growth factor binding
protein-5 genes with split functional domains: evidence for evolutionarily conserved IGF binding, nuclear
localization, and transactivation activity. FASEB J 2010; 24: 2020-2029.
41- Kamei H, Lu L, Jiao S, Li Y, Gyrup C, Laursen L, Oxvig C, Zhou J, Duan. Duplication and diversification
of the hypoxia-inducible IGFBP-1 gene in zebrafish. PloS ONE 2008; 3 (8).
42- Wang X, Lu L, Li Y, Li M, Chen C, Feng Q, Zhang C, Duan C. Molecular and functional characterization of
two distinct IGF binding protein-6 genes in zebrafish. Am J Physiol Regul Integr Comp Physiol 2009; 296:
R1348-R1357.
43- Zhou J, Li W, Kamei H, Duan C. Duplication of the IGFBP-2 gene in teleost fish: protein structure and
functionality conservation and gene expression divergence. PloS One 2008; 3 (12).
44- Bardi G, Bottazzi C, Demori I, Palmero S. Thyroid hormone and retinoic acid induce the synthesis of
insulin-like growth factor-binding protein-4 in prepubertal pig Sertoli cells. Eur J Endocrinol 1999; 141:637643.
45- Rappaport MS, Smith EP. Insulin-like growth factor (IGF) binding protein 3 in the rat testis: folliclestimulating hormone dependence of mRNA expression and inhibition of IGF-I action on cultured Sertoli
cells. Biol Reprod 1995; 52: 419-425.
46- Kamangar BB, Gabillard J, Bobe J. Insulin-like growth factor-binding protein (IGFBP)-1, -2, -3, -4, -5, and 6 and IGFBP-related protein 1 during rainbow trout postvitellogenesis and oocyte maturation: molecular
characterization, expression profiles, and hormonal regulation. Endocrinology 2006; 147:2399–2410.
47- Gioacchini G, Cardinali M, Maradonna F, Funkenstein B, Mosconi G, Carnevali O. Hormonal control of the
IGF system in the sea bream ovary. Ann N Y Acad Sci 2005; 1040: 320-322.
48- Skaar KS, Nobrega 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.
49- O’Shaughnessy, P. J.. Hormonal control of germ cell development and spermatogenesis. Semin Cell Dev
Biol 2014; 55-65.
50- Malberg JE, Platt B, Rizzo SJS, Ring RH, Lucki I, Schechter LE, Rosenzweig-Lipson S. Increasing the
levels of insulin-like growth factor-I by an IGF binding protein inhibitor produces anxiolytic and
antidepressant-like effects. Neuropsychopharmacology 2007; 32: 2360-2368.
51- Schertzer JD, Gehrig SM, Ryall JG, Lynch GS. Modulation of insulin-like growth factor (IGF)-I and IGFbinding protein interactions enhances skeletal muscle regeneration and ameliorates the dystrophic pathology
in mdx mice. Am J Pathol 2007; 171: 1180-1188.
52- Hollis ER, Lu P, Blesch A, Tuszynski MH. IGF-I gene delivery promotes corticospinal neuronal survival but
not regeneration after adult CNS injury. Exp Neurol 2009; 215: 53-59.

38

53- Beer RL, Draper BW. Nanos3 maintains germline stem cells and expression of the conserved germline stem
cell gene nanos2 in the zebrafish ovary. Dev Biol 2013; 374:308–318
54- Miura T, Miura C, Konda Y, Yamauchi K. Spermatogenesis-preventing substance in Japanese eel.
Development 2002; 129:2689-2697.
55- Mazón MJ, Gómez A, Yilmaz O, Carrillo M, Zanuy,S. Administration of follicle-stimulating hormone in
vivo triggers testicular recrudescence of juvenile European sea bass (Dicentrarchus labrax). Biol Reprod
2014; 90(1), 6.
56- Assis LHC, Crespo D, Morais RDVS, Franca LR, Bogerd J, Schulz RW. Insl3 stimulates spermatogonial
differentiation in the adult zebrafish (Danio rerio) testes. Cell Tissue Res 2015; 363:579-588.
57- Rajkumar K, Barron D, Lewitt MS, Murphy LJ. Growth retardation and hyperglycemia in insulin-like
growth factor binding protein-1 transgenic mice. Endocrinology 1995; 136: 4029–4034.
58- Froment P, Seurin D, Hembert S, Levine JE, Pisselet C, Monniaux D, Binoux M, Monget P. Reproductive
abnormalities in human IGF binding protein-1 transgenic female mice. Endocrinology 2002; 143: 1801–
1808
59- Gay E, Seurin D, Babajko S, Doublier S, Cazillis M, Binoux M. Liver specific expression of human insulinlike growth factor binding protein-1 in transgenic mice: repercussions on reproduction, ante- and perinatal
mortality and postnatal growth. Endocrinology 1997; 138:2937–2947.
60- Jia Y, Lee KW, Swerdloff R, Hwang D, Cobb LJ, Hikim AS, Lue YH, Cohen P, Wang C. Interaction of
insulin-like growth factor-binding protein-3 and BAX in 39itocondria promotes male germ cell apoptosis. J
Biol Chem 2010; 285: 1726-1732.
61- Lue Y, Swerdloff R, Liu Q, Mehta H, Sinha-Hikim A, Lee KW, Jia Y, Hwang D, Cobb LJ, Cohen P, Wang
C. Opposing roles of insulin-like growth factor binding protein 3 and humanin in the regulation of testicular
germ cell apoptosis. Endocrinology 2010; 151: 350-357.
62- Houwing S, Berezikov E, Ketting RF. Zili is required for germ cell differentiation and meiosis in
zebrafish. EMBO J 2008; 27: 2702-2711.
63- Gautier A, Le Gac F, Lareyre JJ. The gsdf gene locus harbors evolutionary conserved and clustered genes
preferentially expressed in fish previtellogenic oocytes. Gene 2001; 47: 7-17.
64- Bellaiche J, Lareyre JJ, Cauty C, Yano A, Allemand I, Le Gac F. Spermatogonial stem cell quest: nanos2,
marker of a subpopulation of undifferentiated A spermatogonia in trout testis. Biol Reprod 2014; 90:1-14.

39

7. Supplemental information

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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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
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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.

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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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
Previous work showed that pharmacological inactivation of Igf binding proteins (Igfbps),
modulators of Igf activity, resulted in an excessive differentiation of type A
undifferentiated (Aund) spermatogonia in zebrafish testis in tissue culture when Fsh was
present in the incubation medium. Using this testis tissue culture system, we studied here
the regulation of igfbp transcript levels by Fsh and two of its downstream effectors, Igf3
and 11-ketotestosterone (11-KT). We also explored how Fsh-modulated igfbp expression
affected spermatogonial proliferation by adding or removing the Igfbp inhibitor NBI-31772
at different times. Fsh (100 ng/mL) decreased the transcript levels of igfbp1a, -3 and -6a
after one or three days, while increasing igfbp2a and -5b expression, but only after five
days of incubation. Igf3 down-regulated the same igfbp transcripts as Fsh but with a delay
of at least four days. 11-KT increased the transcripts (igfbp2a and 5b) that were elevated by
Fsh and decreased those of igfbp6a, as did Fsh, while 11-KT did not change igfbp1a or -3
transcript levels. To evaluate Igfbps effects on spermatogenesis, we quantified under
different conditions the mitotic indices and relative section areas occupied by the different
spermatogonial generations (type Aund, type A differentiating (Adiff), or type B (B)
spermatogonia). Igf3 (100 ng/mL) increased the area occupied by A diff and B while
decreasing the one for Aund. Interestingly, a concentration of Igf3 that was inactive by itself
(25 ng/mL) became active in the presence of the Igfbp inhibitor NBI-31772 and mimicked
the effect of 100 ng/mL Igf3 on spermatogonia. Studies exploiting the different dynamics
of igfbp expression in response to Fsh and adding or removing NBI-31772 at different
times showed that the quick down-regulation of three igfbp as well as the delayed upregulated of two igfbps all support Igf3 bioactivity, namely the stimulation of
spermatogonial differentiation. We conclude that Fsh modulates, directly or via androgens
and Igf3, igfbp gene expression, supporting Igf3 bioactivity either by decreasing igfbp1a, 3, -6a or by increasing igfbp2a and -5b gene expression.
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1. Introduction
In vertebrates, the brain-pituitary system is the major regulator of spermatogenesis and
coordinates the activities of somatic cell types in the testis. These activities include the
modulation of spermatogonial stem cell (SSC) fate (Oatley et al. 2009; Ding et al. 2011;
Chen et al. 2016). The SSCs can self-renew or differentiate, depending on the signaling
environment produced by Sertoli cells (SCs) and other somatic cell types (De Rooij 2015,
2017). Follicle-stimulating hormone (Fsh) regulates the activity of SCs, which then
communicate with germ cells via short-range signalling. In fish, the fshr is expressed not
only by SCs but also by Leydig cells (LCs), thus stimulating for example androgen and
insulin-like peptide 3 (Insl3) production (García-López et al. 2010; Assis et al. 2015). In
eel and zebrafish, recombinant Fsh induced spermatogonial proliferation and differentiation
by stimulating androgen production (Ohta et al. 2007; Nóbrega et al. 2015). In zebrafish,
Fsh also promoted spermatogenesis in an androgen-independent manner by promoting Igf3
(Nóbrega et al. 2015) and Insl3 (Assis et al. 2015), by suppressing Anti-Müllerian hormone
(Amh) signalling (Skaar et al. 2011), and by modulating the Notch, Wnt and Hedgehog
signalling systems (Crespo et al. 2016).
IGF signaling promotes proliferation and differentiation of many different cell
types across animal species. In most vertebrates, the IGF signalling system is composed of
two ligands (IGF1 and 2), two IGF1 receptors (IGF1R1 and 2) and six IGF binding proteins
(IGFBP1-6) (Duan et al. 2010). Systemic IGFs are mainly secreted by the liver, controlled
by growth hormone (GH), but IGFs are also produced locally in many tissues (Le Roith et
al. 2001).
IGF signaling modulates spermatogenesis in a wide range of animals. Insulin/IGF
signaling regulates early stages of male germ cell development (Michaelson et al. 2010;
Hubbard, 2011; McLeod et al. 2010). In mice, the combined knock-out of insulin and IGF1
receptors strongly reduced testis size as a consequence of decreased SC proliferation and
the resulting reduction of the germ cell supporting capacity (Pitetti et al. 2013). A more
recent report indicated that blocking the IGF1 receptor in primary cultures of mouse SSCs
reduced their proliferation and decreased their colonization capacity when injected in
busulfan-treated recipients (Wang et al. 2015). In rainbow trout, igf1 and igf1r expression
was found in cell fractions enriched in SCs but also in spermatogonia and primary
spermatocytes (Le Gac et al. 1996) while igf1 expression was restricted to cysts containing
spermatogonia in sea bass (Viñas and Piferrer, 2006). Furthermore, primary tissue culture
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studies using prepubertal eel testis showed that IGF was required as permissive factor for
the androgen-stimulated differentiating proliferation of spermatogonia (Nader et al. 1999).
An additional ligand member of the Igf family, Igf3, has been identified in fish
gonads (Wang et al. 2008). In zebrafish testis, Fsh increased igf3 but not igf1, 2a, or 2b
transcript levels, and recombinant zebrafish Igf3 increased the proliferation activity of A und
and Adiff spermatogonia and up-regulated the expression of dazl, a marker for type B
spermatogonia and spermatocytes (Nóbrega et al. 2015). Also Igfbps appear to be relevant
for testis function in zebrafish (Safian et al. 2016). Igfbps bind Igfs with high affinity,
thereby inhibiting or potentiating Igf actions (Duan and Xu 2005; Duan et al. 2010).
Similar to igfs, the igfbps are expressed in several tissues, suggesting that local Igfbps can
modulate systemic but in particular locally produced Igfs (Duan et al. 2010). Fsh and
triiodothyronine (T3), another regulator of igf3 expression (Morais et al. 2013), modulated
the expression of selected igfbps, and interestingly, adding an Igfbp inhibitor further shifted
spermatogonial development towards differentiation at the expense of Aund spermatogonia
(Safian et al. 2016). This observation suggested that Igfbps play important roles in
modulating spermatogonial proliferation and differentiation behavior.
Here, we studied the transcriptional regulation of the nine zebrafish igfbps that are
all expressed in testis tissue, by examining the effects of Fsh and of two downstream
mediators of Fsh action in the testis, Igf3 and 11-KT. We also report the effects of Igf3 on
spermatogonial proliferation and the area occupied by spermatogonia in zebrafish testis,
under basal conditions or in the presence of an Igfbp inhibitor. Finally, we have started
exploring a potential, functional differentiation among the Igfbps in the zebrafish testis.

2. Materials and methods
2.1. Animals
Adult male zebrafish between 4 and 12 months of age were used in this study. 6-8 animals
were used per experiment. All experiments carried out in this study 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 (2015.I.857.013 and AVD108002015333).
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2.2. Tissue culture
To study the regulation of igfbp transcript levels in zebrafish testis, adult zebrafish testes
were dissected for tissue culture experiments using a previously described system (Leal et
al. 2009), in which one testis was incubated under control conditions, the other testis under
experimental conditions.
Zebrafish testes were incubated for 5 days under basal conditions or in the
presence of recombinant zebrafish Fsh (25, 50, 100 or 1000 ng/mL) (García-López et al.
2010). In a second series of experiments, zebrafish testes were incubated under basal
conditions or in the presence of Fsh (100 ng/mL) for 1, 3, 5 or 7 days.
To study the effect of Igf3 on igfbp expression, zebrafish testes were incubated in
the absence or presence of recombinant zebrafish Igf3 (100 ng/mL) (Nóbrega et al. 2015)
for 3 or 7 days. Based on the slow effect of Igf3 on igfbp expression, testes were incubated
for 5 or 7 days in the presence of Fsh (100 ng/mL) with or without NVP-AEW541 (10 µM;
Selleckchem; Morais et al. 2013), an inhibitor of Igf1 receptors; incubation media for the
control and experimental groups contained the same final concentration of dimethyl
sulfoxide (0.1%).
In a different set of experiments, zebrafish testes were incubated under basal
conditions or in the presence of 11-KT (200 nM in ethanol (0.01%); Sigma) for 3 or 7 days
(Skaar et al. 2011), or in the presence of 11-KT (200 nM) with or without 10 µM NVPAEW541 for 7 days. The reason to carry out this experiment was the previously reported,
slight stimulatory effect of 11-KT on igf3 transcript levels (Nóbrega et al. 2015). At the end
of the incubation period, testis tissue was snap-frozen in liquid nitrogen and stored at -80ºC
until RNA extraction.
We have reported previously that 100 ng/mL Igf3 stimulated the proliferation of
type A spermatogonia and increased the transcript levels of marker genes associated with
spermatogonial differentiation (Nóbrega et al. 2015). To further study Igf3 effects and the
role of Igfbps on zebrafish spermatogenesis, we incubated testes under basal conditions or
in the presence of 25 or 100 ng/mL Igf3 for 3 days. The lower dose was expected to have
no/little effect on its own, based on a previous dose-response study (Nóbrega et al. 2015).
In addition, zebrafish testes were incubated for 3 days in the presence of 25 ng/ml Igf3 with
or without NBI-31772 (10 µM; Sigma-Aldrich), an Igfbp inhibitor (Chen et al. 2001; Liu et
al. 2001); NBI-31772 alone has no effects on spermatogenesis or expression of germ cells
markers (Safian et al. 2016).
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The Fsh time-course experiment showed that two igfbp mRNAs were up-regulated
with a delay of at least 3 days, so that two experiments were designed to preferentially
study these two igfbps up-regulated by Fsh. To this end, zebrafish testes were incubated for
7 days with 100 ng Fsh/ml in both control and experimental groups. During the last 4 days,
the experimental group was in addition exposed to 10 μM NBI-31772. In the second
experiment, testes of the control group were incubated in the presence of 100 ng/ml Fsh and
10 μM NBI-31772 for 7 days whereas in the experimental group, testes were incubated for
the first 3 days under the same conditions but for the remaining 4 days, the medium
contained only Fsh but no NBI-31772. At the end of the 7 days long incubation period,
testis tissue was fixed for morphological analyses.
The production of biologically active steroids was blocked by including trilostane
(25 µg/mL; Chemos), an inhibitor of 3β-hydroxysteroid dehydrogenase activity, in all
experiment with Fsh, a potent steroidogenic hormone in fish (García-Lopez et al. 2010 ).

2.3. Gene expression
The relative transcript levels of igfbps, germ cells markers and other genes of interest
(Table 1) were analyzed by real-time, quantitative polymerase chain reaction (qPCR)
assays. The expression of igfbp3 was analyzed using a commercial available TaqMan gene
expression assay (Applied Biosystems, Cat# 4351372).
Total RNA was isolated from the 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 (Bogerd et al.
2001). In brief, 2 µg of total RNA were reverse transcribed using 250 U of Supercript II
RNase-reverse transcriptase (Life Technologies). qPCR were performed by using 2x
SYBER Green assay mix (Applied Biosystems), specific qPCR primers (900 nM) and 5 µl
of cDNA in a total volume of 20 µl. 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. (2001). Expression of the
ribosomal RNA 18S (18S) transcript was stable (Supplemental Fig. 1). 18S expression
served as reference transcript and was analyzed using a commercially available TaqMan
gene expression assay (Applied Biosystems). All results were expressed as fold change
with respect to the control group.
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Table 1. Primers used for gene expression studies. (Fw= Forward; Rv=Reverse)
Target
genes
igfbp1a

igfbp1b

igfbp2a

igfbp2b

igfbp5a

igfbp5b

igfbp6a

igfbp6b

foxa2

piwil2

Primers
name

igf1ra

igf1rb

Gene information

4194 (Fw)

GAGCCCCGAGCCTAACCA

4196 (Rv)

TCTCATAACGGGCCGACG

4199 (Fw)

GTGGAGCACCACCCTACTGAAG

4200 (Rv)

TGCATCACCTGCTGAGCC

4206 (Fw)

GACCCTAAAGCACCACATGCTAA

4207 (Rv)

TTGACCAGGTGCTGGAAAGG

4211 (Fw)

GCCCACCATGACCAACCA

4213 (Rv)

GAAGTAAATGGCACGCGGTC

4226 (Fw)

CTCCCCTTCCCATCGACAA

4227 (Rv)

CAGAAGGAAGCTGGACGGAAT

4333 (Fw)

Safian et al., 2016

Safian et al., 2016

Safian et al., 2016

Safian et al., 2016

Safian et al., 2016

CGCAAACATGTAAGCCCTCTAG

Safian et al., 2016

4334 (Rv)

ATGGAGTTCAAATGCCGGG

4955 (Fw)

CCTCTGGTGGCGACAAATATG

Safian et al., 2016

4956 (Rv)
4928 (Fw)

TGCATCAACTGCCAGAACTCTAA
TGACATCTACATCCCAAACTGTG
A

Safian et al., 2016

4929 (Rv)

GGAAAAAGCAGTGTCGGTCC

5741 (Fw)

GTCAAAATGGAGGGACACGAAC

Potential marker for type A undifferentiated spermatogonia

5743 (Rv)

CATGTTGCTGACCGAGGTGTAA
TGATACCAGCAAGAAGAGCAGA
TCT

Expressed in all germ cell type except type Aund
spermatogonia and spermatozoa (Houwing et al., 2008)

3104 (Fw)

ATTTGGAAGGTCACCCTGGAGTA
AGTGCAGACTTTGCTAACCCTTA
TGTA

Expressed mainly in type B spermatogonia and primary
spermatocytes (Chen et al., 2013)

3105 (Rv)

GTCCACTGCTCCAAGTTGCTCT

2362 (Fw)

Igf1 receptor a (Chen et al., 2013)

2363 (Rv)

TACATCGCTGGCAACAAGCA
TCATTGAAACTGGTCCTTATGCAA
T

2595 (Fw)

GTGCTGGTCCTCTCCACACTCT

Igf1 receptor b (Chen et al., 2013)

2596 (Rv)

TTACCGATGTCGTTGCCAATATC

2994 (Fw)
2995 (Rv)

dazl

Sequence (5'-3')

2.4. Morphological analysis
To quantify the proliferation activity of Aund, Adiff and 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 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
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(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 (Leal et al.
2009). The mitotic index was determined by analyzing 100 spermatogenic cysts (Adiff and B
spermatogonia) or 100 Aund cells, discriminating between BrdU positive and negative
cysts/cells, respectively.
To quantify the proportion of section area occupied by the different
spermatogonial cell types, another set of sections was stained with toluidine blue and 10
randomly chosen, non-overlapping fields were photographed at ×400 magnification with a
digital camera. The images were analyzed quantitatively based on the number of points
counted over the germ cell types investigated (Aund, Adiff and B spermatogonia), using the
ImageJ

freeware

(National

Institutes

of

Health,

Bethesda,

Maryland,

USA,

http://rsbweb.nih.gov/ij) with a 540-point grid.

