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During the development of this thesis, we want to analyze the effect of
exogenous androgens, mainly testosterone (T), and the activity of androgen receptor
(AR) in immune-reproductive interaction in the gilthead seabream (Sparus aurata L.).
Furthermore, we described the presence of a mechanism, in which the unique AR gene

can give diverse transcripts either in testis or immune organs.

The gilthead seabream is a marine, protandrous teleost fish with significant
economic value in the Mediterranean aquaculture. The specimens of this specie are
male during the two first years, and present a reproductive cycle (RC) divided in four
stages. In first RC, the stages are spermatogenesis (SG), spawning (S), post-spawning
(PS) and resting (R); in the second RC, the last stage is substituted by testicular
involution (TI) stage. After spawning there are various changes in gonad, between
which are a massive infiltration of leukocytes, being higher in TI and that can lead to
sex change. For this motive this specie can being used as a model for studying the

immune-reproductive interactions.

In first place, we wanted to observe the capacity of exogenous T to modify the
balance of sex steroid hormones and on the physiology of the gonad (proliferation,
apoptosis, leukocyte influx and immune status) of mature male specimens of the
gilthead seabream. To this end, we used the in situ forming microparticle (ISM) system,
which delivers sex steroids without promoting significant physiological alterations in
gilthead seabream and that has been previously used in our laboratory to show that T
modulates the inflammatory response of head kidney (HK) leukocytes in the gilthead
seabream. The results suggest that in mature males, exogenous T can blocked the cell
proliferation and increase the migratory influx of leukocyte, although decrease the

ability to recognize and response to pathogens.

Secondly, we identified a truncated form of the AR generated by alternative
splicing that lacks the ligand-binding domain (ARALBD) either in testis, HK and
acidophilic granulocytes (AGs). We studied the modulation of this variant by androgens
and immune stimulus in order to demonstrate its mediation in the role of androgens in
the immune response. The results showed that T is able to regulate the testicular
morphology through the modulation of the expression of ARALBD variant.
Furthermore, T was also able to regulate the immunecompetence through ARALBD

variant. Interestingly, ARALBD variant only is expressed in AGs but no in
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macrophages (MO). Furthermore, the stimulation with bacterial DNA, also regulated
the alternative splicing of AR, but depending of the reproductive stage.

These data suggest a crosstalk between endocrine and immune stimuli in the
regulation of AR alternative splicing and AGs function. Furthermore, T might be
implicated, in the migratory influx into gonad and the physiological changes in gonad

through by means of regulation of ARALBD.
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Introduction

Fish are the largest group of vertebrates and it is composed of about 24,600
species, of which 23,700 are teleosts. This large diversity is manifested in aspects of the
biology of this group as their way of life, physiology and reproduction. Furthermore,
nowadays the demand of seafood has an exponential increase which implies that the
fisheries exert high pressure on the marine system, compromising its capacity for
renewal. Extractive fishing hardly covers 60% of the annual world fish production
(FAO, 2012), a situation to which aquaculture is seen as the only way to satisfy the
demand in the near future. So, FAO estimates that in 2030 more than 65% of the aquatic
food will come from aquaculture. Moreover, Spain is the third member state of the
European Union with a higher production of fish from aquaculture, emerging as an area
of economic activity of great strategic importance. The practice of aquaculture means
the confinement of a large number of individuals in confined spaces and their subjection
to a more or less regular handling, triggering stress in animals affecting the adult,
juvenile and larvae. These conditions cause the development of infectious diseases that
are responsible for substantial economic losses. Therefore, knowledge of the immune
system of fish, in general, and of the species of crop, in particular, has become one of

the main objectives in the research of aquaculture.