2.5. Statistical analysis
Statistical analyses were carried out using the GraphPad Prism 5 software package (San
Diego, California, USA). Since our tissue culture system compares the two testes of a given
fish incubated under control versus experimental conditions, we applied Student’s t-test for
paired observation to estimate statistical significance. All data are presented as fold of basal
(mean ± standard error of the mean (SEM)). The individual data before normalization are
provided as supplemental figures (Supplemental Fig. 2). To achieve homogeneity of
variance, data were log transformed when appropriate.

3. Results
3.1. Fsh and downstream mediators modulate igfbp expression
To study the regulation of igfbp transcript levels by Fsh, dose-response and time-course
experiments were carried out. igfbp1b, 2b, 5a and 6b transcript levels were not regulated by
Fsh at any concentration or time evaluated in the present study (data not shown). From the
5 remaining transcripts, three (igfbp1a, 3, and 6a) were down- and two (igfbp2a and 5b)
were up-regulated by Fsh. The Fsh dose-response experiment was carried out using 5 days
of incubation. The down-regulated igfbp1a, 3 and 6a responded to the two higher
concentrations of 100 and 1000 ng/ml Fsh (Fig. 1A-C). This was also the case as regards
the up-regulated igfbp5b while the second up-regulated igfbp2a responded to all Fsh
concentrations used (Fig. 1D and E).
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Figure 1. Fsh dose-response study on igfbp transcript levels in adult zebrafish testis after 5 days of primary organ
culture. Fold-change of gene expression of igfbp1a (A), igfbp3 (B), igfbp6a (C), igfbp2a (D) and igfbp5b (E)
under basal conditions (dotted line) or in the presence of 25, 50, 100 or 1000 ng recombinant zebrafish Fsh per mL
(n=6 for all concentrations) (bars). Asterisks indicate significant differences (* P<0.05) compared to the respective
control group.

Based on these data, we used 100 ng Fsh/ml in the time-course experiment. We
found that igfbp1a expression was quickly down-regulated after 1 day, while igfbp3 and 6a
transcript levels had decreased significantly after 3 days of incubation (Fig. 2A-C). Upregulation of igfbp2a and 5b required more time and became significant after 5 days of
tissue culture (Fig. 2D and E).
Since Fsh increased Igf3 release, we studied if (some of) the changes induced by
Fsh are mediated by Igf3. As shown in Fig. 2, Fsh modulated the transcript levels of some
igfbps after a short (1 or 3 days for igfbp1a, igfbp3 and igfbp6a) and others after a longer (5
or 7 days for igfbp2a and igfbp5b) period of incubation. Therefore, testes were incubated in
the presence of recombinant zebrafish Igf3 (100 ng/mL) for 3 or 7 days. Effects of Igf3 on
igfbp expression were evident after 7 days of incubation only, when we found significantly
decreased transcript levels of igfbp1a, 3 and 6a (Fig. 3A); igfbp2a and igfbp5b expression
did not change in response to Igf3 after 3 or 7 days of incubation (data not shown). To
directly examine if the slow Igf3 effects on igfbp transcript levels are downstream of Fsh,
we incubated testis tissue for 5 or 7 days with Fsh in the absence or presence of a
pharmacological Igf receptor inhibitor. While igfbp transcript levels did not change after 5
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days (data not shown), all three transcripts (igfbp1a, igfbp3 and igfbp6a) increased in
response to the Igf receptor inhibitor after 7 days of incubation (Fig. 3B). This data shows
that the late decrease of igfbp1a, -3 and -6a transcripts specifically depends on Fshtriggered, Igf3-dependent signaling.

Figure 2. Fsh time-course study on igfbp transcript levels in adult zebrafish testis after 1 to 7 days of primary
organ culture. Transcript levels of igfbp1a (A), igfbp3 (B), igfbp6a (C), igfbp2a (D) and igfbp5b (E) are expressed
as fold-change compared to basal conditions (absence of Fsh; represented by a dotted line), as induced by
recombinant zebrafish Fsh (100 ng/mL) (bars). The duration of the ex vivo culture varied between 1 and 7 days (n
= 5-7). Asterisks indicate significant differences (* P<0.05) compared to the respective control group.

In fish, other mediators of Fsh effects are androgens, considering the strong
steroidogenic potency of zebrafish Fsh (García-Lopez et al. 2010). While steroid-mediated
effects were neutralized by including trilostane in the incubation medium in experiments
with Fsh, the next set of experiments aimed at investigating potential androgen effects. 11KT (200 nM) up-regulated the expression of igfbp2a and igfbp5b, while igfbp6a was downregulated after 7 days but not after 3 days of incubation (Fig. 3C). Igfbp1a, 3 and 6a
transcript levels did not response to 11-KT after 3 or 7 days of incubation (data not shown).
Since igf3 expression also responds to 11-KT (Nóbrega et al. 2015) and since igfbp
transcript levels responded to 11-KT after 7 days, the experiment was repeated in the
presence of the Igf receptor inhibitor for 7 days. However, the effects of 11-KT on the
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transcript levels of igfbps did not change in the additional presence of the Igf receptor
inhibitor (data not shown), suggesting that the 11-KT effects were not mediated by Igf3.

Figure 3. Effect of Igf3 and 11-KT on igfbp transcript levels in adult zebrafish testis. (A) Transcript levels of
igfbps in the presence of Igf3 (100 ng/mL) after 3 or 7 days of incubation (n=8). (B) Igfbp expression in response
to Fsh (100 ng/mL) in the absence or presence of Igf receptor inhibitor NVP-AEW541 (10 µM) after 7 days of
incubation (n= 8). (C) Transcript levels of igfbps in basal conditions or in the presence of 11-KT (200 nM) after 3
(n=7) or 7 (n=6) days of incubation. Transcript levels of igfbps are expressed as fold-change compared to the
respective control condition (basal or 100 ng/mL Fsh) represented by a dotted line). Asterisks indicate significant
differences (* P<0.05) compared to the respective basal group.

3.2. Igf3 effects on spermatogonial development
Exposure to 25 ng/mL Igf3 did not modulate the mitotic index and proportion of
spermatogonia after 3 days of incubation (Fig. 4A, C and D), different from a higher
concentration of Igf3 (100 ng/mL) that increased the mitotic indices of all spermatogonia
(Fig. 4A and E). The proportion of area occupied by Aund was reduced while the one for
Adiff and B spermatogonia increased in the presence of 100 ng/mL of Igf3 for 3 days (Fig.
4B).

3.3. A subthreshold dose of Igf3 becomes active in the presence of an Igfbp inhibitor
In order to better understand Igf3 signalling and its modulation by Igfbps in regulating
spermatogenesis, we used NBI-31772, an inhibitor of Igf-Igfbp interaction. We asked if a
low concentration of Igf3 not eliciting effects by itself (25 ng/mL; see Fig. 4), does
modulate BrdU incorporation and the proportion of section area occupied by spermatogonia
when NBI-31772 was present as well. Indeed, the mitotic indices of all types of
spermatogonia increased after 3 days of incubation in response to Igf3 and NBI-31772 (Fig.
5A and C); also the proportion of section surface area occupied by type Adiff and B
spermatogonia increased, while the one for Aund decreased (Fig. 5B). In parallel
experiments, we quantified the transcript levels of selected genes to complement
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morphological with molecular data. Considering germ cell marker transcripts, foxa2 (a
potential marker for undifferentiated spermatogonia) transcript levels decreased, whereas

Figure 4. Effect of 25 or 100 ng/mL Igf3 on spermatogonial proliferation and proportion of area after 3 days of
primary testis tissue culture. (A) Mitotic index of type Aund, type Adiff and type B spermatogonia in the presence of
25 ng/mL (black bars) (n=6) or 100 ng/mL Igf3 (gray bars) (n=7). (B) Proportion of section surface area occupied
by cysts containing type Aund, type Adiff, or type B spermatogonia, following exposure to 25 ng/mL (black bars)
(n=6) or 100 ng/mL Igf3 (gray bars) (n=7). Asterisks indicate significant differences (* P<0.05; ** P<0.01; ***
P<0.001) compared to the respective control group.

dazl (expressed by B spermatogonia and primary spermatocytes; Chen et al. 2013) and
piwil2 (expressed by all germ cells except Aund and spermatozoa; Houwing et al. 2008)
expression was up-regulated in the presence of Igf3 and NBI-31772 (Fig. 5D), suggesting
that the total number of germ cells has increased, associated with a shift from
undifferentiated spermatogonia to B spermatogonia and spermatocytes. Transcript levels of
igf1rb were also up-regulated significantly (Fig. 5D).

3.4. Igfbps up-regulated by hormones support spermatogonial differentiation
Previous work has shown that blocking Igf binding to Igfbps by NBI-31772 during 4 days
of incubation with Fsh resulted in a strong pro-differentiation signal for spermatogonia and
depleted undifferentiated spermatogonia (Safian et al. 2016), suggesting that Igfbps mainly
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Figure 5. Effect of 25 ng/mL Igf3 in the presence of an Igfbp inhibitor on spermatogonial proliferation and
proportion of area after 3 days of primary testis tissue culture. (A) Mitotic indices of type Aund, type Adiff and type
B spermatogonia in the presence of Igf3 alone (25 ng/mL) (dotted line; control condition) or in combination with
10 µM NBI-31772 (bars) (n=6). (B) Proportion of section surface area occupied by cysts containing type A und,
type Adiff, or type B spermatogonia in the presence of Igf3 alone (25 ng/mL) (dotted line; control condition) or in
combination with 10 µM NBI-31772 (bars) (n=6). (C) Immunocytochemical detection of BrdU in sections of
zebrafish testis incubated with 25 ng/mL alone (upper panel; control condition) or in combination with 10 µM
NBI-31772 (lower panel) for 3 days showing BrdU positive (+) and negative (-) Aund, Adiff and B spermatogonia.
Bars, 25 µm. (D) Gene expression analysis in adult zebrafish testis after 3 days of tissue culture in the presence of
Igf3 (25 ng/mL) (represented by a dotted line) or in combination with 10 µM NBI-31772 (bars) (n=7). Results are
presented as fold changes with respect to the control group (25 ng/mL Igf3). Asterisks indicate significant
differences (* P<0.05; ** P<0.01; *** P<0.001) between groups.

restricted Igf3 bioactivity. However, the present time course and dose response experiments
also showed that Fsh and 11-KT, two hormones promoting germ cell differentiation, can
up-regulate two igfbp transcripts with a delay of at least 3 days. It therefore seems possible
that these Igfbps can support Igf3 bioactivity and contribute to the pro-differentiation
signaling of Fsh and 11-KT. When the Igfbp inhibitor NBI-31772 was present only during
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the last 4 days of incubation (Figs. 6A and B), when igfbp2a and -5b transcripts were upregulated by Fsh (Fig. 2E and F) or 11-KT (Fig. 3), the mitotic indices of Aund and Adiff did
not change whereas the one for type B decreased in response to Fsh (Fig. 6A). The section
surface area occupied by Aund increased, while the one for type B spermatogonia decreased
in the presence of Fsh in combination with NBI-31772 during the last 4 days (Fig. 6B).
These observations suggest that blocking the “late rising” Igfbps partially inhibited
spermatogonial differentiation. Inversing the experimental setting (i.e. NBI-31772 was only
absent during the last 4 days of incubation) showed that the mitotic index and proportion of
surface area of type B spermatogonia increased (Fig. 6C and D). Under these conditions,
the “early decreasing” Igfbps were blocked from the start of Fsh exposure and the “late
rising” Igfbps were allowed to bind Igf ligands. This resulted in a stronger prodifferentiation effect of Fsh, in particular for the type B spermatogonia (Fig. 6D).

Figure 6. Effect of the presence (left panel) or absence (right panel) of an Igfbp inhibitor on Fsh-stimulated
spermatogonial proliferation and proportion of area after 7 days of primary testis tissue culture. (A) Mitotic indices
and (B) proportion of area occupied by cysts containing type Aund, type Adiff and type B spermatogonia in the
presence of Fsh (100 ng/mL) for 7 days (control group, represented by stippled line) or 3 days in the presence of
Fsh (100 ng/mL) and the remaining 4 more days in the additional presence of 10 µM NBI-31772 (experimental
group); a schematic representation of the experimental setup is shown in the upper left panel) (n=6). (C) Mitotic
indices and (D) proportion of area occupied by cysts containing type Aund, type Adiff and type B spermatogonia in
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the presence of Fsh (100 ng/mL) and 10 µM NBI-31772 for 7 days (control group, represented by stippled line) or
3 days under the same conditions and the remaining 4 more days in the presence of Fsh (100 ng/mL) only
(experimental group); a schematic representation of the experimental setup is shown on the upper right panel)
(n=7). The production of biologically active steroids by Fsh was blocked by trilostane (25 µg/mL) in all cases.
Results are presented as fold changes with respect to the control group. Asterisks indicate significant differences
(* P<0.05; ** P<0.01) between groups.

4. Discussion
4.1. Regulation of the igfbp expression in zebrafish testis by Fsh and downstream
mediators
More than 90% of the circulating IGF is bound to IGFBPs (Baxter 2000), hence locally
produced IGFBPs seem primarily involved in modulating locally produced IGF bioactivity.
The recently discovered Igf3 is prominently (e.g. zebrafish; Zou et al. 2009), in certain
species preferentially (Wang et al. 2008), expressed in gonadal tissue of adult fish (Li et al.
2012; Sambroni et al. 2012; Melo et al. 2014; Song et al. 2016). Previous studies showed
that one possibility for Fsh to stimulate the differentiating proliferation of type A
spermatogonia in an androgen-independent manner is to release Igf3 (Nóbrega et al. 2015).
This Fsh effect was strengthened, leading to a partial depletion of type A und spermatogonia,
by blocking Igfbps during a 4-day culture period, suggesting that Igfbps protected Aund
from excessive differentiation via Fsh-stimulated Igf3 release (Safian et al. 2016). These
recent studies highlight the importance of the Igf signaling system in modulating zebrafish
spermatogenesis. Here, we report that Fsh, next to regulating igf3 and igfbp1a expression,
modulated the expression of four other igfbps. While igfbp1a, igfbp3 and igfbp6a transcript
levels were down-regulated quickly by Fsh, or more slowly by Igf3 or 11-KT, the
expression of igfbp2a and igfbp5b increased with a delay of at least 3 days in response to
Fsh or 11-KT. Information on the regulation of igfbp transcript levels is scarce and few
studies have addressed igfbp expression in gonads. In rat, Igfbp2, 3 and 4 transcripts have
been detected in Leydig cells and seminiferous tubules (Lin et al. 1993) and FSH reduced
Igfbp3 transcript levels in hypophysectomized rats (Rappaport and Smith 1995). Igfbp2-6
were found in sheep testis in association with high Igf1 levels (Park et al. 2010). In rainbow
trout testis, the expression of igfbp6 was up-regulated by Fsh and its levels slightly
decreased in the additional presence of trilostane, suggesting that both Fsh and androgens
increased igfbp6 expression in this species (Sambroni et al. 2013). To our knowledge, our
study is the first to investigate dose and time effects of Fsh, revealing a dynamic
modulation of igfbp transcript levels that is apparently relevant for modulating Igf3
bioactivity in zebrafish testis.
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Igf and steroid hormones modulated igfbp expression in non-gonadal tissues in
fish (Bower and Johnston 2010; Nachtrab et al. 2011). We examined if Igf3 or 11-KT, both
mediators of Fsh bioactivity, were involved in the regulation of the Fsh-modulated
testicular igfbps. The transcript levels of igfbp1a, -3 and -6a were modulated in the
presence of Igf3 or in response to Fsh and an Igf1r inhibitor after 7 days of incubation,
suggesting that Igf3 is a downstream mediator of Fsh on igfbp expression and that the faster
response induced by Fsh used a different mechanism than the delayed response mediated
by Igf3.
However, since Fsh increases Igf3 release (Nóbrega et al. 2015), we can expect a
fast drop of igfbp transcript levels induced by Fsh, and a continued suppression of transcript
levels mediated by Igf3. The androgen 11-KT, on the other hand, selectively increased
igfbp2a and -5b but reduced igfbp6a transcript levels after 7 days of incubation. Based on
these results, the igfbps produced in the testis can be grouped in three categories: (1) nonresponding to Fsh, Igf3 or 11-KT, (2) down-regulated by Fsh, Igf3 or 11-KT, and (3) upregulated by Fsh and 11-KT but not by Igf3 (Fig. 7).
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Figure 7. Schematic representation of the effects of Fsh and two downstream mediators, Igf3 and 11-KT, on igfbp
transcript levels and potential roles of Igfbps in adult zebrafish testis. (A) Fsh rapidly reduced transcript levels of
subgroup 2 (consisting of igfbp1a, -3 and -6a) and increased the expression/release of Igf3 and 11-ketotestosterone
(11-KT). Igf3 also reduced the transcript levels of subgroup 2 members whereas those of subgroup 3 (consisting of
igfbp1b, -2b, -5a and -6b) were increased by Fsh and 11-KT. The transcript levels of subgroup 1 (consisting of
igfbp2a and -5b) were not modulated in the present experiments. (B) Schematic representation of the igfbp
transcript levels and their hormonal regulation in zebrafish testis tissue. The representation of the igfbp transcript
amounts reflects read numbers from RNAseq data (Crespo, Bogerd and Schulz, unpublished data) from 5 testes of
normal adult males. The mean read numbers were transformed using the logarithm to the base 2, i.e. the scale
covers a 1024-fold (210) difference in average read numbers.

The present data not only show that igfbp transcript levels respond to Fsh and
downstream mediators, but also open the possibility that Igfbps exert differential effects on
testicular Igfs, potentially restricting or supporting Igf signaling. Still, the igfbps not
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modulated by Fsh, Igf3 or 11-KT should not be disregarded. In addition, Igfbps can act in
an Igf-independent manner in mammals (Firth and Baxter 2002). Also in zebrafish Igfbp3
blocked bone morphogenetic protein (Bmp) signaling by binding Bmp2a during embryonic
development (Zhong et al. 2011). Zebrafish Igfbp3, -5a and -5b were localized also in the
nucleus of U2O2 and HEK 293 cells (Dai et al. 2010; Zhong et al. 2011). Igfbp5a and -5b
differ considering that Igfbp5b, but not -5a, shows transactivation activity in zebrafish (Dai
et al. 2010). Since igfbp5b transcript levels are ~250-fold higher than those of igfbp5a, the
latter also not being regulated by Fsh or 11-KT, it seems possible that Igfbp5b might be the
more relevant form for potential nuclear functions in the testis. However, in general, the
functional significances of nuclear Igfbps is still not well understood.