Moreover, fish occupy a key phylogenetic position in the evolution of
vertebrates representing the first animal group that has an innate and adaptive immune
system well structured, so the study of the immunology of this group of vertebrates has
a basic scientific interest. Thus, the vertebrate immune system has a common pattern
but this does not exclude the existence of significant differences between individuals of
the same species or between different species of vertebrates. The prevalence of innate
immune response in fish versus the dominance of the adaptive response in higher

vertebrates is the most important of these differences (Anderson et al., 2002).

The effects that sexual steroid hormones exert on fish physiology are a
prominent field of research, especially in view of the increasing levels of endocrine
disrupting compounds (EDCs), including xenobiotic hormones, that are found in aquatic
environments. Indeed, EDCs have been detected in these environments in
concentrations capable of altering the reproductive physiology and behavior of fish
(Nash et al., 2004; Mortensen & Arukwe, 2007). Such studies highlight the complexity

of the organism’s responses to estrogenic EDCs; however, the effects of androgenic
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EDCs in fish have been less well studied and most of them have focused on the
alterations of the reproductive physiology that they provoke. Moreover, it is well known
that androgenic modulation is acting through classical nuclear androgen receptor (AR).
Nevertheless, the androgenic effects are poorly understood and contradictory results,

which could be indicative of a more complexity in its regulation.

The gilthead seabream (Sparus aurata L.) is a seasonal breeding, marine,
protandrous hermaphrodite teleost with a bisexual gonad. This species offers an
interesting model for studying immune-reproductive interactions because testis
undergoes abrupt morphological changes, especially after spawning, including a
massive infiltration of acidophilic granulocytes (AGs), an immune cell type essential for
the normal physiology of the gonad. The presence of this cell type in the gonad is
activated by tissue-specific factors and hormones (Chaves-Pozo et al., 2003, 2005a,b;

Liarte et al., 2007).

The research groups “Grupo de Investigacion en Acuicultura Marina” (Instituto
Espafiol de Oceanografia, Centro Oceanografico de Murcia) and "Innate Immune
System of Teleost Fish" (University of Murcia) which have developed this PhD thesis,
have a long history of collaboration in the study of aquaculture interest Mediterranean
species such as sea bream (Sparus aurata L.), sea bass (Dicentrarchus labrax L.) or Shi
drum (Umbrina cirrosa L.), species that are commercially important to the economy of
the Region of Murcia and the whole country. In this context, the focus of this work is: 1)
to describe the androgenic effects, mainly testosterone (T), in the gonadal physiology,
mainly in the local immune response, and ii) to identify a truncated form of the AR
generated by alternative splicing that lacks the ligand binding domain (ARALBD) in
head kidney (HK) and in AGs and macrophages (M@), the main phagocytic cells in
gilthead seabream, and its modulation by androgens and immune stimulus in order to

demonstrate its mediation in the role of androgens in the immune response.
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Introduction

1. Reproductive system in teleosts.

The great diversity of fish also means that there is a great diversity in
reproductive strategies and reproductive cycles (RCs).With respect to reproductive
strategies we can find two principal categories: gonochorists and hermaphrodites

(Devlin & Nagahama, 2002).

The gonochorists species develop a functional single sex throughout their life

and they can be:
1) primary or differentiated, if it only develops a gonadal type;
i1) undifferentiated, if all individuals first develop an ovary undifferentiated,

which degenerates in half of the population to develop a functional testis;

1i1) secondary, if it develops a hermaphrodite gonad that subsequently

evolves toward a single sex.

The hermaphrodite species, however, develop two functional sexes throughout

their life and they can be:
1) protandrous, if the gender developed before is male;
i1) protogynous by gender to develop is female;
1i1) ambisexuales simultaneously if they develop both gonads.

On the other hand, the RCs also present a great diversity, depending on the
environmental factors. The RCs can be classified based on the length of the laying

period (Miura, 1999). So we can find species which lay:

1) for several weeks a year, mainly in species such as salmonids, typical of

cold weather;

i1) for several months a year, in species typical of water temperature, such as

gilthead seabream and common carp;
1i1) throughout the year, in species typical of tropical climate.