4.2. Fsh-modulated igfbps can support or inhibit spermatogonial differentiation in
zebrafish testis
Previous studies have suggested that Igfbp can inhibit or enhance Igf action. While IGFBP1
and -6 generally inhibited IGF actions, IGFBP2-5 can inhibit or potentiate the IGF action,
depending on the cell or tissue type, or on the physiological or experimental context (Duan
and Xu 2005). Due to the important role of Igf in muscle, many studies on extrahepatic
IGFBP function addressed this tissue. In vascular smooth muscle cells, IGFBP2 and
IGFBP4 exert an inhibitory effect on IGF1-induced DNA synthesis, while IGFBP5
potentiates the mitogenic effect of IGF1 (Duan and Clemmons 1998; Hsieh et al. 2003).
Knock down of IGFBP5 impairs myogenesis and down-regulated IGF2 expression in
cultured myoblast cells (Ren et al. 2008). Administration of IGFBP5 in combination with a
low concentration of IGF2 restored IGF2 expression and myogenic differentiation, whereas
a non-functional IGFBP-5 or an IGF analog that activates the IGF1R but cannot bind
IGFBPs, had no or a limited effect, respectively (Ren et al. 2008). These differential Igfbp
effects seem to be conserved in fish. The transition from zero growth (achieved by food
restriction) to fast growth involves up-regulation of igf1, igfbp4 and -5b in Atlantic salmon
skeletal muscle (Bower et al. 2008). Moreover, primary cultures of Atlantic salmon
myogenic satellite cells (stem cells in muscle) respond to amino acids and/or Igf1 by
expressing high levels of igf1 and igf2, and igfbp4, -5a and -5b (Bower and Johnston 2010).
Similarly, up-regulation of igfbp2, igfbp4, igfbp5 and igf1 was recorded during muscle
growth recovery after the end of a starvation period in rainbow trout (Gabillard et al. 2006).
A dual role for the Igfbps has also been suggested in the regulation of zebrafish muscle
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growth and differentiation (Duan et al. 2010). Here, we have started exploring the
potentially dual role of Fsh-regulated igfbps on zebrafish spermatogenesis.
Stimulatory effects of Igf3 on spermatogonial proliferation have been reported
previously (Nóbrega et al. 2015). The latter study did neither examine potential effects on
type B spermatogonia nor on the volume fractions occupied by the different spermatogonia.
We report here that Igf3 (100 ng/mL) promoted the proliferation of all spermatogonial cell
types and also increased the areas occupied by Adiff and B spermatogonia while reducing
the one occupied by Aund spermatogonia. This suggests that Fsh-stimulated Igf3 release
promotes differentiation of Aund into Adiff and further into B spermatogonia. Our study also
reports several findings as regards Igfbp functions in testis physiology, based on examining
the effects of NBI-31772 on Igf3 activity. For example, blocking Igfbps increased the
biological activity of a sub-threshold dose of Igf3, and Igf3 release stimulated by either Fsh
or thyroid hormone preferentially promoted differentiation of Aund spermatogonia when
Igfbps were blocked (Safian et al. 2016). These findings suggest that Igfbps protect the
pool of Aund spermatogonia against excessive differentiation driven by high levels of Igf3.
Our data moreover indicate that this protective effect may be mediated by the three igfbps
rapidly down regulated by Fsh. Interestingly, the response to blocking Igfbps included upregulation of the expression of igf1rb. As mentioned above, zebrafish testis tissue expresses
both igf1 receptor genes and the expression of igf1rb was previously up-regulated under
experimental conditions promoting spermatogonial proliferation (Chen et al. 2013).
Altogether these results suggest that Igf3-mediated stimulation of spermatogonial
proliferation and differentiation that is enhanced by blocking inhibitory Igfbps may involve
up-regulation of igf1 receptor expression.
In addition to the three igfbp transcripts being down-regulated by Fsh, Igf3 or 11KT, two other family members (igfbp2a and -5b) were up regulated in a delayed manner by
Fsh or 11-KT. Blocking and de-blocking experiments suggested that the “late-rising”
binding proteins facilitate pro-differentiation effects of Igf. Therefore, we propose that the
concept of specific Igfbps either limiting or supporting Igf bioactivity, is also valid for
testis tissue, where Fsh, but also downstream mediators (Igf3 and androgens), modulate
igfbp gene expression. While Fsh and Igf3 or Fsh and 11-KT have similar effects as regards
the direction of change, they exert their effects on igfbp transcript levels with differences in
the time course, suggesting the use of different mechanisms to modulate igfbp gene
expression. This may allow more sustained effects. Both, the acute as well as the delayed
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effects of Fsh via the Igf signaling system affected all spermatogonial cell types (A und, Adiff
and B), suggesting that Fsh promotes spermatogonial development in a broad sense,
making use of the Igf signaling system to generate different signals over time to different
germ cell generations.
Several other signaling systems are also modulated by Fsh, next to the Igf/Igfbp
system (Crespo et al. 2016). It will be interesting to address in future studies the
differentiation of the response to Fsh in space, e.g. by examining if different spermatogenic
cysts containing germ cells in different stages of development respond differently to a
given Fsh challenge with respect to the expression of different igfbp transcripts or transcript
amounts. Also in context with our previous observations (Safian et al. 2016), we propose
that Igfbps negatively modulate the activity of Igf3 in the presence of a comparatively weak
stimulator of Igf3 release, T 3, whereas when Fsh is present, Igfbps restricting Igf3 action
(Igfbp1a, Igfbp3 and Igfbp6a) are rapidly suppressed while the availability of Igfbps
supporting Igf3 action (Igfbp2a and Igfbp5b) increases after a lag phase of 3-5 days, when
suppression of the inhibitory Igfbps is also supported by downstream effectors of Fsh, such
as Igf3 and androgens (Fig.7).
In conclusion, we have shown that of the nine igfbps expressed in zebrafish testis
tissue, five are selectively modulated by Fsh and two Fsh downstream mediators (Igf3 and
11-KT) to promote spermatogonial differentiation. We also report that the prodifferentiation effect of Igf3 is reinforced by blocking the binding of Igf to the rapidly
down-regulated Igfbps, supporting the role for certain Igfbp as protecting A und from
excessive differentiation in response to Igf3.
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9. Supplemental information

Figure 1. Quantification cycles (Cq) of ribosomal RNA 18S under basal conditions and in the presence of 25, 50,
100 or 1000 ng recombinant zebrafish Fsh per mL (n=6 for all concentrations) (A), basal conditions or 100 ng/mL
Fsh for 1, 3 ,5 and 7 days ((n = 5-7) (B), in the presence of 100 ng/mL Fsh with or without Igf1r receptor inhibitor
NVP-AEW541 (10 µM; NVP) for 5 or 7 days (n = 8) (C), basal conditions or in the presence of zebrafish Igf3
(100 ng/mL) for 3 or 7 days (n = 8) (D) or basal conditions or in the presence of 11-KT (200nM) for 3 (n = 7) or 7
(n = 6) days (E).

68

Figure 2. Mitotic index and proportion of area in testis incubated in basal conditions or in the presence of Igf3,
Igf3 and NBI-31772 or Fsh and NBI-31772. (A) Mitotic indices and (B) proportion of area of type Aund, type Adiff
and type B spermatogonia in basal conditions or in the presence of Igf3 (25 ng/mL) (n=6) for 3 days. (C) Mitotic
indices and (D) proportion of area of type Aund, type Adiff and type B spermatogonia in basal conditions or in the
presence of Igf3 (100 ng/mL) (n=7) for 3 days. (E) Mitotic indices and (F) proportion of area of type Aund, type
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Adiff and type B in presence of Igf3 (25 ng/mL) or Igf3 (25 ng/mL) in combination with 10 µM NBI-31772 (n=6).
(G) Mitotic indices and (H) proportion of area of type Aund, type Adiff and type B spermatogonia in presence of Fsh
(100 ng/mL) for 7 days or Fsh (100 ng/mL) in combination with 10 µM NBI-31772 in the last 4 days of a 7 days
incubation (n=7). (I) Mitotic indices and (J) proportion of area of type Aund, type Adiff and type B spermatogonia in
presence of Fsh (100 ng/mL) and 10 µM NBI-31772 for 7 days or only Fsh (100 ng/mL) in the last 4 days of a 7
days incubation (n=7). The production of biologically active steroids by Fsh was blocked by including trilostane
(25 µg/mL). Dotted lines connect testes from the same animal. Asterisks indicate significant differences (*
P<0.05; ** P<0.01; *** P<0.001) between groups.
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Abstract
Follicle-stimulating hormone (Fsh) is a major regulator of spermatogenesis, targeting
somatic cell functions in the testes. We reported previously that zebrafish Fsh promoted the
differentiation of type A undifferentiated spermatogonia (Aund) by stimulating the
production of factors that advance germ cell differentiation, such as androgens, insulin-like
peptide 3 (Insl3) and insulin-like growth factor 3 (Igf3). In addition, Fsh also modulated the
transcript levels of several other genes, including some belonging to the Wnt signaling
pathway. Here, we evaluated if and how Fsh utilizes part of the canonical Wnt pathway to
regulate the development of spermatogonia. We quantified the proliferation activity and
relative section areas occupied by Aund and type A differentiating (Adiff) spermatogonia and
we analyzed the expression of selected genes in response to recombinant proteins and
pharmacological inhibitors. We found that from the three downstream mediators of Fsh
activity we examined, Igf3, but not 11-ketotestosterone or Insl3, modulated the transcript
levels of two β-catenin sensitive genes (cyclinD1 and axin2). Using a zebrafish β-catenin
signaling reporter line, we showed that Igf3 activated β-catenin signaling in type A
spermatogonia, and that this activation did not depend on the release of Wnt ligands.
Pharmacological inhibition of the β-catenin or of the phosphoinositide 3-kinase (PI3K)
pathways revealed that Igf3 activated -catenin signaling in a manner involving PI3K to
promote the differentiation of Aund to Adiff spermatogonia. This mechanism represents an
intriguing example for a pituitary hormone like Fsh using Igf signaling to recruit the
evolutionary conserved, local β-catenin signaling pathway to regulate spermatogenesis.
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1. Introduction
Long-term spermatogenesis relies on a population of undifferentiated germ cells including
spermatogonial stem cells (SSCs). They reside in a specific microenvironment, the SSC
niche, formed by somatic cells such as Sertoli cells (SCs), Leydig cells (LCs) and myoid
cells, which provide SSCs with signals relevant to modulate their behavior (Oatley et al.
2009; Ding et al. 2011; Chen et al. 2016; Lord & Oatley, 2017; de Rooij 2017). SSCs can
be quiescent, or proliferate either to self-renew thereby producing more SSCs, or undergo a
differentiating proliferation to eventually produce spermatozoa. A balanced selfrenewal/differentiation activity is critical to maintain long-term spermatogenesis and testis
tissue homeostasis (De Rooij 2015, 2017).
The pituitary gonadotropin Fsh is a major regulator of spermatogenesis. In the
mammalian testis, the FSH receptor gene (FSHR) is expressed exclusively by SCs. FSH
stimulates the production of growth factors important for spermatogonial proliferation and
differentiation, such as FGF2 or IGF1 (Mullaney & Skinner, 1992; Pitetti et al. 2012). In
fish, the androgen-producing LCs also express the fshr gene and Fsh is a potent
steroidogenic hormone (Ohta et al. 2007; García-López et al. 2010). Similar to other
vertebrates, androgens stimulate spermatogenesis in fish (Miura et al. 1991; Leal et al.
2009). However, zebrafish Fsh also stimulates spermatogonial differentiation in an
androgen-independent manner, for example by stimulating the release of Igf3 mainly from
SCs (Nóbrega et al. 2015) and of Insl3 from LCs (Assis et al. 2016; Crespo et al. 2016).
Moreover, Fsh suppresses the production of the SC-derived anti-müllerian hormone (Amh)
(Skaar et al. 2011), which would otherwise exert inhibitory effects on spermatogenesis
(Morais et al. 2017).
Crespo et al. (2016) identified ~200 testicular transcripts responding to zebrafish
Fsh in an androgen-independent manner, including genes belonging to the Wnt signaling
pathway. Similar results were reported for rainbow trout testis tissue (Sambroni et al.
2013). The Wnt signaling system is a conserved cell-to-cell communication system that
consists of canonical and non-canonical pathways. The former is also referred to as βcatenin-dependent pathway and relies on inhibiting the β-catenin destruction complex
(Salic et al. 2000), thereby increasing the levels of cytoplasmic β-catenin (Nusse, 1999).
After its translocation into the nucleus, β-catenin interacts with transcription factors of the
T cell factor/lymphoid enhancer factor (TCF/LEF) family, inducing the expression of Wnt
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reporter genes such as cyclinD1 and axin2 (Tetsu & McCormick 1999; Shtutman et al.
1999; Jho et al. 2002; Van Amerongen et al. 2012; Takase & Nusse, 2016).
The β-catenin-dependent pathway modulates spermatogenesis in mammals (Kerr
et al. 2014; Yeh et al. 2012; Takase & Nusse, 2016; Tokue et al. 2017), but studying mice
carrying β-catenin mutations provided inconsistent results. Kerr et al. (2014) reported that
loss of β-catenin in all germ cells depleted spermatocytes and spermatids without affecting
the number of PLZF-positive (a marker for undifferentiated spermatogonia) germ cells. In
contrast, when β-catenin knock-out was mediated by Stra8-Cre (expressed by
differentiating spermatogonia), mutant mice showed normal spermatogenesis (Rivas et al.
2014). Still, a later report described that the canonical WNT reporter gene Axin2 is
expressed specifically in undifferentiated spermatogonia and that β-catenin knock-out in
Axin2-positive spermatogonia reduced proliferation activity and number of PLZF-positive
spermatogonia in mice, resulting in the loss of differentiating spermatogonia (Takase &
Nusse, 2016). Moreover, inhibiting WNT secretion by knocking out Gpr177 (the mouse
orthologue of Drosophila wls) that codes for a WNT ligand chaperone critical for
exocytosis, either in germ cells or in SCs, had no or limited effects on spermatogenesis
(Chen et al. 2016), challenging previous conclusions.
In the present study, we investigated if canonical Wnt signaling participates in
mediating stimulatory effects of Fsh on zebrafish spermatogenesis, using a primary testis
tissue culture system. We report for the first time in a vertebrate that Fsh recruits the βcatenin signaling system via Igf signaling to regulate germ cell development.

2. Materials and methods
2.1. Animals
Adult wild type male zebrafish (AB strain) and Tg(7xTCF-Xla.Siam:GFP)ia4 male zebrafish
(Moro et al. 2012) between 4 and 12 months of age were used in this study. All
experiments followed the Dutch National regulations for animal care. The experimental
protocols were approved by the Utrecht University Experimental Animal Committee
(2013.III.06.045 and NVWA 10800).

2.2. Tissue culture
To study the role of the canonical Wnt signaling system, adult zebrafish testes were
dissected for tissue culture experiments using a previously described system (Leal et al.
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2009), in which one testis was incubated under control conditions and the other testis under
experimental conditions.
We have reported previously that 100 ng/mL Fsh increased the proliferation of
both Aund and Adiff spermatogonia. Since Fsh also elevated androgen production (GarcíaLopez et al. 2010) and the production of the growth factors Insl3 and Igf3 (Assis et al.
2015; Nóbrega et al. 2015; Crespo et al. 2016), we studied if androgen, Insl3 or Igf3 use
the β-catenin-dependent pathway to stimulate spermatogenesis. To this end, zebrafish testes
were incubated under basal conditions (Leal et al. 2009) or in the presence of 11ketotestosterone (11-KT; Sigma; 200 nM in 0.01% ethanol; García-López et al. 2010) of
Insl3 (100 ng/mL; Crespo et al. 2016) or of Igf3 (100 ng/mL; Nóbrega et al. 2015) for 4 or
5 days.
In a parallel experiment, zebrafish testes were incubated for 5 days in the presence
of Fsh (100 ng/mL) with or without NVP-AEW541 (10 µM in medium containing 0.1%
dimethyl sulfoxide; Selleckchem; Morais et al. 2013), an Igf1 receptor inhibitor. The
production of biologically active steroids was blocked by including trilostane (25 µg/mL in
medium containing 0.1% dimethyl sulfoxide; Chemos), an inhibitor of 3β-hydroxysteroid
dehydrogenase activity, in all experiments with Fsh, a potent steroidogenic hormone in
zebrafish (Garcia-Lopez et al. 2010).
To study if Igf3 directly stimulates β-catenin signaling, zebrafish testes were
incubated for 5 days under basal conditions or in the presence of Igf3 (100 ng/mL) or in the
presence of Igf3 (100 ng/mL) with or without 50 µM IWP-12 (Sigma-Aldrich) in medium
containing 0.05% dimethyl sulfoxide. IWP-12 inhibits an enzyme required to release Wnt
ligands (porcupine) in zebrafish (Chen et al. 2009; Dodge et al. 2012). Since no statistical
differences were found as regards BrdU incorporation (p=0.718 for A und and p=0.951 for
Adiff; unpaired Student’s t-test) and proportion of area (p=0.563 for Aund and p=0.595 for
Adiff; unpaired Student’s t-test) after incubation with Igf3 in both experiments, we treated
them as a single group to compare three different conditions (basal, Igf3 and Igf3 with
IWP-12).
To study Igf3 effects on β-catenin signaling, zebrafish testes were incubated for 5
days under basal conditions (Leal et al. 2009) or in the presence of Igf3 (100 ng/mL). In
parallel experiment, testes were incubated in the presence of Igf3 (100 ng/mL) with or
without 10 µM XAV939 (Sigma-Aldrich) (Shimizu et al. 2012) or 12 µM IWR-1 (SigmaAldrich) (Shimizu et al. 2012; Wehner et al. 2014) in medium containing 0.01% or 0.012%
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dimethyl sulfoxide, respectively. XAV939 and IWR-1 are compounds inhibiting β-catenin
signaling by increasing the stability of Axin, a key protein of the β-catenin destruction
complex, thereby decreasing the levels of cytoplasmatic β-catenin (Huang et al. 2009;
Shimizu et al. 2012). Since no statistical differences were found as regards BrdU
incorporation and proportion of area (one-way ANOVA, followed by Tukey’s post hoc
test.) occupied by type A spermatogonia after incubation with Igf3 in the three experiments,
we treated them as a single group to compare four different conditions (basal, Igf3 and Igf3
with XAV939 or IWR-1).
To further characterize the effect of XAV939 on Igf3-stimulated spermatogenesis,
testes were incubated in the presence of Igf3 (100 ng/mL) alone or in the additional
presence of 10 µM XAV939 for 5 days to analyze the expression of selected genes.
Igf1 receptor activation mainly triggers the mitogen-activated protein kinase
(MAPK) pathway and the PI3K pathway (LeRoith, 2008). To study which mechanism Igf3
uses to stimulate β-catenin signaling, we examined if a MAPK inhibitor (50 µM PD98059
[InvivoGen] in medium containing 0.05% dimethyl sulfoxide; Nóbrega et al. 2015) or a
PI3K inhibitor (20 µM LY294002 [Sigma-Aldrich] in medium containing 0.02% dimethyl
sulfoxide; Pozios et al. 2001) modulated Igf3-induced changes in spermatogenesis or in the
transcript levels of two β-catenin sensitive genes or four germ cell markers, following an
incubation period of 5 days.
In case of the 5 days incubation experiment, the medium was changed once after 3
days of incubation. Testis tissue derived from the experiment described above was fixed for
morphological analysis or snap-frozen in liquid nitrogen at the end of the incubation period
and stored at -80ºC until RNA extraction.

2.3. Transcript levels
The relative transcript levels of germ cell-marker genes and other genes of interest (Table
1) were analyzed by real-time, quantitative polymerase chain reaction (qPCR) assays.
Total RNA was isolated from the 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 (Bogerd et al.
2001). In brief, 2 µg of total RNA were reverse transcribed using 250 U of Superscript II
RNase¯ reverse transcriptase (Life Technologies). qPCRs were performed in SYBR Green
assay mix (Applied Biosystems), specific qPCR primers (900 nM each) and 5 µl cDNA in a
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total volume of 20 µl. The quantification cycle (Cq) values were determined in a ViiA7
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; Livak & Schmittgen, 2001)), as described in Bogerd et al. (2001).
Transcript levels of the elongation factor 1a (ef1a) were stable (inset in figure 1A and B,
3I, and 4C and D) and therefore, ef1a was used to normalize gene expression. All results
were expressed as fold induction with respect to the control group.