This behavior is reflected in the RC, so in seasonal breading species, this cycle

can be divided into four stages: gametogenic activity or spermatogenesis (SG),
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spawning (S), post-spawning (PS) and resting (R) while species that laying throughout
the year lacking PS and R stages (Scott ef al., 1989; Miura, 1999). However, despite
this great diversity of strategies and RCs, morphological and functional characteristics
of the gonad of teleosts are highly conserved even in hermaphroditic species (Le Gac &
Loir, 1999). Thus, seminal tubules contain two types of cells: the germ cells and Sertoli
cells. Both cell types form cysts within which develop and mature germ cells, being the
development of all germ cells within a synchronous cyst (Grier, 1981, Billard et al.,
1982; Nagahama, 1983; Callard, 1991), and some species has also previtellogenic
oocytes even during the active male. The interstitial tissue is composed by Leydig cells,
M@s, fibroblasts, myeloid cells, blood vessels and collagen fibers (Grier, 1981;
Nagahama, 1983; Loir et al., 1995).

1.1. Endocrine regulation of reproductive processes.

The regulation of the processes implicated in the reproduction depends largely
on gonadotropins (GTHs), synthesized and secreted by the pituitary. There is a duality
of GTHs structurally homologous to the follicle stimulating hormone (FSH) and
luteinizing hormone (LH) of mammals (Schulz et al., 2001) either in teleosts such in
other vertebrates. In gilthead seabream, it has been described the location of the cells
producing FSH and LH in the pituitary during ontogeny (Garcia-Ayala et al., 2003).
Moreover, receptor for these two hormones (FSH-R and LH-R) has been described in
this species (Wong et al., 2003). However, these hormones do not act directly on SG
but induce the secretion of steroids and/or growth factors in different cell types of the
gonad, which are involved in the complex network of cellular interactions that regulate

testicular function (Miura et al., 1999b).

Similar to other vertebrates, gametogenesis and sex behaviors in fish are
directly controlled by sex steroid hormones. The synthesis of sex steroid hormones
(steroidogenesis) mainly takes place in adrenal tissues and gonadal tissues (male testis
and female ovaries) (Young ef al., 2004). A schematic representation of the key steps
involved in steroidogenesis in teleosts is shown in Figure 1. Cholesterol is the common
precursor for all sex steroid hormones. The first rate-determining step involves the
importation of cholesterol into the inner mitochondrial membrane. This step, which
initiates steroidogenesis, is regulated by the steroidogenic acute regulatory protein

(StAR), and the production of StAR is up regulated by GTH in fish (Bauer et al., 2000;
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Stocco, 2001; Kusakabe et al., 2002). Subsequent steps of the steroidogenic pathway
are controlled by a number of steroidogenic enzymes including cytochrome P450
enzymes (cyp) and hydroxysteroid dehydrogenases (hsds) (Miller, 1988;
Senthilkumaran et al., 2004; Weltzien et al., 2004; Miller, 2005) that produced end
product hormones such as testosterone (T), dihydrotestosterone (DHT), 17p-estradiol
(E») and estrone. E, has been considered to be the main hormone of female fish;
however, recent studies have suggested that estrogens are ‘‘essential” for normal male
reproduction (Miura et al., 1999b, 2002, 2003; Amer et al., 2001; Hess, 2003. On the
other hand, T and 11-ketotestosterone (11KT) are generally considered the major
circulating male androgens, as well as the most potent ones (Borg, 1994), however the
androgens derivated from T such 11B-hydroxitestosterone (OHT) or DHT have also
been detected in breeding specimens of several fish species where they clearly have an
in vivo androgenic effect (Borg, 1994; Margiotta-Casaluci & Sumpter, 2011). T levels
increase in both females and males during gonadal development, while 11KT is
considered to be a dominant androgen in males (Nagahama, 1983; Kime, 1993; Borg,
1994). Furthermore, T, an aromatizable androgen, is locally transformed into E,,
triggering estrogenic effects, while DHT, non-aromatizablee androgen, may also be
locally transformed into Sa-androstae-3B-17Bdiol (Bdiol) (Mouriec et al., 2009), as a
well-known estrogenic compound that strongly stimulates the transcriptional activity of

mammalian estrogen receptor (ER) (Kuiper et al., 1998).