2.4. Quantification of spermatogonial proliferation and of proportions of section surface
areas
To quantify the proliferation activity of Aund and Adiff 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 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 (Leal et al.
2009). The BrdU labeling index was determined by analyzing 100 cysts (Adiff
spermatogonia) or 100 Aund cells, discriminating between BrdU-positive and -negative cysts
and cells, respectively. In addition, the number of BrdU-positive “free” SCs (apparently not
associated with germ cells), SCs contacting BrdU-positive and -negative Aund, and SCs
contacting BrdU-positive and -negative Adiff was determined using 10 randomly chosen,
non-overlapping fields at ×400 magnification.
To quantify the proportion of section area occupied by type A spermatogonia,
another set of sections was stained with toluidine blue and 10 randomly chosen, nonoverlapping fields were photographed at ×400 magnification with a digital camera. The
images were analyzed quantitatively based on the number of points counted over the germ
cell types investigated (Aund and Adiff), using the ImageJ freeware (National Institute of
Health, Bethesda, Maryland, USA, http://rsbweb.nih.gov/ij) with a 540-point grid, i.e. 5400
data points were analyzed per individual.
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2.5. Immunofluorescence on paraffin sections
To detect β-catenin-dependent pathway activation, testes from a transgenic zebrafish line
(Tg(7xTCF-Xla.Siam:GFP)ia4) expressing gfp upon β-catenin activation were used (Moro et
al. 2012). Testes from this line were incubated in basal medium or in the presence of Igf3
(100 ng/mL), IWP-12 (50 µM) or Igf3 (100 ng/mL) in combination with XAV939 (10 µM)
or IWP-12 (50 µM). After fixation in phosphate-buffered 4% paraformaldehyde at 4ºC
overnight, the tissue was dehydrated and embedded in paraplast (Sigma-Aldrich). Sections
of 5 µm thickness were dewaxed and rehydrated, according to conventional techniques.
After antigen retrieval (10 mM sodium citrate, 0.05% Tween 20, pH 6.0; at 98ºC for 10
min) non-specific antibody binding was blocked by pre-incubating slides with 5% normal
goat serum (Sigma-Aldrich) and 1% acetylated bovine serum albumin (BSA; SigmaAldrich) at room temperature for 30 min. Then, sections were incubated with a primary
antibody raised in rabbit against GFP (Nóbrega et al. 2015; 1 µg/mL; TP401, Torrey Pines
Biolabs Inc.) in PBS containing 1% BSA at 4ºC overnight. After PBS washes, sections
were incubated with secondary goat anti-rabbit Alexa fluor 488 (8 µg/mL, A11034, SigmaAldrich) containing 10% normal horse serum (Sigma-Aldrich) at room temperature for 1 h
and 30 min. After PBS washes, the sections were incubated for 3 min with propidium
iodide (PI; 1 µg/mL, Sigma-Aldrich). Sections were mounted in Vectashield (H-1000,
Vector) and images were taken using a confocal laser scanning microscope (LSM 700,
Zeiss). Images were acquired and processed using the same settings (pinhole size: 1 AU,
same laser power: 12, and gain: 550 mV for Alexa 488 and 400 mV for PI) in all
experiments analyzed.

2.6. Gfp quantification by Western blot
To detect Wnt ligand release inhibition in response to IWP-12, testes from a transgenic
zebrafish line (Tg(7xTCF-Xla.Siam:GFP)ia4) were incubated under basal conditions or in
the presence of IWP-12 (50 µM) for 3 days. After the incubation period, tissue was
processed for Western blot analysis to detect Gfp protein production. Proteins were
extracted according to Skaar et al. (2011) and protein concentrations were determined in a
Bradford protein assay (BIO-RAD). Whole testis protein (30 µg) was resolved in 10%
SDS-PAGE and Western blot assays were performed according to Fuentes et al. (2013)
with minor modifications. Briefly, proteins were transferred to polyvinylidene difluoride
membranes (Millipore) and blocked for 1 h at room temperature in 5% skimmed milk
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powder (Millipore) in PBS. Primary GFP antibody incubation was carried out overnight at
4ºC (2 µg/mL; TP401, Torrey Pines Biolabs Inc.). After PBS washes, secondary
horseradish peroxidase-conjugated goat anti-rabbit (0.2 µg/mL;111-035-003, Jackson
ImmunoResearch Laboratories Inc.) was incubated for 1 h at room temperature. Protein
detection was performed using Pierce ECL Plus Substrate (Thermo Scientific) according to
the manufacturer’s instructions. Films were scanned and densitometric analysis of the
bands was performed with ImageJ freeware. Gfp analysis was normalized to Coomassie
blue staining of total protein.

2.7. In situ hybridization on zebrafish testis cryosections
To identify the cell types responding to Igf3, wild type zebrafish testes were used to study
the expression of igf1 receptor a (igf1ra) and b (igf1rb) by in situ hybridization on
cryosections as described previously (Assis et al. 2016). For the production of zebrafish
igf1ra and igf1rb DIG-labeled riboprobes (see primers in Table 1), we followed a procedure
as reported by Good-Ávila et al. (2009).

Table 1. Primers used for gene expression studies (Fw = forward; Rv = reverse) and to generate DNA
templates for DIG-labeled cRNA probe syntheses for in situ hybridization.
Target
genes
elf1α

cyclinD1

axin2

foxa2

nanos2

piwil1

piwil2

dazl

Primers
name

Sequence (5'-3')

2476 (Fw)

GCCGTCCCACCGACAAG

2477 (Rv)

CCACACGACCCACAGGTACAG

5231(Fw)

CAAGCAGATACTGCGCAAACA

5232(Rv)

GGGCTTGCGATGAAGTTGAC

4615(Fw)

ACCCTCGGACACTTCAAGGAA

4616(Rv)

TCACTGGCCCTTTTGAAGAAGTAT

5741 (Fw)

GTCAAAATGGAGGGACACGAAC

5743 (Rv)

CATGTTGCTGACCGAGGTGTAA

4817 (Fw)

AAACGGAGAGACTGCGCAGAT

4818 (Rv)

CGTCCGTCCCTTGCCTTT

2542 (Fw)

GATACCGCTGCTGGAAAAAGG

2543 (Rv)

TGGTTCTCCAAGTGTGTCTTGC

2994 (Fw)

TGATACCAGCAAGAAGAGCAGATCT

2995 (Rv)

ATTTGGAAGGTCACCCTGGAGTA

3104 (Fw)

AGTGCAGACTTTGCTAACCCTTATGTA

Gene information
Reference gene (Morais et al. 2013)
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This paper

This paper

Potential marker for type A
undifferentiated spermatogonia
Expressed in type Aund spermatogonia
(Beer et al. 2013; Bellaiche et al. 2014)
Expressed in all generations of type A
spermatogonia (Houwing et al. 2008)
Expressed in all germ cell type except
type Aund and spermatozoa (Houwing et
al. 2008)

Expressed by B spermatogonia and
primary spermatocytes (Chen et al. 2013)

3105 (Fw)
igf1ra

GTCCACTGCTCCAAGTTGCTCT
a

4982 (Fw)

T7RppTGGATTAACCAGTAACATGAGCAATCACTCA

a

T3Rpp-ATGCGTCGGATGTGTGTCAAGCCACT

4984 (Rv)
igf1rb

T3Rpp-TACACACATTTCCCTCCTCCCTTTGTCT

b

4983 (Fw)

b

4985 (Rv)

T7RppCAGATGCAAGATTTCTCCTTCACCACAGATGA

Igf1 receptor a (This paper)

Igf1 receptor b (This paper)

a

Primer 4982 and 4983 contain the T3 RNA polymerase promoter sequence (underlined) at its 5`-end
(T3Rpps; 5`-GGGCGGGTGTTATTAACCCTCACTAAAGGG-3`).
b Primer 4984 and 4985 contain the T7 RNA polymerase promoter sequence (underlined) at its 5`-end
(T7Rpps; 5`-CCGGGGGGTGTAATACGACTCACTATAGGG-3`).

2.8. Statistical analysis
Statistical analyses were carried out using the GraphPad Prism 5 software package (San
Diego, California, USA). Since our tissue culture system compares in most experiments the
two testes of a given fish incubated under control versus experimental conditions, we
applied Student’s t-test for paired observation to estimate the statistical significance of fold
changes between treated and control conditions. These data are presented as fold of basal
(mean ± standard error of the mean (SEM)). In Figs. 2G and 2H, and 3A and 3B, three and
four conditions respectively were compared, so that fold-changes cannot be calculated. In
these cases, the BrdU indices (Fig. 2G, 3A) or proportion of area values (Fig. 2H, 3B) were
processed statistically using one-way analysis of variance (ANOVA), followed by Tukey’s
post-hoc test.

3. Results
3.1. The Fsh-modulated Igf3 stimulates the activation of β-catenin signaling in type A
spermatogonia
We have found that Fsh modulated the expression of Wnt-related genes (Crespo et al.
2016), opening the possibility that one or more downstream mediators of Fsh action
stimulate the canonical, β-catenin-dependent pathway. To further investigate this
possibility, we examined the effect of three of these mediators, 11-KT (Garcia-Lopez et al.
2010), Insl3 (Crespo et al. 2016) and Igf3 (Nóbrega et al. 2015), on the transcript levels of
cyclinD1 and axin2, two genes known to be sensitive to β-catenin signaling also in
zebrafish- (Neal et al. 2013; Wehner et al. 2014). In response to Igf3 incubation the
transcript levels of both genes increased, while 11-KT and Insl3 were unable to do so (Fig.
1A). Next, testes were incubated in the presence or absence of Fsh, or in the presence of
Fsh with or without an Igf receptor inhibitor (NVP-AEW541). The transcript levels of
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cyclinD1 did not change, while axin2 transcript increased and decreased in response to Fsh
or to Fsh and NVP-AEW541, respectively (Fig. 1B). These experiments suggest that Fshstimulated Igf3 release activates β-catenin signaling.

Figure 1. Igf3 activates β-catenin-dependent signaling in type A spermatogonia. (A) Transcript levels of two βcatenin sensitive genes (cyclinD1 and axin2) in basal conditions (dotted line; control condition) or in the presence
of 11-KT (200 nM, sample size (n)=6), Insl3 (100 ng/mL, n=10) or Igf3 (100 ng/mL, n=7), represented by bars.
(B) Transcript levels of cyclinD1 and axin2 in the presence of Fsh (100 ng/mL) (dotted line; control condition) or
in combination with the inhibitor of Igf1r NVP-AEW541 (10 µM, n=7), represented by bars. The quantification
cycles (Cq) of the reference gene (elf1a) are shown in the inset. Results are presented as fold change with respect
to the control group (basal or 100 ng/mL Fsh, respectively) Asterisks indicate significant differences (P<0.05) to
the respective control group. (C-H) Immunocytochemical detection of Gfp in testis sections from transgenic
(7xTCF-Xla.Siam:GFP)ia4 zebrafish incubated for 3 h under basal conditions or in the presence of Igf3 (100
ng/mL, n=3).
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To further study the effect of Igf3 on the β-catenin-dependent pathway, testes from
Tg(7xTCF-Xla.Siam:GFP)ia4 zebrafish were incubated under basal conditions or in the
presence of Igf3. A weak signal for Gfp protein was detectable in the absence of Igf3 (Fig.
1C-E) but was strongly induced in type A spermatogonia in response to Igf3 (Fig. 1F-H).
Importantly, an inhibitor of Wnt ligand release (IWP-12) did not modulate the Igf3mediated induction of Gfp (Fig. 2A-F), of the proliferation activity or of the proportion of
area occupied by type A spermatogonia (Fig. 2G and H). These experiments show that
Igf3-stimulated, β-catenin-mediated spermatogonial proliferation and differentiation was
independent of Wnt release. The capacity of IWP-12 to block the release of Wnt ligands
also in zebrafish testis tissue was demonstrated by the IWP-12-induced decrease in Gfp
protein levels in tissue from Tg(7xTCF-Xla.Siam:GFP)ia4 zebrafish (Fig. 2I and J).
3.2. Igf3 uses the β-catenin-dependent pathway to promote differentiation
Previously, we reported that Igf3 increased the proliferation of both types of A
spermatogonia and decreased the proportion of Aund while increasing the one for Adiff
spermatogonia (Nóbrega et al. 2015; Safian et al. 2017), i.e. Igf3 promoted the
differentiating proliferation of type A spermatogonia. Here, we examined directly the effect
of XAV939 and IWR-1, inhibitors of the β-catenin-dependent pathway, on Igf3-stimulated
differentiation of type A spermatogonia. XAV939 and IWR-1 reduced Igf3-stimulated
proliferation of both type A spermatogonia to basal levels (Fig. 3A). Regarding the
proportion of area, XAV939 and IWR-1 blocked the pro-differentiation effect of Igf3 on
type Adiff spermatogonia (Fig. 3B). This suggests that the Igf3-induced transition of Aund to
Adiff was compromised by both inhibitors, associated with a certain accumulation of A und
spermatogonia. Immunocytochemical studies using testes of Tg(7xTCF-Xla.Siam:GFP)ia4
zebrafish showed that Igf3-induced, β-catenin-mediated Gfp protein expression in type A
spermatogonia was blocked by XAV939 (Fig. 3C-H). Moreover, transcript quantification
(yielding reduced cyclinD1 and axin2 levels) confirmed inhibition of the β-catenin
pathway. Increased transcript levels of type A spermatogonia-marker genes (foxa2 (Safian
et al. 2017) and nanos2 (Beer et al. 2013; Bellaiche et al. 2014)) and decreased transcript
levels of marker genes for more differentiated germ cells (piwil2 (Houwing et al. 2008) and
dazl (Chen et al. 2013)) (Fig. 3I) are in line with the morphological data (Fig. 3B).
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Figure 2. Igf3 activates β-catenin-dependent signaling in a Wnt ligand-independent manner. (A-F)
Immunocytochemical detection of Gfp in testis sections from transgenic (7xTCF-Xla.Siam:GFP)ia4 zebrafish
incubated for 3 h in the presence of IWP-12 (50 µM) alone, or in combination with 100 ng/mL Igf3 (n=3). Nuclear
DNA was stained with propidium iodide (PI). (G) BrdU-labeling indices of type Aund and type Adiff spermatogonia
in basal conditions (n=7) or in the presence of Igf3 (100 ng/mL, n=12) with or without IWP-12 (50 µM, n=5) after
5 days of incubation. (H) Proportion of area occupied by type Aund and type Adiff spermatogonia in basal conditions
(n=7) or in the presence of Igf3 (100 ng/mL, n=12) with or without IWP-12 (50 µM, n=5) after 5 days of
incubation. (I) Western blot and (J) densitometric analysis of Gfp production in testis sections from transgenic
(7xTCF-Xla.Siam:GFP)ia4 zebrafish incubated for 3 days in basal conditions or in the presence of IWP-12 (50 µM)
(n= 3). Letters and asterisk indicate significant differences (P<0.05) among groups.
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Figure 3. Igf3 uses β-catenin signaling to stimulate the differentiation of type A spermatogonia. (A) BrdU
incorporation of type Aund and type Adiff spermatogonia in basal conditions (n=6), in the presence of Igf3 (100
ng/mL) alone (n=21), or in the additional presence of either XAV939 (10 µM; n=7) or IWR-1 (12 µM; n=8). (B)
Proportion of section surface area occupied by cysts containing type Aund and type Adiff spermatogonia in basal
conditions (n=5), in the presence of Igf3 (100 ng/mL) alone (n=21), or in the additional presence of XAV939 (10
µM; n=7) or of IWR-1 (12 µM; n=9). (C-H) Immunofluorescent detection of Gfp in sections of zebrafish testis in
the presence of Igf3 (100 ng/mL) alone (C-E) or in combination with XAV939 (10 µM; F-H) after 3 h of
incubation (n=3). Nuclear DNA was stained with propidium iodide (PI). (I) Gene expression analysis of two βcatenin sensitive genes (cyclinD1 and axin2) and germ cell marker genes in adult zebrafish testis after 5 days of
tissue culture in the presence of Igf3 (100 ng/mL; dotted line; control condition) alone or in combination with 10
µM XAV939 (represented by bars; n=8). The quantification cycles (Cq) of the reference gene (elf1a) are shown in
the inset. Results are presented as percentage (A and B) or as fold changes with respect to the control group (100
ng/mL Igf3) (I). Letters indicate significant differences among groups (P<0.05), asterisks (* P<0.05; ** P<0.01)
indicate significant differences to the control condition.

3.3. Cellular localization of Igf1 receptors and downstream pathways used by Igf3 to
activate β-catenin-dependent pathway
To better understand the mechanism used by Igf3 to stimulate β-catenin-dependent
processes, we studied the cellular localization of igf1 receptors a and b by in situ
hybridization. Moreover, we tested the effects of a MAPK (PD98059) and of a PI3K
(LY294002) inhibitor on the expression of β-catenin sensitive and germ cell marker genes.
In situ hybridization revealed that igf1ra was expressed by SCs contacting all
germ cell generations from spermatogonia to spermatids, while igf1rb was expressed by
both SCs and germ cells (Fig. 4A and B).
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The transcript levels of cyclinD1, but not of axin2, were down regulated by the
MAPK inhibitor in Igf3-stimulated testis tissue (Fig. 4C). Concerning germ cell-marker
gene expression, the mRNA levels of piwil1 (expressed by all spermatogonia and primary
spermatocytes; Houwing et al. 2008) and piwil2 were slightly reduced (Fig. 4C). The PI3K
inhibitor, on the other hand, significantly compromised Igf3-mediated increases of both
cyclinD1 and axin2 transcript levels (Fig. 4D), increased transcript levels of foxa2 and
nanos2 but reduced those of piwil2 (Fig. 4D). Overall, this indicates a shift towards more
undifferentiated germ cells when interfering with Igf3 effects by adding MAPK or PI3K
inhibitors. The morphological analysis pointed into the same direction (Fig. 4E-F and
Supplemental Fig. 1A and B). The proliferation activity of both Aund and Adiff
spermatogonia decreased while an increased proportion of A und and a reduced proportion of
Adiff spermatogonia was recorded in the presence of Igf3 and the PI3K inhibitor. This
suggests that in addition to a reduced proliferation of type A spermatogonia, also
spermatogonial differentiation was compromised, resulting in an accumulation of type A und
spermatogonia and a partial depletion of Adiff spermatogonia.

Figure 4. Testicular igf1 receptor expression and MAPK and PI3K inhibitor effects on an Igf3-stimulated
differentiation of type A spermatogonia. (A and B) Localization of igf1ra (A) and igf1rb (B) transcripts by in situ
hybridization using adult zebrafish testis cryosections. Black arrows show staining in SCs and their extension
surrounding spermatogonia; red arrows in B show staining in spermatogonia. Insets in A and B show the absence
of specific labeling when using sense probes. (C and D) Transcript levels of two β-catenin sensitive genes
(cyclinD1 and axin2) and germ cell marker genes in the presence of Igf3 (100 ng/mL) alone (the control condition
of these experiments, represented by a dotted line) or in the presence of Igf3 in combination with the MAPK
inhibitor PD98059 (C; 50 µM; n=10; represented by bars), or the PI3K inhibitor LY294002 (D; 20 µM; n=8;
represented by bars). The quantification cycles (Cq) of the reference gene (elf1a) are shown in the insets. (E)
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BrdU-labeling indices of type Aund and type Adiff spermatogonia in the presence of Igf3 (100 ng/mL; control
condition, represented by the dotted line) alone or in combination with the PI3K inhibitor LY294002 (20 µM; n=5;
represented by bars). (F) Proportion of section surface area occupied by cysts containing type Aund and type Adiff
spermatogonia in the presence of Igf3 (100 ng/mL; control condition, represented by the dotted line) alone or in
combination with the PI3K inhibitor LY294002 (20 µM; n=5; represented by bars). Results are presented as fold
changes with respect to the control group (100 ng/mL Igf3). Asterisks indicate significant differences (* P<0.05;
** P<0.01) to the respective control group that were incubated with Igf3 (100 ng/ml) alone.