The gonad is the main organ that synthesizes biologically active steroids de novo
(Stocco, 2001), while the liver is not a typical steroid-producing organ, but rather a
steroid-metabolizing organ (Arukwe, 2008). Both, the novo synthesis and metabolism of
steroid hormones are controlled by rapid changes in the activities of the steroidogenic
enzymes, by the availability of substrate or by changes in the amounts of the
steroidogenic enzymes through the regulation of the specific mRNAs encoding them

(Miller, 1989).
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Figure 1. Schematic representation of the key steps involved in steroidogenesis in teleosts (modified from

Villanueve et al., 2007).

1.2. Reproductive system of gilthead seabream.

Among the hermaphrodites, the bream has a peculiar morphology characterized
by a heterosexual gonad. In this group, the gonad is defined as a type of ovotestis
consisting in an ovarian area in mediodorsal portion of the gonad and testicular area in
lateroventral portion, both bounded by a wall of connective tissue (Sadovy & Shapiro,

1987; Besseau & Faliex 1994; Brusle-Sicard & Fourcault, 1997).

The gilthead seabream 1is a seasonally breeding, marine, protandrous
hermaphrodite teleost. Specimens are males in the western of Mediterranean area, at
least during the first two RCs. Males present a bisexual gonad, which has a functional
testicular area and a non-functional ovarian area (Chaves-Pozo et al., 2005a; Liarte et
al., 2007) The RCs of gilthead seabream males are divided into four stages: SG, S, PS,

and R or testicular involution (TI) stage depending on whether the fish are in their first
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or second RC (Chaves-Pozo et al., 2005a; Liarte et al., 2007) (Figure 2). Spermatogonia
stem cell, primary spermatogonia and Sertoli cell are always present in testis, although
with variable proliferation rates. In the last stage of SG, spermatocytes, spermatids and
spermatozoa appear (Chaves-Pozo et al., 2010). During PS the proliferative events
resumes, although necrotic areas and apoptotic germ cells are also observed (Chaves-
Pozo et al., 2003, 2005a). In R, there is an increase of the number of proliferative cells
and no apoptotic cells where observed, while in TI stage the number of apoptotic cells
increase (Liarte et al, 2007). Respect the ovarian area, this shows a proliferative
activity during the last stages, R and TI, at a rate that does not differ from the
proliferative activity (Micale et al., 1987; Chaves-Pozo et al., 2005a, Liarte et al.,
2007).

The abrupt morphological changes that occur in testis, especially after S of
second RC, including a massive infiltration of AGs, an immune cell type essential for
the normal physiology of the gonad, and whose presence in the gonad is actively
regulated by tissue-specific factors and hormones (Chaves-Pozo et al., 2003, 2005a,b;
Liarte et al., 2007). In fact, an endogenous increase of the E, plasma levels in male
specimens is correlated with AGs migration into the testis after S (Chaves-Pozo et al.,
2008a, 2012), while exogenous E, or 17a-ethinylestradiol (EE;), a synthetic
estrogen,accelerates the final events of spermatogenesis and promotes a massive
leukocyte infiltration in the testis by up-regulating the expression of several genes
involved in regulating leukocyte trafficking (Chaves-Pozo et al., 2003, 2008b; Liarte et
al., 2007, Cabas et al., 2011). Moreover, short-term exposure to E, inhibits the
proliferation of spermatogonia in their early stages, while long-term exposure to E,
restarts Sertoli cell proliferation (Chaves-Pozo et al., 2007). Interestingly, both
estrogenic compounds deplete the plasmatic androgen levels of gilthead seabream
concomitantly with the suppression of S, suggesting that the induction of S is an
androgen-dependent issue (Chaves-Pozo et al., 2008b; Cabas et al., 2011). However,
the role of androgens, 11KT and T, is less known, and has been suggested that they play
different and specific roles in the testicular physiology of gilthead seabream as they
peak at different stages (Chaves-Pozo et al., 2008a). Moreover, their profiles suggest
that T is not essential in the testicular regression process that occurs after S, when the

infiltration of leukocytes is enhanced (Chaves-Pozo et al., 2005a).
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The first reproductive cycle

Spawning

3 ul}saﬂ

Involution

Figure 2. Schematic illustration of the spermatogenetic cycle in the gilthead seabream testis during the
first (a) and second (b) reproductive cycle. Germinal compartment; SGSC, spermatogonium stem cell;
PSG, primary spermatogonium; SGA, spermatogonia A; SGB, spermatogonia B; SC, spermatocyte; SD,
spermatid; S, Sertoli cell; P, peritubular cell; MO, macrophage; AG, acidophilic granulocyte; BV, blood
vessel, LC, Leydig cell (Modified Garcia-Ayala et al., 2010).
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2. Immune system in teleosts.

The immune system, in teleost fish, displaying cellular and humoral responses
that have the characteristics of specificity and memory, those characteristics are in birds
and mammals too (Van Muiswinkel, 1995). Teleosts are the first animal group that has
an innate and adaptive immune system well structured and differenciated. The innate

response comprises:
1) physical barriers (epithelium and mucosa).
i1) cellular effectors (phagocytic cells and nonspecific cytotoxic cells).
ii1) humoral factors (complement and other acute phase proteins).
The adaptive response is composed by:
1) cellular components (lymphocytes).
1) humoral components (antibodies).

However, despite their similarities with other vertebrate immune system, there
are clear differences as fish depend more heavily on innate defense mechanisms, mainly
in low temperature conditions (the fish are poikilothermic) since the adaptive immune
response is dependent on the temperature (Cuchens & Clem, 1977; Avtalion, 1981;
Abruzzini et al., 1982; Clem et al., 1984, 1985, 1991).

The organs and tissues of the immune system in teleosts have been classified, as
in mammals, in primary and secondary organs (Zapata et al., 1996). Fish lack of bone
marrow, being the kidney, a primary organ, the par excellence hematopoietic organ.
Kidney consists of two parts: the anterior or cephalic (HK), with mainly hematopoietic
function, and subsequent or posterior, basically with excretory function. In gilthead
seabream, HK is formed by precursor cells and by several leukocytes populations such
as M@s, lymphocytes (Ly) and AGs. AGs are the major cell type participating in innate
host responses, while the HK is the central immune organ that provides a source for
AGs (Sepulcre et al., 2002; Chaves-Pozo et al., 2007). Regarding to secondary
lymphoid organ, the spleen is the most important but presents few Ly although may

increase in number by administration of an antigen.
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2.1. Innate immune system.

In teleosts, the first line of defense against invasion of microorganisms consists
of physical and chemical barriers such as scales, skin and its secretion, mucus. The most
important function of the mucus is to prevent attachment of bacteria, fungi or parasites
to epithelial surfaces and digest microorganisms, thanks to a battery of lytic enzymes

such as lysozyme.

A variety of leukocytes are implicated in cellular response of the fish, they
include phagocytes (monocytes/M@s and granulocytes) and nonspecific cytotoxic cells
(Secombes, 1996). Phagocytes are more important in for its capacity to eliminate
viruses, bacteria and parasites (Rowley ef al, 1988; Secombes & Fletcher., 1992;
Sepulcre et al., 2002) and, moreover, they can be the initiator of activation and
regulation of the specific immune response (Clem et al., 1985, 1991; Vallejo et al.,
1992). As in mammals, the process of phagocytosis in fish has the same steps and
ending with two mechanisms responsible for the killing of phagocytized

microorganisms:

1) Production of reactive oxygen intermediates (ROIs) with a rapid and
abrupt increase in the rate of oxygen consumption is known as
respiratory burst and is independent of mitochondrial respiration. This
production has bactericidal activity (Sharp & Secombes, 1993; Skarmeta
et al., 1995).