3.4.Effect of Igf3 on Sertoli cell proliferation
Since SC proliferation is required for fertility in the adult fish testis (França et al. 2015), we
have studied the number of BrdU-positive SCs that were free (i.e. apparently not in contact
with germ cells) (Supplemental Fig. 1C) and that contacted Aund (Supplemental Fig. 1D and
E) or Adiff spermatogonia (Supplemental Fig. 1F). This was examined under basal
conditions or in the presence of Igf3 (100 ng/mL), with or without the inhibitor of PI3K
(LY294002, 20 µM) or the β-catenin signaling inhibitor XAV939 (10 µM). Igf3 reduced
the number of proliferating SCs contacting BrdU-negative Aund while it increased the
number of proliferating SC contacting BrdU-positive Adiff (Fig. 5E). In the additional
presence of the β-catenin signaling inhibitor XAV939, the number of proliferating free SC
and SCs contacting BrdU-negative Aund increased while decreasing the proliferation of SCs
contacting BrdU-positive Aund (Fig. 5F). Similarly, the proliferation of free SC and SCs
contacting BrdU-negative Aund increased in the presence of the PI3K inhibitor (Fig. 5G).

4. Discussion
Fsh stimulates spermatogonial differentiation via androgen production in LCs and also by
stimulating the transcript levels and release of Igf3, but not those of igf1, igf2a and b,
(Nóbrega et al. 2015; earlier sometimes referred to as Igf1b) mainly from SCs and of
insulin-like peptide 3 (Insl3) from LCs (Assis et al. 2016; Crespo et al. 2016). Since a
previous report indicated that Fsh modulated the transcript levels of Wnt pathwayassociated genes but did not regulate the expression of Wnt ligands (Crespo et al. 2016), we
hypothesized that the β-catenin pathway becomes activated by one or more downstream
mediators of Fsh action, potentially in a manner independent of Wnt ligands. Our results
show that Fsh-stimulated Igf3 release most likely activated β-catenin signaling in germ
cells via igf1rb. This occurred in a manner involving the PI3K pathway but did not depend
on the release of Wnt ligands. Activation of β-catenin signaling in type A spermatogonia
promoted their differentiating proliferation.

88

Figure 5. Effect of Igf3 on the proliferation of Sertoli cells contacting type A spermatogonia. Number of BrdUpositive free Sertoli cells, Sertoli cells contacting BrdU-negative and -positive Aund, and Sertoli cells contacting
Adiff in basal conditions (dotted line) or in the presence of the presence of Igf3 (100 ng/mL; represented by bars;
n=7) (E) or in the presence of Igf3 (100 ng/mL; dotted line; control condition) with or without 10 µM XAV939
(represented by bars; n=7) (F) or 20 µM LY294002 (n=8; represented by bars) (G).

Previous studies have suggested that crosstalk occurs between Igf and the βcatenin pathway in mammals (Playford et al. 2000; Desbois-Mounthon et al. 2001; Ye et
al. 2010; Wang et al. 2010; Hu et al. 2012), but somewhat inconsistent results have been
found. Desbois-Mounthon et al. (2001), using human liver-derived HepG2 cells, and Wang
et al. (2010), using murine chondrocytes, proposed that IGF1 uses the PI3K/AKT pathway
to inhibit glycogen synthase kinase 3β (GSK3β), an important subunit of the β-catenin
destruction complex. Ng et al. (2009), on the other hand, proposed that core proteins of the
β-catenin destruction complex (in particular AXIN) protect GSK3β from the inhibitory
effect of IGF/PI3K/AKT pathway and that Wnt-mediated transcriptional activity was not
modulated by IGF/PI3K/AKT in prostate cancer (PC3) and breast cancer (BT549) cell
lines. These inconsistencies may be related to the different experimental approaches and
cell lines used. To our knowledge, the present study is the first to propose that a growth
factor not belonging to the Wnt family activates the β-catenin-dependent pathway in the
testis. Our data also support the view of a stimulatory role of PI3K in this activation.
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The fact that Igf3 does not require Wnt ligands to activate β-catenin signaling is a
feature not addressed previously in mammals. Porcupine and Wntless (GPR177 in mice)
are proteins required for the intracellular transport and release of Wnt ligands (Herr et al.
2012). Surprisingly, loss of Gpr177 either in germ cells or SCs is compatible with normal
spermatogenesis in mice and only after 8 months of age, germ cell-specific Gpr177 knockout mice showed smaller testis and reduced fertility (Chen et al. 2016). However, the latter
study did not examine the state of activity of the β-catenin-dependent pathway in Gpr177
knockout mice. We found previously that Igf3 promoted the proliferation of both type A
spermatogonia and stimulated the accumulation of Adiff while reducing the proportion of
Aund (Nóbrega et al. 2015; Safian et al. 2017). Here, we report that blocking the β-catenindependent pathway inhibits in particular the pro-differentiation effects of Igf3 in zebrafish
spermatogonia. A possible explanation for the absence of a clear and immediate effect of
the loss of Wnt ligand release on spermatogenesis in mice may be related to our finding that
signaling molecules of other pathways, such as Igf ligands, can stimulate -catenindependent signaling in a Wnt ligand-independent manner in germ cells.
As mentioned above, Igf3 activated β-catenin signaling in type A spermatogonia.
However, information on the cellular localization of Igf receptors in the zebrafish testis was
missing. In rainbow trout, igf1r expression was found in cell fractions enriched in SCs but
also in spermatogonia and primary spermatocytes (Le Gac et al. 1996). We report here that
both Igf receptors were expressed by SCs but that igf1rb was also expressed by zebrafish
germ cells. This opens the possibility that Igf1rb mediates the Igf3 effects to activate the βcatenin-dependent pathway in spermatogonia. Our results also suggest that Igf3 uses PI3K,
and not MAPK, to activate β-catenin-dependent signaling. Similarly, Wang et al. (2015)
reported that IGF1 stimulated the proliferation of murine spermatogonial stem cells in
culture via PI3K and not via MAPK signaling. The PI3K pathway has been implicated
previously in modulating spermatogonial proliferation in mammals. Shen et al. (2014)
reported that IGF1 activated PI3K and MAPK pathways to stimulate differentiation of germ
cells in culture of mice testicular fragments. The present study is the first to report that
PI3K and β-catenin pathways interact in testis tissue, however further investigation will be
require to elucidate how exactly the PI3K pathway is involved.
Type Aund spermatogonia are single germ cells enveloped by one or two SCs (Leal
et al. 2009). This germ cell population also includes the SSCs in the zebrafish testis
(Nóbrega et al. 2010). Self-renewing SSCs produce two independent Aund daughter cells,
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each of them associating with SCs that support their survival to form new spermatogenic
cysts. Consequently, the production of new spermatogenic cysts also requires the
availability of “free” SCs. When going through a differentiating division, on the other hand,
a single Aund cell produces two smaller Adiff spermatogonia that remain connected via a
cytoplasmic bridge within their spermatogenic cyst formed by SCs enveloping the
developing germ cell clone. When Adiff spermatogonia continue to go through
differentiating mitotic cell cycles, germ cell number and hence volume increases, which
also requires SC proliferation. Since for both, the formation of new cysts and the
developmental growth of existing cysts, SC proliferation is required in the adult testis
(França et al. 2015), we have also studied the proliferation of Sertoli cells under the
influence of Igf3 and the additional presence of β-catenin signaling or PI3K inhibitors. Igf3
reduced the number of BrdU-positive SC contacting BrdU-negative Aund, suggesting a
reduced level of activity of the earliest stage of spermatogonial cysts. On the other hand, we
recorded a clear increase in the number of BrdU-positive SC contacting BrdU-positive type
Adiff spermatogonia. Since this Igf3-mediated stimulation of SC proliferation was
independent of PI3K and β-catenin signaling, we suspect it was mediated by the Igf
receptors localized on SCs. Interestingly, this Igf3-mediated increase of SC proliferation
was observed only in cysts where also the Adiff spermatogonia had incorporated BrdU,
suggesting that the effect potentially involves germ-Sertoli cell communication to
coordinate SC and germ cell proliferation. Overall, Igf3 seems to support the further growth
of existing spermatogenic cysts, i.e. facilitates differentiation.
In conclusion, we have shown that Fsh-triggered Igf3 release stimulates β-cateninsignaling in a manner involving PI3K signaling, and that this pathway operates independent
of Wnt ligands but is required to promote differentiation of Aund spermatogonia in zebrafish
testis (Fig. 6).
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Figure 6. Schematic representation of the
effects of Igf3 on spermatogenesis by
modulating canonical Wnt signaling. Fshstimulated Igf3 stimulates differentiating
divisions of spermatogonia by increasing
Igf3 release from Sertoli cells, which
activates -catenin-dependent, canonical
Wnt signaling.
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Abstract
Follicle-stimulating hormone (Fsh) modulates vertebrate spermatogenesis by regulating
somatic cell functions in the testis. We have found previously that zebrafish Fsh stimulated
the differentiating proliferation of type A undifferentiated spermatogonia (A und) in an
androgen-independent manner by regulating the production of growth factors and other
signaling molecules in both Sertoli (SCs) and Leydig cells (LCs). For example, Fsh
triggered the release of Igf3 that subsequently activated -catenin signaling to promote the
differentiating proliferation of Aund. In the present study, we report that Fsh moreover uses
the non-canonical Wnt pathway to promote the proliferation and accumulation of Aund.
Initially, we found that the stimulatory effect of Fsh on the proliferation activity of Aund was
further strengthened when -catenin signaling was inhibited, resulting in an accumulation
of Aund. We then showed that this Fsh-induced accumulation of Aund was associated with
increased transcript levels of the non-canonical Wnt ligand, wnt5a. In situ hybridisation of
insl3 mRNA, a gene expressed in LCs, combined with Wnt5a immunocytochemistry
identified LCs as the cellular source of Wnt5a in the adult zebrafish testis. Addition of an
antagonist of Wnt5a to incubations with Fsh decreased both the proliferation activity and
the relative section area occupied by Aund, while an agonist of Wnt5a increased these same
parameters for Aund. Taken together, our data suggests that Fsh triggered LCs to release
Wnt5a, which then promoted the proliferation and accumulation of Aund. Hence, Fsh uses
non-canonical Wnt signaling to ensure the production of Aund, while also triggering catenin signaling via Igf3 to ensure spermatogonial differentiation.
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1. Introduction
Spermatogenesis is a stem cell-based process that that requires communication between
germ and somatic cells in the testis. When proliferating, the spermatogonial stem cells
(SSCs) can either produce more SSCs or can produce differentiating daughter cells
committed to develop into spermatozoa (De Rooij, 2017). In fish, as in all vertebrates,
SSCs form part of the population of type Aund spermatogonia (Lacerda et al. 2010; Nóbrega
et al. 2010; Sato et al. 2017). In fish and amphibians, Aund are enveloped by Sertoli cells
(SCs), thereby forming a spermatogenic cyst. These cysts are formed based on the
production and hence proliferation of SCs, which associate with a type Aund
spermatogonium to form a new spermatogenic cyst. SCs also proliferate while
accompanying the development of a germ cell clone derived from a given Aund
spermatogonium in its growing cyst (Schulz et al. 2010). The balance between self-renewal
and differentiation is determined by the microenvironment the type Aund spermatogonium is
exposed to in its cyst. For this microenvironment, the cyst-forming SCs are important
contributors that are sensitive to reproductive hormones.
The pituitary hormones luteinizing hormone (LH) and follicle-stimulating
hormone (FSH) are majors modulators of vertebrate spermatogenesis. Upon gonadotropin
signaling, somatic cells such as SCs, LCs and myoid cells produce paracrine factors
modulating spermatogonial activity (Oatley et al. 2009; Ding et al. 2011; Chen et al. 2016;
Lord & Oatley, 2017; de Rooij 2017). In mammals, FSH regulates SC activities to support
spermatogenesis (Mullaney & Skinner, 1992; Ding et al. 2011; Pitetti et al. 2012), while
LH stimulates LC androgen production. Different from mammals, fish Fsh modulates the
function of both SCs and LCs (Ohta et al. 2007; García-López et al. 2010), so that Fsh can
regulate spermatogenesis in an androgen-dependent and -independent manner. With regard
to androgen-independent regulation of spermatogenesis, zebrafish Fsh stimulated
spermatogonial differentiation by modulating the release of inhibitory and stimulatory
growth factors such as Amh and Igf3, respectively, from SCs (Skaar et al. 2011; Nóbrega et
al. 2015), and by promoting the production of Insl3 in LCs (Assis et al. 2016; Crespo et al.
2016). Indeed, the androgen dependency of spermatogenesis in fish seems less prominent
than in mammals, considering that spermatogenesis, but not secondary sex characteristics,
were normal after preventing the production of androgens by mutating the cyp17 gene in
medaka (Sato et al. 2008). Also, after loss of androgen receptor function, spermato- and
spermiogenesis were still possible, though clearly compromised quantitatively (e.g.
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Crowder et al. 2018). Evidently, androgen-independent mechanisms promoting
spermatogenesis function efficiently in fish, and information is available already on the role
of a few signaling systems, such as Amh, Igf3, or Insl3 (see above) or Gsdf in trout
(Sawatari et al. 2007). Nonetheless, other pathways mediating androgen-independent Fsh
effects remain to be investigated. Notably, a recent study reported that close to 200
testicular transcripts responded to zebrafish Fsh, including genes belonging to the Wnt
pathway (Crespo et al. 2016).
The Wnt signaling system is a conserved cell-to-cell communication system that
consists of several Wnt ligands and receptors. This system operates in branches that differ
in their intracellular signaling pathways. The canonical Wnt pathway relies on the
availability of β-catenin (Salic et al. 2000), which interacts with transcription factors to
modulate gene expression. The non-canonical Wnt pathway activates different intracellular
pathways (e.g. calcium-dependent or Jun N-terminal kinases (JNKs)) in a β-cateninindependent manner (Van Amerongen, 2012). In mice, recent studies have shown that the
canonical pathway is relevant for modulating spermatogenesis. Takase & Nusse (2016)
reported that the β-catenin-target gene Axin2 is expressed specifically in Aund
spermatogonia and β-catenin knock-out in Axin2-positive spermatogonia reduced the
number of differentiating type A spermatogonia (Adiff). Similarly, Tokue et al. (2017) found
that activating the canonical Wnt pathway reduced the number of GFRa1-positive cells (a
marker for SSCs) and that an inhibitor of the canonical Wnt pathway, Shisa6, maintains the
number of GFRa1-positive cells. On the other hand, less is known on the function of the
non-canonical Wnt pathways in spermatogenesis. An in vitro study showed that only Adiff
spermatogonia responded to canonical Wnt signaling, while the SC-derived, non-canonical
ligand WNT5a maintained the number of SSCs by reducing their apoptosis (Yeh et al.
2011). In addition, Tanaka et al. (2016) showed that LH-dependent androgen production
down-regulated Wnt5a transcript levels in SCs, which promoted SSC differentiation. In
zebrafish, we have shown recently that β-catenin signaling is activated in germ cells
through the SC-derived Igf3 in response to Fsh, thereby stimulating the differentiation of
type A spermatogonia (Safian et al. 2018). However, information on the role, if any, of
non-canonical Wnt signaling in zebrafish spermatogenesis is missing.
Here, we report that Fsh, via the non-canonical Wnt signaling system, triggers LC
Wnt5a production, leading to an expansion of the population of type Aund spermatogonia.
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2. Materials and methods
2.1. Animals
Adult wild type male zebrafish (AB strain) between 4 and 12 months of age were used in
this study. All experiments carried out in this study followed the Dutch National regulations
for animal care and all experimental protocols were approved by the Utrecht University
Experimental Animal Committee (2013.III.06.045 and NVWA 10800).

2.2. Tissue culture
To study if Fsh uses the Wnt signaling system to regulate Aund spermatogonial fate in
zebrafish, adult testes were dissected for tissue culture experiments using a previously
described system (Leal et al. 2009), in which one testis was incubated under control
conditions, the other under experimental conditions.
We have reported previously that 100 ng/mL Fsh stimulated both self-renewal
division of Aund and differentiating proliferation towards Adiff spermatogonia (Nóbrega et
al. 2015, Safian et al. 2016), the latter by activating β-catenin signaling via Igf3 (Safian et
al. 2018). To study the potential involvement of Wnt signaling in Aund proliferation and
accumulation (i.e. self-renewal of Aund spermatogonia), zebrafish testes were incubated for
5 days in the presence of recombinant zebrafish Fsh (100 ng/mL) (García-López et al.
2010) with or without XAV939 (10 µM in dimethyl sulfoxide (0.01%); Sigma-Aldrich)
(Safian et al. 2018), an inhibitor of the β-catenin-dependent pathway (Huang et al. 2009;
Shimizu et al. 2012). In all experiments, incubation media for control and experimental
groups contained the same final concentration of dimethyl sulfoxide.
To further study the role of the Wnt signaling system on Fsh-stimulated
spermatogonial proliferation, zebrafish testes were incubated for 5 days in the presence of
Fsh (100 ng/mL) with or without IWP-12 (50 µM in dimethyl sulfoxide (0.05%); SigmaAldrich) (Safian et al. 2018), an inhibitor of porcupine, a protein required to release Wnt
ligands (Chen et al. 2009; Dodge et al. 2012), or in the presence of Fsh (100 ng/mL) and
XAV939 (10 µM), with or without 50 µM IWP-12. Testes also were incubated in the
absence or presence of XAV939 (10 µM; Sigma-Aldrich) or IWP-12 (50 µM; SigmaAldrich) for 5 days, to test for potential effects of these inhibitors alone.
To study changes in transcript levels of Wnt-related genes, testes were incubated
in basal conditions with Fsh (100 ng/mL), recombinant zebrafish luteinizing hormone (Lh)
(500 ng/mL), or with 11-ketotestosterone (11-KT) (200 nM in ethanol (0.01%); Sigma)
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(García-López et al. 2010) for 5 days. Based on results obtained with the above
experiments, zebrafish testes were incubated for 5 days in the presence of Fsh (100 ng/mL)
with or without Wnt antagonist III, Box5 (WAIIIB5; 100 µM, Merck). WAIIIB5 is a Nterminally butyloxycarbonyl (Boc) hexapeptide derived from the human WNT5a sequence
that inhibits the effect of WNT5a and shares 100% identity with the zebrafish Wnt5a
sequence (Jenei et al. 2009). In a parallel experiment, testes were incubated under basal
conditions or in the presence of the Wnt5a agonist Foxy-5 (100 µM, Tocris), which is a
modified WAIIIB5 (formyl instead of Boc in the N-terminal sequence) that mimics the
effects of Wnt5a (Säfholm et al. 2008; Mehdawi et al. 2016).
The production of biologically active steroids was blocked by including trilostane
(25 µg/mL in dimethyl sulfoxide (0.01%); Chemos), an inhibitor of 3β-hydroxysteroid
dehydrogenase activity, in all experiments with Fsh or Lh, both potent steroidogenic
hormones in zebrafish (García-López et al. 2010).
At the end of the incubation period, testis tissues of the experiments described
above was snap-frozen in liquid nitrogen and stored at -80ºC until RNA extraction and
quantification of transcript levels of selected genes (see 4.3 below), or was fixed for
morphological analysis (see 4.4 below).

2.3. Transcript levels
The relative transcript levels of germ cells markers and other genes of interest (Table 1)
were analyzed by real-time, quantitative polymerase chain reaction (qPCR) assays.
Total RNA was isolated from the 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 (Bogerd et al.
2001). In brief, 2 µg of total RNA were reverse transcribed using 250 U of Superscript II
RNase reverse transcriptase (Life Technologies). qPCRs were performed in SYBR Green
assay mix (Applied Biosystems), specific qPCR primers (900 nM each) and 5 µl cDNA in a
total volume of 20 µl. The quantification cycle (Cq) values were determined in aViiA7
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; Livak & Schmittgen, 2001)), as described in Bogerd et al. (2001).
Transcript levels of the elongation factor 1a (ef1a) were stable (Insert in Fig1C, 3A, and 4C

104

and F) and therefore, ef1a was used to normalize gene expression. All results were
expressed as fold changes with respect to the control group.

Table 1. Primers used for gene expression studies (Fw = forward; Rv = reverse).
Target
genes

Primers
name

Sequence (5'-3')

Gene information

elf1a

2476 (Fw)

GCCGTCCCACCGACAAG

Reference gene (Morais et al. 2013)

2477 (Rv)
foxa2

5741 (Fw)
5743 (Rv)

nanos2

4817 (Fw)
4818 (Rv)

piwil2

wnt5a

wnt11

CGTCCGTCCCTTGCCTTT

4383 (Fw)

TGGGCTTGCCGTTCATTG

Enzyme involved in retinoic acid degradation (Feng et al. 2015)

4384 (Rv)

CATGCGCAGAAACTTCCTTC
TC

3104 (Fw)

4359 (Fw)
4360 (Rv)

cyp26a1

Expressed in type Aund spermatogonia (Beer et al. 2013; Bellaiche
et al. 2014)
Expressed in all germ cell type except type Aund and spermatozoa
(Houwing et al. 2008)

3105 (Fw)
aldh1a2

Potential marker for type A undifferentiated spermatogonia (Safian
et al. 2017)

TGATACCAGCAAGAAGAGC
AGATCT
ATTTGGAAGGTCACCCTGGA
GTA
AGTGCAGACTTTGCTAACCC
TTATGTA
GTCCACTGCTCCAAGTTGCT
CT
CGCTGGATGGGCAGATAAG
A
TCTGGTGAGGGTGAAAAATT
CTC

2994 (Fw)
2995 (Rv)

dazl

CCACACGACCCACAGGTACA
G
GTCAAAATGGAGGGACACG
AAC
CATGTTGCTGACCGAGGTGT
AA
AAACGGAGAGACTGCGCAG
AT

5431 (Fw)

TGGAGATCGTGGACGCAAA

5432 (Rv)

CACTTCAGGAATCAGCAGAG
GATT

5439 (Fw)

CTGAGCGTCATTTATCCATG
CA

5440 (Rv)

ACGGAGCTCCCGTTTATCGT

Expressed by B spermatogonia and primary spermatocytes (Chen
et al. 2013)

Enzyme require for retinoic acid synthesis (Pradhan & Olsson,
2015)

Non-canonical Wnt ligand (this paper)

Non-canonical Wnt ligand (this paper)

2.4. Quantification of spermatogonial proliferation and of proportions of section surface
areas
To quantify the proliferation activity of type A 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 incubation period. After fixation in
methacarn (60% [v/v] absolute methanol, 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 (Leal et al.
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2009). The BrdU labeling index was determined by analyzing 100 cysts (Adiff
spermatogonia) or 100 Aund cells, discriminating between BrdU-positive and -negative cysts
and cells, respectively. Furthermore, for one set of experiments (see Fig. 6), the number of
BrdU-positive free SCs (apparently not associated with germ cells), SCs contacting BrdUpositive or -negative Aund, and SCs contacting BrdU-positive or -negative Adiff was
determined using 10 randomly chosen, non-overlapping fields at ×400 magnification.
To quantify the proportion of section area occupied by Aund and Adiff
spermatogonia, another set of sections was stained with toluidine blue and 10 randomly
chosen, non-overlapping fields were photographed at ×400 magnification with a digital
camera. The images were analyzed quantitatively based on the number of points counted
over the germ cell types investigated (Aund and Adiff), using the ImageJ freeware (National
Institute of Health, Bethesda, Maryland, USA, http://rsbweb.nih.gov/ij) with a 540-point
grid, i.e. 5400 data points were analyzed per individual.

2.5. Wnt5a quantification by Western blot
To study if Fsh stimulates Wnt5a protein production, zebrafish testes were incubated under
basal conditions or in the presence of Fsh (100 ng/mL) for 5 days. After the incubation
period, tissue was processed for Western blot according to Safian et al. (2018). Briefly,
total proteins were extracted and resolved in 10% SDS-PAGE. Primary Wnt5a antibody
incubation was carried out overnight at 4ºC (2 µg/mL; AS-55879, Anaspec). After PBS
washes, secondary horseradish peroxidase-conjugated goat anti-rabbit (0.2 µg/mL;111-035003, Jackson ImmunoResearch Laboratories Inc.) was incubated for 1 h at room
temperature. Protein detection was performed using Pierce ECL Plus Substrate (Thermo
Scientific) according to the manufacturer’s instructions. Films were scanned and
densitometric analysis of the bands was performed with ImageJ freeware. Wnt5a analysis
was normalized to Coomassie blue staining of total protein (Fuentes et al. 2013).

2.6. Immunofluorescence on paraffin sections
The cell types responsible for Wnt5a production in adult zebrafish testis were identified by
immunofluorescence. After fixation in phosphate-buffered 4% paraformaldehyde at 4ºC
overnight, testis tissue was dehydrated and embedded in paraplast (Sigma-Aldrich).
Sections of 5 µm thickness were dewaxed and rehydrated, according to conventional
techniques. After antigen retrieval (10 mM sodium citrate, 0.05% Tween 20, pH 6.0; at

106

98ºC for 10 min) nonspecific antibody binding was blocked by pre-incubating slides with
5% normal goat serum (Sigma-Aldrich) and 1% acetylated bovine serum albumin (BSA)
(Sigma-Aldrich) for 30 min at room temperature. Then, sections were incubated with a
primary antibody raised in rabbit against zebrafish Wnt5a (4 µg/mL; AS-55879, Anaspec)
in PBS containing 1% BSA overnight at 4°C. After PBS washes, sections were incubated
with secondary goat anti-rabbit Alexa fluor 488 (8 µg/mL, A11034, Sigma-Aldrich)
containing 10% normal horse serum (Sigma-Aldrich) for 90 min at room temperature. After
PBS washes, the sections were incubated for 3 min with propidium iodide (1 µg/mL,
Sigma-Aldrich). Sections were mounted in Vectashield (H-1000, Vector) and images were
taken using a confocal laser scanning microscope (LSM 700, Zeiss). As negative control
for the anti-Wnt5a staining, 4 µg/mL of primary antibody was pre-incubated with 20
µg/mL Wnt5a blocking peptide (AS-55879P, Anaspec) (volume ratio antibody:blocking
peptide of 1:5) for 2 h at room temperature in PBS containing 1% BSA.

2.7. Testis whole mount in situ hybridization of insl3 and immunofluorescent detection
of Wnt5a
To further characterize the cell type(s) showing immunocytochemical labeling for Wnt5a,
zebrafish testis was used to localize Wnt5a by immunofluorescence in combination with
localizing transcripts of the LC-specific insl3 gene by fluorescent in situ hybridization.
Zebrafish insl3 DIG-riboprobes were generated as described previously (Good-Ávila et al.
2009). We followed previously described methods (Draper, 2017) with minor
modifications. In brief, tissue was treated with proteinase K (20 µg/mL; Sigma-Aldrich) for
20 min at 37°C and fixed in 4% paraformaldehyde for 20 min. Hybridization with sense
and antisense DIG-riboprobes was performed overnight at 70°C. After hybridization, tissue
was incubated in PBT containing 5% normal goat serum (Sigma-Aldrich) and 1%
acetylated bovine serum albumin (BSA) (Sigma-Aldrich) for 1 h. Then, tissue was
incubated with rabbit anti-zebrafish Wnt5a antibody (see above) and anti-DIG conjugated
to alkaline phosphatase (1:2000; Roche). After PBT washes, testis was incubated in 5%
normal horse serum (Sigma-Aldrich) for 1 h, followed by secondary goat anti-rabbit Alexa
fluor 488 (8 µg/mL, A11034, Sigma-Aldrich) containing 5% normal horse serum (SigmaAldrich) overnight at 4°C. After PBT washes, in situ hybridization was developed using
HNPP/Fast Red (Roche) according to the manufacturer’s protocol. Images were taken using
a confocal laser scanning microscope (LSM 700, Zeiss).
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2.8. Statistical analysis
Statistical analyses were carried out using the GraphPad Prism 5 software package (San
Diego, California, USA). Since our tissue culture system compares experiments the two
testes of a given fish incubated under control versus experimental conditions, we applied
Student’s t-test for paired observation to estimate the statistical significance of fold changes
between treated and control conditions. These data are presented as fold of basal (mean ±
standard error of the mean (SEM)). In Figs. 2B and 2C, we also compared all conditions, so
that Figs. 2B and 2C were also processed statistically using one-way analysis of variance
(ANOVA), followed by Tukey’s post-hoc test.

3. Results
3.1. Fsh-stimulated proliferation and accumulation of Aund is further enhanced when
blocking the β-catenin-dependent pathway
We reported that Fsh stimulated both self-renewal and differentiating proliferation of type
A spermatogonia in zebrafish (Nóbrega et al. 2015; Safian et al. 2016), and that Fsh
stimulated the release of Igf3 that in turn activated β-catenin signaling to promote the
differentiation of type A spermatogonia (Safian et al. 2018). To study if the Wnt signaling
system is involved in Fsh-stimulated self-renewal of Aund, zebrafish testes were exposed to
Fsh with or without XAV939, an inhibitor of the β-catenin-dependent pathway. For Aund
spermatogonia, both the proliferation activity and the proportion of section surface area
increased while these parameters decreased for Adiff (Fig 1A and B and Supplemental 1A
and B). In parallel experiments, we quantified the transcript levels of selected genes and
found increased mRNA levels of foxa2 and nanos2, markers for type A spermatogonia
(Beer et al. 2013; Bellaiche et all. 2014; Safian et al. 2017), and decreased transcript levels
of dazl, expressed by B spermatogonia and primary spermatocytes (Chen et al. 2013) in
response to Fsh and XAV939 (Fig 1C). These experiments suggest that blocking β-catenin
signaling reduced the Fsh-stimulated production of type Adiff spermatogonia, while
strengthening Fsh effects on the proliferation and accumulation of Aund spermatogonia.
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Fig 1. Inhibiting canonical -catenin signaling increases Fsh-stimulated self-renewal of Aund spermatogonia but
compromises the production of Adiff spermatogonia. (A) BrdU-labeling indices of type Aund and type Adiff
spermatogonia in the presence of Fsh alone (100 ng/mL; dotted line; control condition) or in combination with 10
µM XAV393, an inhibitor of -catenin signaling (represented by bars; n=7). (B) Proportion of section surface area
occupied by cysts containing type Aund and type Adiff spermatogonia in the presence of Fsh alone (100 ng/mL;
dotted line; control condition) or in combination with 10 µM XAV393 (represented by bars; n=7). (C) Gene
expression analysis of germ cell markers in adult zebrafish testis after 5 days of tissue culture in the presence of
Fsh (100 ng/mL; dotted line; control condition) or in combination with 10 µM XAV393 (represented by bars;
n=7). The quantification cycles (Cq) of the reference gene (elf1a) are shown in the insert. Results are presented as
fold changes with respect to the control group (100 ng/mL Fsh). Asterisks indicate significant differences (*
P<0.05; ** P<0.01; *** P<0.001) between groups.

3.2. Fsh uses a β-catenin-independent Wnt ligand to promote Aund proliferation
Considering that the non-canonical ligand WNT5A stimulated self-renewal divisions of
Aund spermatogonia in mice (Tanaka et al. 2016; Tokue et al. 2017) and the results
described above, we examined if non-canonical Wnt ligand transcript levels responded to
Fsh while blocking β-catenin signaling with XAV939. We found that wnt5a and wnt11
expression was up-regulated (Fig 2A); the transcript levels of three other, non-canonical
Wnt ligands expressed in the zebrafish testis (wnt4a and b, wnt5b) did not change
significantly (data not shown). This opened the possibility that a β-catenin-independent
pathway mediated Fsh effects on the proliferation activity of Aund. We tested this
hypothesis with the following experiments. As expected (Fig 2B and C), Fsh stimulated the
proliferation of both Aund and Adiff spermatogonia. In the additional presence of XAV939,
the proliferation of Aund was further stimulated, while the proliferation activity of A diff was
reduced (Fig 2B and Supplemental 1A and compare to B). An inhibitor of Wnt ligand
release (IWP-12) reduced the BrdU labeling index of Aund, irrespective of the presence of
XAV939 (Fig 2B and Supplemental 1A-B compare to C-D), whereas Adiff proliferation did
not change (Fig 2C). These experiments suggest that Fsh can stimulate the production of
certain non-canonical Wnt ligands, and that the Fsh-triggered effect on the proliferation
activity of Aund, depends on the release of Wnt ligands. Neither XAV939 nor IWP-12 alone
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modulated the proliferation of Aund and Adiff (Fig 2B, C and H), suggesting there was little
basal Wnt release as well as little basal activity of β-catenin-dependent signaling.

Fig 2. Fsh modulates the proliferation activity of type A spermatogonia via non-canonical Wnt ligands. (A) Gene
expression analysis in adult zebrafish testis after 5 days of tissue culture in the presence of Fsh (100 ng/mL; dotted
line; control condition) or in combination with 10 µM XAV393 (represented by bars; n=7). (B) BrdU-labeling
indices of type Aund under control (dotted line) or experimental (represented by a bars) conditions after 5 days of
incubation: Fsh (n=8); Fsh+XAV (n=7); Fsh+XAV+IWP-12 (n=8); Fsh+IWP-12 (n=8); XAV (n=5); IWP-12
(n=6). (C) BrdU-labeling indices of type Adiff under control (dotted line) or experimental (represented by a bars)
conditions after 5 days of incubation: Fsh (n=8); Fsh+XAV (n=7); Fsh+XAV+IWP-12 (n=8); Fsh+IWP-12 (n=8);
XAV (n=5); IWP-12 (n=6). Results are presented as fold changes with respect to the control group (see Material
and methods section 6.2). Asterisks indicate significant differences (* P<0.05; ** P<0.01) between groups and
different letters indicate significant differences (P<0.05) between groups.

3.3. Fsh but neither Lh nor androgen modulate Wnt5a production in Leydig cells
To test if Fsh stimulates the transcript levels of non-canonical Wnt ligands also in the
absence of XAV939, the mRNA levels of wnt5a and wnt11 were analyzed in the absence
and presence of Fsh (100 ng/mL) for 5 days. In addition, the transcripts of wnt5a and wnt11
were also analyzed in testes incubated under basal conditions or in the presence of the
androgen 11-KT (200 nM) or Lh (500 ng/mL) for 5 days. Only the mRNA levels of wnt5a
but not of wnt11 (and neither of wnt4a, wnt4b and wnt5b; data not shown) transcript levels
increased in response to Fsh (Fig 3A). Since transcript levels of wnt5a were induced by
Fsh, we also analyzed if Fsh stimulates the production of Wn5a protein. Western blot and
densitometric analysis revealed that 100 ng/mL Fsh increased the protein levels of Wnt5a
in zebrafish testis after 5 days of incubation (Fig. 3B and C).

3.4. Cellular localization of Wnt5a production
Immunocytochemical studies localized Wnt5a protein to the interstitial compartment of the
zebrafish testis (Fig 3D-I). To further characterize the source of Wnt5a production, we
performed a double fluorescent-labeling approach combining Wnt5a immunocytochemistry
with in situ hybridization of the LC marker, insl3 mRNA (Assis et al. 2016). This analysis
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showed that both Wnt5a protein and insl3 transcript were co-localize in LCs (Supplemental
1F-I).

Fig 3. Endocrine regulation of Wnt5a protein production and cellular localization of Wnt5a. (A) Transcript levels
of wnt5a and wnt11 in basal conditions (dotted line; control condition) or in the presence of Fsh (100 ng/mL; n=8;
represented by black bars), 11-KT (200 nM; n=6; represented by grey bars) or Lh (500 ng/mL; n=9; represented
by white bars) in adult zebrafish testis. The quantification cycles (Cq) of the reference gene (elf1a) are shown in
the insert. Results are presented as fold changes with respect to the control group (basal). (B) Western blot and (C)
densitometric analysis of Wnt5a in zebrafish testis under basal conditions or in response to Fsh (100 ng/mL) after
5 days of incubation (n=4). Asterisks indicate significant differences (* P<0.05; ** P<0.01) between basal or
control and experimental group. (D-I) Immunofluorescent detection of Wnt5a in paraffin sections of zebrafish
testis. White dotted lines delimitate the spermatogenic tubules compartment. White arrows indicate the interstitial
compartment. (G-I) Wnt5a antibody (Ab) preabsorbed with blocking peptide (B.P.) in paraffin sections of
zebrafish testis.
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3.5. Fsh-regulated Wnt5a stimulated Aund self-renewal
The results presented so far suggest that Fsh-stimulated Wnt5a release from LC increased
the proliferation activity of type Aund spermatogonia. Considering that WNT5a promoted
self-renewal division of mouse SSCs (Tanaka et al. 2016), we decided to obtain more direct
evidence on the biological activity of Wnt5a. We analyzed the effects of an antagonist of
Wnt5a (WAIIIB5) on Fsh-stimulated spermatogenesis. The proliferation activity and
proportion of section surface area occupied by Aund spermatogonia in the presence of Fsh
(100 ng/mL) were reduced when also WAIIIB5 (100 µM) was present (Fig. 4A and B).
Furthermore, the transcript levels of piwil2 (expressed by all germ cells except Aund and
spermatozoa (Chen et al. 2013) and dazl increased (Fig. 4C). We also studied the effects of
the Wnt5a agonist Foxy-5. The proliferation activity and proportion of area of A und
increased in response to Foxy-5 (100 µM) after 5 days of tissue culture while these
parameters did not change for Adiff (Fig 4D and E). Moreover, the transcript levels of foxa2
increased (Fig 4F) in the presence of Foxy-5 while those of piwil2 and dazl decreased (Fig
4F). Collectively, these results suggest that Wnt5a signaling increased the number of A und
spermatogonia by stimulating their proliferation while no change was observed among A diff
spermatogonia.
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Fig 4. Effects of the Wnt5a antagonist (WAIIIB5) and the Wnt5a agonist (Foxy-5) on type A spermatogonia. (A)
BrdU-labeling indices of type Aund and type Adiff spermatogonia in the presence of Fsh (100 ng/mL; dotted line;
control condition) or in combination with WAIIIB5 (100 µM; n=7; represented by bars). (B) Proportion of section
surface area occupied by cysts containing type Aund and type Adiff spermatogonia in the presence of Fsh (100
ng/mL; dotted line; control condition) or in combination with WAIIIB5 (100 µM; n=7; represented by bars). (C)
Gene expression analysis of selected genes in adult zebrafish testis after 5 days of tissue culture in the presence of
Fsh (100 ng/mL; dotted line; control condition) or in combination with WAIIIB5 (100 µM; n=9; represented by
bars). The quantification cycles (Cq) of the reference gene (elf1a) are shown in the insert. (D) BrdU-labeling
indices of type Aund and type Adiff spermatogonia under basal conditions (dotted line; control condition) or in the
presence of Foxy-5 (100 µM; n=5; represented by bars). (E) Proportion of section surface area occupied by cysts
containing type Aund and type Adiff spermatogonia under basal conditions (dotted line; control condition) or in the
presence of Foxy-5 (100 µM; n=5; represented by bars). (F) Gene expression analysis of selected genes in adult
zebrafish testis after 5 days of tissue culture under basal conditions (dotted line; control condition) or in the
presence of Foxy-5 (100 µM; represented by bars; n=7). The quantification cycles (Cq) of the reference gene
(elf1a) are shown in the insert. Results are presented as fold changes with respect to the control group (basal).
Asterisks indicate significant differences (* P<0.05; ** P<0.01) between control and experimental group.
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3.6. Wnt5a antagonist and agonist modulates the transcript levels of retinoic acid- related
genes
To further study the function of Wnt5a in zebrafish testis, the transcript levels of selected
genes know to be important for spermatogenesis were analyzed in response to Fsh (100
ng/mL) and WAIIIB5 (100 µM) or in the presence of the Wnt5a agonist, Foxy-5 (100 µM).
Wnt5a/Foxy-5 seemed to target mainly undifferentiated spermatogonia. We therefore
selected a number of genes known to regulate the differentiation of type A und
spermatogonia. However, neither growth factor (amh, insl3, igf3) nor growth factor binding
protein (igfbp1a, -3 and -6a) transcript levels changed significantly in response to Fsh (100
ng/mL) and WAIIIB5 (100 µM) or in response to the Wnt5a agonist, and neither did the
transcript levels of two steroidogenesis-related genes (star and cyp17a1; data not shown).
On the other hand, WAIIIB5 (100 µM) decreased the transcript levels of cyp26a1, an
enzyme involved in retinoic acid degradation (Feng et al. 2015) in a Fsh-stimulated
spermatogenesis (Fig. 5). In contrast, Foxy-5 (100 µM) increased cyp26a1 mRNA levels
(Fig. 5). The transcript levels of aldh1a2, an enzyme require for retinoic acid synthesis
(Pradhan & Olsson, 2015), did not response to neither Fsh and WAIIIB5 nor Foxy-5 (Fig.
5).