1) The production of nitric oxide (NO) and other nitrogen reactive

intermediates (RNIs).

AGs as the more active and abundant phagocytic cell describe in gilthead
seabream (Sepulcre et al., 2002; Chaves-Pozo et al., 2004a). Furthermore, AGs might
be considered as functionally equivalent to mammalian neutrophils, since they are the
most abundant circulating granulocytes (Sepulcre et al., 2002), show strong phagocytic
and ROIs production capabilities (Sepulcre et al., 2002, 2007), produce cytokines in
response to several immunological stimuli (Chaves-Pozo et al., 2004a; Sepulcre et al.,
2007) and express a broad range of Toll-like receptors (tlrs), with the exception of tlr3
(Sepulcre et al., 2007).
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On the other hand, there are a wide variety of substances (humoral effectors)
that act on the innate defense of fish (Alexander & Ingram, 1992). These may be

classified functionally into:

1) bacterial growth inhibitors such as transferrin, antiproteases and
ceruloplasmin,
i) viral replication inhibitors such as interferon,

1i1) inhibitors of bacterial toxins,
v) lysines such as lysozyme and chitinase,
V) agglutinins and precipitins such as lectins and C-reactive protein,

Vi) complement components that perform several functions, among which
leukocyte chemotactic activity (Lamas & Ellis, 1994), opsonisation
(Sakai, 1984a), inactivation of certain toxins (Von Eschen & Rudbach,
1974; Ellis, 1980; Sakai, 1984b), the bactericidal activity (Sakai, 1983),
cytotoxicity and viral inactivation (Sakai, 1992), are the most

remarkable.
2.2. Adaptive immune system.

Ly are key mediators of the adaptive immune response with the production of
antibodies (Ab). In vitro studies have shown that fish have two cell populations which
are equivalent to B and T cells of mammals. These studies using conjugated monoclonal
antibodies (mAbs) against specific antigenic determinants on the surface of Ly and
functional immunological assays. mAbs against immunoglobulin M (IgM) of teleost
serum are capable of reacting with only one of the Ly populations (Lobb & Clem, 1982;
DeLuca et al., 1983; Secombes et al., 1983; Navarro et al., 1993), suggesting that the
surface of Igs may be a marker for B cell-like cells and allowing the isolation of the two
cell populations of Ly of teleost: Ig+ e Ig-. Further, performing some functional studies,
it has been shown that these two populations for fish (Ig+ and Ig- Ly) have the
functional characteristics of the B and T-Ly of mammals, respectively (DeLuca et al.,
1983; Sizemore et al., 1984; Miller et al., 1986; Marsden et al., 1995). Interestingly,
IgD (Edholm et al., 2011) and IgT (Hansen et al., 2005; Danilova et al., 2005) have

been also identified in fish. Although the functional relevance of IgD remains to be
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determined, as in mammals, the teleost-specific IgT seems to be specialized in mucosal
immunity and, therefore, it would be the functional equivalent to mammalian IgA
(Zhang et al., 2010). The existence of T cells in the teleost by the identification of T cell
receptor (TCR) has been recently confirmed (Haire etl al., 2000; Wang et al., 2001;
Wermenstam & Pilstrom, 2001; Nam et al., 2003).