Fig 5. Transcript levels of
retinoic acid-related genes in
response to Fsh and the Wnt5a
antagonist (WAIIIB5) or in
response to the Wnt5a agonist
(Foxy-5) after 5 days of
incubation. Transcript levels
are expressed as fold-change
compared to control condition
represented by a dotted line
(100 ng/mL Fsh or basal
conditions), as induced by Fsh
(100 ng/mL) and WAIIIB5
(100 µM; n=8; represented by
bars) or Foxy-5 (100 µM; n=7;
represented by bars). Asterisks
indicate significant differences
(* P<0.05) between basal and
experimental group.
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3.7. Effects of Fsh on Sertoli cell proliferation
SC proliferation is required for fertility in the adult fish testis (De França et al. 2015), either
for the production of new spermatogenic cysts to accommodate A und derived from selfrenewal divisions, or for the growth of existing cysts to accommodate the growing germ
cell clone. Therefore, we have also studied the number of BrdU-positive SCs that were free
(i.e. apparently not in contact with germ cells) or that contacted Aund or Adiff spermatogonia.
This was examined under basal conditions, in the presence of Fsh (100 ng/mL) alone, or in
the additional presence of XAV939 (10 µM), inhibiting β-catenin-signaling, the Wnt5a
antagonist WAIIIB (100 µM), or of the Wnt5a agonist (Foxy-5, 100 µM). In addition, SC
proliferation was also studied in the presence of Fsh (100 ng/mL) with or without either
XAV939 (10 µM), inhibiting β-catenin-signaling, or the Wnt5a antagonist WAIIIB (100
µM). Fsh increased the number of proliferating SCs contacting BrdU-positive Aund and Adiff
(Fig. 6A). In the additional presence of the β-catenin-pathway inhibitor, proliferation of
free SCs increased, but proliferation of SCs contacting BrdU-positive Aund decreased (Fig.
6B). The BrdU-positive free SC and proliferating SCs contacting BrdU-negative Aund
decreased in response to Fsh (100 ng/mL) and the Wnt5a inhibitor WAIIIB (100 µM) while
the proliferation of free SC increased in the presence of Foxy-5 (Fig. 6C and D).

4. Discussion
Fsh promotes spermatogenesis by modulating LC (fish-specific, in context with the
presence of the Fshr on LCs) and SC (in all vertebrates, in context with the presence of the
Fshr on SCs) functions. A previous study showed that zebrafish Fsh activated, in an
androgen-independent manner, the differentiating proliferation of type A spermatogonia,
but did not change the proportion of Aund while increasing the one for Adiff spermatogonia
(Safian et al. 2016). However, it was not known how Fsh acts to prevent depletion of type
Aund spermatogonia. Here, we found that the effects of Fsh on Aund self-renewal and
differentiating divisions were altered significantly when inhibiting β-catenin signaling, viz.
the reduced proliferation activity and proportion of Adiff spermatogonia while these
parameters were further increased for Aund spermatogonia. These morphometric results
were supported by respective changes in germ cell marker gene transcript levels that
suggested increases in type A spermatogonia at the expense of more differentiated germ
cell types. We conclude that blocking β-catenin restricted Fsh effects from activating both
self-renewal and differentiating divisions of type A spermatogonia towards preferentially
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facilitating the proliferation and accumulation of Aund spermatogonia in the zebrafish testis.
Inhibition of these β-catenin-dependent pro-differentiation effects of Fsh is probably related
to a downstream mediator of Fsh, Igf3, which activated β-catenin signaling independent of
Wnt ligands to stimulate the differentiation of type A spermatogonia (Safian et al. 2018).

Fig 6. Effect of Fsh in basal conditions or in the presence of inhibitors or Foxy-5 on Sertoli cell proliferation
contacting type A spermatogonia. Number of BrdU-positive “free” Sertoli cells, Sertoli cells contacting BrdUnegative and BrdU-positive Aund, and Sertoli cells contacting BrdU-negative and BrdU-positive Adiff in the
presence of: (A) 25 µg/mL trilostane (dotted line; control condition) or in the presence of Fsh (100 ng/ml; n=8;
represented by bars), (B) in the presence of Fsh (100 ng/ml; dotted line; control condition) or in combination with
XAV393 (10 µM; n=7; represented by bars), (C) in the presence of Fsh (100 ng/ml, dotted line; control condition)
or in combination with WAIIIB5 (100 µM; n=7; represented by bars) and (D) in basal conditions or in the
presence of Foxy-5 (100 µM; n=5). Results are presented as fold changes with respect to the control group.
Asterisks indicate significant differences (* P<0.05; ** P<0.01) between control and experimental group.

The above results also demonstrate that Fsh does not require β-catenin activity to
stimulate the proliferation activity of Aund spermatogonia. This is in line with findings of
Yeh et al. (2011) who reported that murine SSCs did not respond to canonical Wnt

116

signaling. However, the findings that Fsh stimulated the proliferation activity and
accumulation of zebrafish Aund (i) depended on Wnt ligand release, and (ii) that Fsh
triggered the production of Wnt5a by LCs jointly suggested an involvement of noncanonical Wnt signaling in regulating the activity of Aund spermatogonia. The relevance of
this signaling was supported further by experiments with agonists and antagonists of
Wnt5a. A recent study in mice also showed that WNT5A induced an accumulation of type
Aund spermatogonia (Tanaka et al. 2016). Intriguingly, the regulation of Wnt5a is quite
different in these two models: Tanaka and colleagues found that LH, but not FSH, downregulated Wnt5a transcript levels in SCs indirectly by stimulating LC androgen production.
In zebrafish, on the other hand, neither Lh nor androgen modulated testicular transcript
levels of wnt5a while Fsh increased LC wnt5a transcript levels and probably also Wnt5a
release. Regarding receptors potentially responding to WNT5a in testis, Yeh et al. (2011)
found that in vitro, SSCs express the non-canonical signaling frizzled receptors (FZD) 3, 5
and 7 and also the alternative receptor Ror2. RNA sequencing data from previous
experiments showed that zebrafish testis tissue also expresses several non-canonical Wnt
receptors (Crespo et al. 2016; Morais et al. 2017). However, no information is available on
the question which receptor specifically responds to WNT5a in mice or zebrafish testis
tissue. Collectively, the data from the experiments shown in Fig. 3 and 4 indicate that the
role of Wnt5a in promoting self-renewal divisions of undifferentiated spermatogonia is
conserved between zebrafish and mice, while the endocrine regulation and cellular site of
expression of this factor differs between the two species.
While this Wnt5a function may be conserved in vertebrates, no information is
available so far on signaling mechanisms potentially targeted by Wnt5a. Our initial studies
do not provide evidence for an involvement of Amh, Insl3, Igf3 or androgens. However,
retinoic acid signaling may be involved. Studies in mice have shown that a diet deficient in
the retinoic acid precursor vitamin A resulted in the accumulation of undifferentiated
spermatogonia (Van Pelt & De Rooij, 1990; Li et al. 2011). Interestingly, it was found
recently that somatic cells protect SSC from exogenous retinoic acid while allowing further
differentiated cells to respond to retinoic acid in mice (Lord et al. 2018). In zebrafish,
exposure to a diet low in vitamin D and also to an inhibitor of Aldh1a2 resulted in lower
sperm count and fecundity after 3 weeks (Pradhan & Olsson, 2015). In addition, mutation
of aldh1a2 delayed the entry into meiosis while disrupting the cyp26a1 gene (encoding the
enzyme degrading retinoic acid), accelerated the entry into meiosis in Nile tilapia (Fang et
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al. 2015). As cyp26a1 expression has been localized in Leydig cells in the adult zebrafish
testis (Rodríguez-Marí et al. 2013), it will be interesting to investigate which germ cell
types respond to RA signaling in zebrafish. It therefore seems possible that one of the
consequences of Wnt5a action in the zebrafish testis is to reduce retinoic acid signaling,
thereby favoring the accumulation of Aund spermatogonia.
In addition to the mechanism described in the present study (Fsh-stimulated
Wnt5a of LC origin promotes the production of undifferentiated spermatogonia), other
mechanisms have alike effects in zebrafish: Amh inhibits the differentiation of A und,
promoting their accumulation, (Skaar et al. 2011) and T3 stimulated the generation of new
cysts by increasing the proliferation of Aund spermatogonia and SCs in adult zebrafish testis
(Morais et al. 2013). It appears that different, independent mechanisms, making use of
distinct hormones and growth factors, operate to ensure that a sufficient number of
spermatogenic cysts with a single Aund enveloped by SCs are available to form the basis of
the spermatogenic process.
As mentioned above, the generation of new spermatogenic cysts and the growth
and differentiation of existing cysts requires SC proliferation in the postpubertal fish testis
(Schulz et al. 2005; De França et al. 2015). Therefore, we have also studied SC
proliferation. In line with previous results (Safian et al. 2018), Fsh increased the
proliferation activity of SCs contacting BrdU positive Aund and Adiff in the presence of βcatenin signaling inhibitor, indicating a change in the Fsh effects from supporting the
further development of existing cysts towards facilitating the formation of new
spermatogenic cyst. Inhibiting and stimulating Wnt5a signaling by using a Wnt5a
antagonist and agonist, respectively, revealed that Fsh-stimulated Wnt5a supports the
formation of new cyst by increasing the proliferation of free SCs, and by supporting the
proliferation of SCs associated with non-proliferating Aund. Taken together, these
observations suggest that part of the Fsh effect that promotes the expansion of the A und
spermatogonial population includes the production of additional SCs that can then support
newly formed Aund, thereby forming new spermatogenic cysts.
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In summary, the pituitary hormone Fsh promoted the formation of Aund
spermatogonia and SCs by stimulating LC production of the non-canonical Wnt ligand
Wnt5a. This Fsh effect takes place in parallel to Fsh-triggered Igf3/β-catenin (Safian et al.
2018), Insl3 (Assis et al. 2016) and androgen signaling (Garcia-Lopez et al. 2010; Crowder
et al. 2018) that all stimulate germ cell differentiation. We propose that the capacity of Fsh
to induce a balanced stimulation of the spermatogenic process involves both the production
of new spermatogenic cysts containing Aund via the non-canonical Wnt pathway and LCderived Wnt5a, while spermatogonial differentiation is triggered via Igf3/β-catenin
signaling (Safian et al. 2018) (Fig. 7). Additional pro-differentiation routes have been
identified already as mentioned above, and other signaling pathways may be involved in
promoting the production of Aund.

Fig 7. Schematic representation of
the effects of Fsh on spermatogenesis
by modulating canonical and catenin signaling. Fsh stimulates the
production
of
the
-cateninindependent ligand Wnt5a in Leydig
cells,
which
modulates
the
transcription of genes important for
spermatogenesis, to stimulate the
accumulation
of
type
Aund
spermatogonia and the production of
new cysts (left). Fsh also stimulates
differentiating
divisions
of
spermatogonia by increasing Igf3
release from Sertoli cells (Nóbrega et
al. 2015), which activates -catenindependent signaling (Safian et al.
2018).
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9. Supplemental figure

Supplemental figure 1. (A-E) Immunocytochemical detection of BrdU in sections of zebrafish testis incubated in
the presence of 100 ng/mL Fsh (A) or 100 ng/mL Fsh and XAV939 (10 µM) (B) or 100 ng/mL Fsh, 10 µM
XAV939 and 50 µM IWP-12 (C) or 100 ng/mL Fsh and 50 µM IWP-12 (D) or under basal condition, presence of
10 µM XAV939 or 50 µM IWP-12 (E) for 5 days, showing BrdU-positive (+) and BrdU-negative (-) Aund and Adiff
spermatogonia. (K-I) Whole-mount co-localization of Wnt5a by immunocytochemistry and insl3 mRNA by in situ
hybridization in Leydig cells of adult zebrafish testis.
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Summarizing discussion
The pituitary gonadotropins (Fsh and Lh) control somatic cell functions in the testis,
stimulating the production of sex steroids and growth factors that regulate germ cell
development. In this thesis, the mitotic or spermatogonial phase of spermatogenesis is in
the center of attention. In particular, it was studied how the balance between self-renewal or
differentiating divisions of the spermatogonia is regulated. In this regard, studies in
mammals and fish generated different outcomes in terms of how pituitary hormones
modulate spermatogenesis. Different from mice, knock-out studies in zebrafish have shown
that Fsh is able to drive spermatogenesis in the absence of Lh signaling (Zhang et al.,
2015). This feature is probably related to the steroidogenic activity of fish Fsh (which is
absent in mammals), but may also be related to its biological activity independent of steroid
production. After all, Fsh stimulates spermatogenesis also by modulating insl3 transcript
levels in LCs (Assis et al., 2015; Crespo et al., 2016), and amh transcript levels and Igf3
protein production in SCs (Skaar al., 2011; Nóbrega et al., 2015). Insl3 (Skaar et al., 2011)
and Igf3 (Morais et al., 2017) promote spermatogonial proliferation and differentiation,
processes that are both inhibited by Amh. In addition, Crespo et al. (2016) found that the
expression of ~200 genes was modulated by Fsh in a steroid-independent manner, featuring
genes belonging to pathways known to promote cell proliferation and differentiation such
as wnt, notch, and hh. Altogether these reports indicate that Fsh signaling is a major
regulator of spermatogenesis in fish. However, a recent study reported that the double
knock-out zebrafish for fshb and lhcgr (i.e. Lh and Fshr are present) is fertile and that their
testes showed normal morphology, leading to the hypothesis that Lh maintains
spermatogenesis by interacting with the Fshr (Chu et al., 2015). This hypothesis requires
further discussion. Hormone receptor activation studies in zebrafish have shown a crossactivation of the Lhcgr by Fsh, while Lh did not activate the Fshr (So et al., (2005), using
Chinese hamster ovary (CHO) cells expressing Fshr or Lhr in response to defined amounts
of recombinant zebrafish Fsh or Lh. In contrast, a more recent report indicates that coinjecting constructs expressing lh and fshr in CHO or African green monkey kidney
fibroblast-like (COS-7) cells increased luciferase activity, suggesting that Lh activated the
Fshr (Xie et al., 2017). However, in the latter study, the actual Lh concentration was not
determined. In addition, if Lh indeed was able to activate the Fshr, Lh-mediated activation
of the Fshr should be visible in vivo as well. However, while both Fsh and Lh elevated
circulating androgen levels, only Fsh changed the expression of a number of Leydig cell
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(García-López et al., 2010; Chapter 5) or Sertoli cell genes (Nóbrega et al., 2015).
Similarly, a study in rainbow trout reported that both Fsh and Lh regulated the expression
of several genes, but they also showed specific effects on the expression of 82 (Fsh) and
175 (Lh) genes (Sambroni et al., 2012). Also, the present study showed that Fsh, but not
Lh, increased testicular wnt5a transcript levels, supporting the conclusion that Lh usually
does not activate the Fshr in zebrafish. More work is needed to fully understand the specific
function of each of these two pituitary hormones in fish, but it seems clear that both
gonadotropins share some functions while also exerting specific effects on their somatic
target cells. Irrespective of this clarification to come, it is evident that the androgen
dependency of spermatogenesis in fish is much less pronounced (Sato et al., 2008; Yong et
al., 2017; Tang et al., 2018) than in mammals (De Gendt et al., 2004; Holdcraft & Braun,
2004), supporting the view that steroid-independent aspects of Fsh action, involving growth
factors, are of great relevance for fish spermatogenesis.
The present thesis studied two growth factors regulated by Fsh (Igf3 and Wnt5a),
but not by Lh. As regards Igf3, one aspect receiving attention was the potential relevance of
Igf-binding proteins for regulating Igf3 bioactivity. The other aspect studied dealt with the
question what local signaling mechanism Igf3 recruited to develop its biological activity,
work that led to -catenin signaling. These studies also showed that a certain aspect of Fsh
activation, the promotion of spermatogonial self-renewal divisions, could not be explained
with Igf3 actions, and eventually brought us to examine the non-canonical branch of the
Wnt signaling system. This resulted in characterizing a new function of Fsh, namely to
stimulate the production of the growth factor Wnt5a by Leydig cells in the zebrafish testis,
Wnt5 in turn promoting self-renewal proliferation.
Two studies have been published previously on Igf3 function in zebrafish testis.
The first report indicated that T 3 stimulated the transcript levels of igf3 (2-fold stimulation)
and also increased the mitotic index and proportion of Aund spermatogonia and of free
Sertoli cells, which reflects an increased germ cell-supporting capacity (Morais et al.,
2013). Interestingly, these effects on Aund and SCs were completely and partially blocked,
respectively, in the presence of an Igf receptor inhibitor, suggesting that T 3-stimulated igf3
promotes self-renewal of Aund. Notably, Nóbrega et al., (2015) indicated that Fsh strongly
increased the expression of igf3 (~7-fold with respect to basal conditions) and that the Fshstimulated differentiating proliferation of Aund was blocked in the presence of an Igf
receptor inhibitor (Nóbrega et al., 2015). Taken together, the two studies indicate that Igf3
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can promote self-renewal but also differentiating divisions of type A spermatogonia, and
that this may be related to the levels of Igf3 available in the tissue. While a relatively weak
increase in igf3 transcript levels (T3 effect) stimulated self-renewal, a more prominent
increase (Fsh effect) stimulated differentiating spermatogonial divisions. We have no
possibility to quantify intratesticular Igf3 peptide levels, but 100 ng/ml Igf3 induced
differentiating proliferation (Nóbrega et al., 2015; Chapter 3), and may therefore be
qualified as high level. In this regard, it is interesting to note that the biological activity of
the Igf family of growth factors is modulated by a specific group of binding proteins
(Garcia de la Serrana & Macqueen, 2018; Allard & Duan, 2018), but there was no
information available so far on the role(s) of Igfbp’s on spermatogenesis in vertebrates.
Since specific inhibitors exist for these Igf-binding proteins, we designed experiments to
increase the biological activity of Igf3 in the testis by preventing its interaction with
binding proteins, followed by examining effects on the proliferation and differentiation
behavior of spermatogonia. Of particular interest for the thesis was the potential modulation
of T3- or Fsh-effects on spermatogenesis (Chapter 2 and 3). We discovered that irrespective
of the hormone used (T3 or Fsh), inhibition of Igfbp-Igf interaction depleted type Aund
spermatogonia and stimulated the production of Adiff and B spermatogonia. This suggests
that Igfbps protect Aund spermatogonia from an excessive pro-differentiation effect
mediated by Igf3. Interestingly, we also found that T 3 increased igfbp1a expression, while
Fsh decreased igfbp1a and also igfbp3 transcript levels. One possibility to explain the Igf3mediated but still different effects of T 3 (self-renewal) and Fsh (self-renewal and
differentiation) on type Aund spermatogonia, is the opposite outcome the two hormones
have on the Igfbps that limit the biological activity of Igf3. This difference would add up to
the stronger effect of Fsh than T 3 on igf3 transcript levels, i.e. a slightly increased Igf3
levels accompanied by an elevated Igfbp level would favor self-renewal of Aund while
strong increases of Igf3 with reduced Igfbp level would favor differentiating proliferation.
These results raise interesting questions regarding the function of the Igf-binding
proteins in testis: are their transcript levels modulated in the same direction in response to
hormonal treatment? If they are differentially modulated in testis tissue, do they exert a
different effect on Igf3 activity? Several studies in fish have reported regulation of igfbp
transcripts after starvation (a condition that promotes catabolism) and refeeding (a
condition that promotes anabolism) in muscle and in liver, showing different regulation on
transcript among the different igfbp genes (Kamangar et al., 2006; Bower et al. 2008;
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Bower & Johnston 2010; Gabillard et al. 2006; Safian et al., 2013). However, information
on the regulation of igfbp transcript levels in gonadal tissue is limited and functional studies
addressing the question if differentially modulated igfbps exert different effects on Igf
activity are missing (Garcia de la Serrana & Macqueen, 2018). After studying the
regulation of igfbp transcript levels by Fsh and T 3 (Chapter 2), and considering their
response to these hormones, we decided to elucidate potential inhibitory or stimulatory
effects of specific igfbps regulated by Fsh and down-stream mediators, focusing on the
development of spermatogonia (Chapter 3). Based on transcript level analysis, the igfbps
can be grouped into three categories: a. non-responding to Fsh, Igf3 or 11-KT, b. downregulated by Fsh, Igf3 or 11-KT, or c. up-regulated by Fsh and 11-KT. Alternatively, igfbp
genes can be grouped based on the timing and direction of their response to Fsh: those
moving downwards fast and those moving upwards slowly. The fact that the transcript
levels of some igfbps were modulated in the opposite directions by Fsh led us to
hypothesize that some Igfbps enhance while others restrict Igf activity in the zebrafish
testis. Indeed, in Chapter 3 we observed that Fsh-stimulated germ cell differentiation was
compromised when blocking the Igfbps up-regulated by Fsh, while un-blocking these
Igfbps enhanced pro-differentiation effect of Fsh. In line with Chapter 2, these results
suggest that specific Igfbps (Igfbp2a and Igfbp5b) support, while others (Igfbp1a, Igfbp3
and Igfbp6a) restrict Fsh-stimulated Igf3 activity. Previous studies in mice attempted to
elucidate the specific role of each Igfbp using a loss-of-function approach. However, single
Igfbp knock-out did not result in clear phenotypes, which was explained by other Igfbps
compensating the missing one via up-regulation of their transcript levels (Wood et al.,
2000). Only after a triple knock out of Igfbps 3, 4 and 5, adult showed reduced size, fat
accumulation and IGF1 activity (Ning et al., 2006). Considering that all 9 igfbps present in
the zebrafish genome are expressed in testis tissue, a genetic approach to study their
function in zebrafish testis might require the mutation of groups of Igfbps. For instance,
removing all those igfbps that are up- or that are down-regulated by Fsh in a single line may
provide further information on their role in zebrafish spermatogenesis.
Next to studying pro-differentiation signals, we were also interested in studying
how Fsh regulates the generation of new Aund spermatogonia, an essential process for
maintaining testis tissue homeostasis throughout adulthood. In mammals, a number of
studies have characterized signals relevant to stimulate SSC self-renewal such as GDNF
(Meng et al., 2000), CSF1 (Oatley et al., 2009) and WNT5a (Tanaka et al., 2016). Reports
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in juvenile eel identified the estradiol-modulated platelet-derived endothelial cell growth
factor (Miura et al., 2003) and Amh (Miura et al., 2002) as SSC self-renewal signals. Two
reports in zebrafish showed that Amh inhibited the Aund spermatogonial differentiation,
resulting in their accumulation despite the also slightly reduced proliferation rate (Skaar et
al., 2011; Lin et al., 2017). We have recently found that Amh blocked Igf3 production and
stimulated

prostaglandin

(in

particular

prostaglandin

E2)

signaling

to

inhibit

spermatogonial differentiation (Morais et al., 2017). On the other hand, estradiol reduced
the proliferation of spermatogonia, while promoting accumulation of type A spermatogonia
as a results of the disruption of Fsh release in zebrafish (De Waal et al., 2009). Remarkably,
T3 (via Igf3) is the only characterized molecule relevant to expand the population of A und
spermatogonia without blocking their differentiation in adult fish so far (Morais et al.,
2013). In Chapter 2, we proposed that zebrafish Fsh triggered a balanced activation of both
self-renewal and differentiating divisions of type A spermatogonia in an androgenindependent manner: Fsh increased the BrdU incorporation of both type A spermatogonia,
while maintaining the proportion of Aund and increasing the one for Adiff spermatogonia
(Chapter 2). These results suggest that Fsh promoted the differentiation of some Aund
spermatogonia, while also stimulating the generation of new Aund. Therefore, we wondered
how Fsh increased self-renewal and differentiating division of Aund, while its down-stream
mediators Insl3 and Igf3 depleted the progenitor cells. In Chapter 4 and 5, we reported that
Fsh uses the non-canonical Wnt pathway to maintain the population of A und spermatogonia,
while promoting their differentiation via Igf3-stimulated activation of -catenin signaling.
In gonadal tissue, the Wnt signaling system was initially linked to the sex
differentiation process. Down-regulation of canonical Wnt signaling system during sex
differentiation is required for the differentiation pathway in mammals and fish (Colvin et
al., 2001; Kim et al., 2006; Jamenson et al., 2012; Sreenivasan et al., 2014). However, other
reports have shown that Wnt signaling is relevant also in adult mice testis (Yeh et al., 2011;
Yeh et al., 2012; Kerr et al., 2014; Takase & Nusse, 2016; Tokue et al., 2017). Using
compounds that stabilize the -catenin destruction complex (targeting AXIN) and a catenin reporter line, we found that Fsh-stimulated Igf3 release activated β-catenin
signaling in type A spermatogonia to stimulate their differentiation without the need to
release Wnt ligands. These results reconcile recent reports indicating the relevance of
canonical Wnt singling in adult testis (Takase & Nusse, 2016; Tokue et al., 2017) and a
previous study showing that loss of Porcupine (Gpr177 in mice), an enzymes required for
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the intracellular transport and release of Wnt ligands, either in germ cells or SCs resulted in
normal spermatogenesis in mice and only after 8 months of age, germ cell-specific Gpr177
knock-out mice showed smaller testis and reduced fertility (Chen et al., 2016).Regarding
the expansion of the population of Aund spermatogonia, Fsh recruited non-canonical Wnt
signaling. This included elevated transcript levels of the Leydig cell-derived wnt5a,
elevated Wnt5a protein production, and the requirement for the release of Wnt ligands.
Moreover, an inhibitor of Wnt5a blocked Fsh-stimulated self-renewal division of Aund,
while an agonist of Wnt5a stimulated the proliferation of A und spermatogonia in the absence
of Fsh. Which receptor (Fzd or alternatives such as Ror2 and Ryk) or pathway is used by
Wnt5a to modulate Aund behavior is still unknown in zebrafish testis. However, an in vitro
study reported that WNT5a maintained the number of mice SSCs by activating the JNK
pathway and that SSCs and progenitors expressed Fzd5, Fzd7 and Ror2 receptors (Yeh et
al. 2011). Collectively, these results indicate that Fsh stimulated Leydig cell Wnt5a protein
production and release to expand the population of type Aund spermatogonia. Therefore, it
appears that Fsh promotes the generation of new Aund spermatogonia by activating the noncanonical Wnt pathway via Wnt5a, in parallel to stimulating the differentiation of type A
spermatogonia by indirectly (via Igf3) activating -catenin signaling. These balanced
effects of Fsh seem suited to avoid depletion of Aund spermatogonia, while promoting
spermatogonial differentiation. Clearly, the support of both activities safeguards long-term
fertility and testis tissue homeostasis, which are furthermore guaranteed by other Fsh
effects on steroidogenesis (Garcia-Lopez et al., 2010), but also other growth factors and
signaling modulates such as Insl3 (Assis et al., 2015; Crespo et al., 2016), Amh (Skaar et
al., 2011) or PGE2 (Morais et al., 2017).

Final remarks
In mammals, the loss of Lhcgr or Androgen receptor (Ar), but not of Fshr, resulted in
infertility due to incomplete meiosis and spermiogenesis (Lei et al., 2001; Holdcraft &
Braun, 2004), indicating a strong androgen-dependency. Clearly, this is not to the case in
fish, since medaka and zebrafish still produce sperm after mutating cyp17a1 (the gene
coding for the enzyme required for androgen production) (Sato et al., 2008; Zhai et al.,
2018) or ar (Yong et al., 2017; Tang et al., 2018), respectively. Moreover, studies in
zebrafish have shown that fsh or lh knockout animals are fertile (Chu et al., 2014; Zhang et
al., 2015a) and that the mutation of fshr or lhcgr also did not result in infertility (Zhang et
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al., 2015b). Only after losing fsh and lh or both receptor genes males were infertile (Chu et
al., 2015). Ongoing experiment in our group show that zebrafish carrying mutations in
genes such as insl3 and igf3 or inhibiting other pathways important for spermatogenesis,
such as retinoic acid signaling, also produce sperm but show an abnormal cellular
composition of the testis, the strongest effect being recorded so far for Insl3. However, this
effect is observed only in older animals. Overall, it appears that several pathways are
operating in parallel to regulate fish spermatogenesis but, in contrast to the situation in
mammals, none of those studied so far seems strictly required for sperm production in
zebrafish. This setting may represent a regulatory redundancy, resulting in at least some
sperm production, even when a single signaling system fails.

Figure 1. Schematic representation of the main findings of this thesis. Fsh stimulates the accumulation of Aund by
increasing Wnt5a production in LCs (Chapter 5) while also inducing Aund differentiation via activation of several
pathways: 11-KT (Garcia-Lopez et al., 2010) production in LCs, and stimulating Igf3 production (Nóbrega et al.,
2015), which activates the β-catenin pathway (Chapter 4), and also by increasing Igf3 bioavailability (Igfbps:
Chapter 2 and 3).

The

present

thesis

generated

new

information

on

mechanisms

of

endocrine/paracrine regulation of adult fish spermatogenesis. In particular, the role(s) of the
newly discovered growth factor Igf3 and its modulators, the Igfbps, received attention. Fsh
signaling clearly modulated the Igf system in zebrafish testis. Remarkably, T 3 effects were
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also mediated by Igf3 and its binding proteins. Ongoing experiments generated igf3 knockout zebrafish and preliminary analysis of the F0 generation indicated an increase in the
proportion of early spermatogonia and a reduction in later germ cells, but zebrafish were
still fertile. Therefore, it will be interesting to test in future how testes of igf3 knock-out
zebrafish respond to Fsh or T 3 treatment or how loss of Igf3 changed testicular gene
expression. On the other hand, the fact that igfbps genes respond differently to Fsh raises
several questions: What type of cell express the igfbps? Does Fsh modulate the transcript
levels of igfbps in cysts containing specific germ cell stages? Do all the cysts respond to
Fsh in a similar way? It will be interesting to address in future studies the response of cysts
containing germ cells at different developmental stages to Fsh, but also to other hormones
such as T3 and Igf3. Another interesting approach for the future would be the generation of
knock-out animals for the Fsh-responsive igfbps. Based on the mammalian experience,
however, it would likely require the mutation of groups of igfbps genes (those downregulated by Fsh: igfbp1a, igfbp3 and igfbp6a, and those up-regulated by Fsh: igfbp2a and
igfb5b) to observe a phenotype.
We also discovered that Fsh uses both -catenin-dependent and non-canonical
Wnt signaling to achieve a balanced regulation of both self-renewal and differentiation of
Aund spermatogonia. Since a specific molecular marker for spermatogonial stem cells is
missing in zebrafish so far, other interesting work for the future will be the generation of
zebrafish overexpressing Wnt5a upon overexpression. This approach will help to further
characterize the function of Wnt5a and also will provide a source of candidate stem cells.
This thesis has clearly shown that the Wnt pathway is relevant for regulating
spermatogenesis, opening the possibility to study other members of the Wnt signaling
system such as Wnt ligands, receptors and secreted proteins (secreted frizzled-related
proteins, R-spondins, Dickkopf-related protein [Dkk]). Interestingly, previous results from
our group have shown that most, if not all, classical members of the Wnt signaling system
are expressed in adult testis tissue of zebrafish (Crespo et al., 2016). For instance,
unpublished results generated in this thesis revealed that the transcript levels of dkk1a, an
inhibitor of canonical Wnt ligand, was up-regulated in conditions that stimulated
accumulation of Aund spermatogonia, suggesting a potential role in spermatogenesis.
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Summary & Samenvatting

Summary
Spermatogenesis relies on the activation of a small population of undifferentiated germ
cells called spermatogonial stem cells (SSCs). SSCs reside in a specific microenvironment,
called “niche”, formed by somatic cells such as Sertoli, Leydig and myoid cells as well as
the signaling molecules secreted by these cells. These signaling molecules can modulate the
proliferation and differentiation behavior of the SSCs. Thus, SSCs can either be quiescent,
proliferate to self-renew, thereby producing more SSCs, or undergo a differentiating
proliferation to eventually produce spermatozoa. A balanced self-renewal/differentiation
activity is critical for maintaining testis tissue homeostasis. The pituitary folliclestimulating hormone (Fsh) is a major regulator of vertebrate spermatogenesis, targeting
somatic cell functions in the testes. The present thesis explored mechanisms used by Fsh to
regulate adult fish spermatogenesis, with a strong emphasis but not exclusively focusing on
the signaling system used by the Fsh-regulated growth factor Igf3. Igf-binding proteins
(Igfbps) were shown to modulate the biological activity of Igf3. The intracellular signaling
system used by Igf3 in germ cells was identified as depending on -catenin signaling, and
finally, the function of an Fsh-regulated, non-canonical Wnt ligand in regulating
spermatogonial fate was detected.
Igf bioactivity is modulated by a family of 9 Igfbps in zebrafish. The first results
showed that pharmacological inhibition of the Igfbps promoted differentiating division of
type A spermatogonia, suggesting that Igfbps protect these cells from excessive, Igf3mediated differentiation. Further studies showed that Fsh is a regulator of Igfbp transcript
levels, which also responded to factors downstream of Fsh (androgens and Igf3). Five of
the nine Igfbps responded to the factors investigated by up- or down-regulation. Downregulation occurred faster than up-regulation, which lagged for at least 3 days. Finally,
functional studies involving pharmacological blocking or de-blocking of Igfbps allowed
concluding that three Igfbps inhibited while two others supported Igf3-stimulated
differentiation of spermatogonia.
Large-scale gene expression studies on salmon and zebrafish testis tissue
suggested that Fsh action involved the Wnt signaling system. Igf can activate -catenindependent signaling. Indeed, experiments with different inhibitors revealed that Fshtriggered Igf3 release activated the β-catenin signaling pathway in a Wnt ligand-
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independent manner in zebrafish type A spermatogonia to induce their differentiation.
Finally, this thesis also showed that Fsh used the non-canonical Wnt pathway to promote
self-renewal of type A spermatogonia by increasing the synthesis and release of Wnt5a by
Leydig cells. We conclude that Fsh stimulates the proliferation and differentiation activity
of type A spermatogonia in a balanced manner by regulating self-renewal via non-canonical
Wnt (Wnt5a) signaling and differentiation by activating β-catenin-dependent (Igf3)
signaling.

Samenvatting
Zaadcelvorming (spermatogenese) is afhankelijk van de activering van een kleine populatie
ongedifferentieerde kiemcellen, spermatogoniale stamcellen (SSCs) genaamd. SSCs
bevinden zich in een specifieke micro-omgeving, "niche" genaamd, die gevormd wordt
door somatische cellen zoals Sertoli, Leydig en myoïde cellen, evenals de signaalmoleculen
die door deze cellen worden uitgescheiden. Deze signaalmoleculen kunnen het proliferatieen differentiatiegedrag van de SSCs moduleren. SSCs kunnen dus ofwel ‘quiescent’ zijn,
zich vermenigvuldigen tot zelfvernieuwing, waardoor ze meer SSCs produceren, of een
differentiërende proliferatie ondergaan om uiteindelijk spermatozoa te produceren. Een
evenwichtige zelfvernieuwings-/differentieactiviteit is van cruciaal belang voor het
handhaven van de testis homeostase. Follikel-stimulerend hormoon (Fsh), afkomstig uit de
hypofyse, is een belangrijke regulator van de spermatogenese van vertebraten, waarbij de
Fsh-activiteit gericht is op somatische celfuncties in de testis. In dit proefschrift werden de
mechanismen die door Fsh worden gebruikt om de spermatogenese van volwassen vissen te
reguleren onderzocht, met een sterke nadruk, maar niet uitsluitend gericht op het
signaleringssysteem dat wordt gebruikt door de Fsh-gereguleerde groeifactor Igf3. Igfbindingseiwitten (Igfbps) bleken de biologische activiteit van Igf3 te moduleren. Het
intracellulaire signaleringssysteem dat door Igf3 in kiemcellen werd gebruikt, werd
geïdentificeerd als het β-catenine signaleringssysteem, en ten slotte werd de functie van een
Fsh-gereguleerd, niet-canoniek Wnt-ligand bij het reguleren van het spermatogoniale lot
aangetoond.
Igf-bioactiviteit wordt gemoduleerd door een familie van 9 Igfbps in de zebravis.
De eerste resultaten toonden aan dat farmacologische remming van de Igfbps de
differentiatie van type A spermatogonia bevorderde, wat suggereert dat Igfbps deze cellen
beschermen tegen overmatige, Igf3-gemedieerde differentiatie. Verdere studies toonden aan
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dat Fsh de Igfbp-transcriptieniveaus, die ook reageerden op factoren stroomafwaarts van
Fsh (androgenen en Igf3), reguleert. Vijf van de negen Igfbps reageerden op deze drie
factoren met een verhoging danwel verlaging van de mRNA hoeveelheden. Verlaging vond
sneller plaats dan verhoging, welke bovendien minstens 3 dagen langzamer verliep.
Tenslotte maakten functionele studies met farmacologische blokkering of de-blokkering
van Igfbps het mogelijk aan te tonen dat dat drie Igfbps een remmende werking hebben op
de Igf3-gestimuleerde differentiatie van spermatogonia, terwijl twee andere deze juist
ondersteunden.
Grootschalige

genexpressiestudies

op

zalm-

en

zebravis-testisweefsel

suggereerden dat Fsh-activiteit ook het Wnt-signaleringssysteem recruteerde. Igf kan de βcatenine-afhankelijke signalering activeren. Inderdaad toonden experimenten met
verschillende

remmers

aan

dat

Fsh-gestimuleerde

Igf3-afgifte

het

β-catenine-

signaleringssysteem op een Wnt-ligand-onafhankelijke manier activeerde in zebravis type
A spermatogonia om hun differentiatie te induceren. Tot slot is in dit proefschrift ook
aangetoond dat Fsh de niet-canonieke Wnt-signaleringsroute gebruikte om de
zelfvernieuwing van type A spermatogonia te bevorderen door de synthese en afgifte van
Wnt5a door Leydig-cellen te verhogen. We concluderen dat Fsh de proliferatie- en
differentiatieactiviteit van type A spermatogonia op een gebalanceerde manier stimuleert
door zelf-vernieuwing via niet-canonieke Wnt (Wnt5a) signalering te reguleren en
differentiatie door β-catenine-afhankelijke (Igf3) signalering te activeren.
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