2.3. Regulatory molecules of the immune response

The innate immune response operates on the basis of special receptors, the
pattern-recognition receptors (PRRs) which recognize microbial mots known as
pathogen-associated molecular patterns (PAMPs) (Akira & Takeda, 2004). Among
PRRs, tlrs are the major in the recognition of microbian components and the induction
of immune responses (Akira & Takeda, 2004). Tlr are presented in plants and have been
conservated in invertebrates and vertebrates (Aderem & Ulevithc, 2000; Medzhitov &
Janeway, 2000). In fish, tlrs have been described in pufferfish (Fugu rubripes),
zebrafish (Danio rerio) and gilthead seabream (Oshiume et al., 2003; Jault et al., 2004:
Sepulcre et al., 2007).

On the other hand, the recognition of PAMPs by tlrs induces signals that result
in the production of pro-inflamatory cytokines and ROIs (Sepulcre et al., 2007).
Cytokines are proteins (usually glycoproteins) with a low molecular weight that regulate
all the important biological processes, including cell growth and activation,
inflammation, tissue repair, fibrosis and morphogenesis. They are considered as a
protein family from a functional point of view, since not all of them are chemically
related (Feldmann, 1996). Cytokines mediate effector phases in both innate and
adaptive immunity (Abbas ef al., 2001). In the innate immunity, cytokines are produced
mainly by mononuclear phagocytes and so are usually called monokines, which are
produced by mononuclear phagocytes in response to microorganisms and upon T-cell
antigen stimulation as part of adaptive immunity. However, in the adaptative response,
the most of the cytokines involved are lymphokines, which are produced by activated T-
Ly. These molecules present a double function, either regulating the proliferation and
differentiation of different Ly populations or participating in the activation and
regulation of inflammatory cells (mononuclear phagocytes, neutrophils and
eosinophils). Other cytokines are produced by both cell type (Ly and mononuclear

phagocytes) which are known as colony stimulating factors (CSFs) and stimulate the
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proliferation and differentiation of immature leukocytes in the bone marrow. Some

other cytokines known as chemokines are chemotactic for specific cell types.

Although cytokines are made up of a diverse group of proteins, they share some

features (Abbas et al., 2001):

_J”It

They are produced during the effector stages of the innate and adaptive

immunity, and regulate the inflammatory and immune response.

Their secretion is brief and auto-limited. In general, cytokines are not
stored as preformed molecules, and their synthesis is initiated by a new

genetic transcription.
A particular cytokine may be produced by many different cellular types.
A particular cytokine may act on different cell types.

Cytokines usually produce different effects on the same target cell,

simultaneously or not.
Different cytokines may produce similar effects.

Cytokines are usually involved in the synthesis and activity of other

cytokines.

Cytokines perform their action by binding to specific and high affinity
receptors present on the target cell surface. This action can be autocrine,

paracrine or endocrine.

The expression of cytokine receptors is regulated by specific signals

(other cytokines or even the same one).

For many target cells, cytokines act as proliferation factors.

In fish, cytokines are grouped into growth factors (Grondel & Harmsen, 1984;

Lawrence, 1996; Yin et al., 1997), pro-inflammatory cytokines, as interleukine 1 (il1p3)
(Jang et al., 1995a, b; Zou et al., 1999a, b; Fujiki et al., 2000), chemokines, as ccl4

(Daniels et al., 1999; Fujiki et al., 1999; Laing et al., 2002), immunosuppressive or anti-

inflammatory cytokines, as transforming growth factor B (tgf-B) (Sumathy et al., 1997,
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Laing ef al., 1999; Harms et al., 2000) and interferons (IFNs) (Congleton & Sun, 1996;
Collet & Secombes, 2002; Hansen & La Patra, 2002).

3. Immune-reproductive interactions.

The interaction between immune and reproductive system is widely accepted.
Hormones, in general, and sex steroids specifically, may affect the genes, immune
responses, and behaviors that influence susceptibility and resistance to infection (Klein,
2000). The differences between the immune function of males and females have
frequently been reported in mammals (Cohns, 1979; Bouman et al., 2005). It is widely
accepted that females of all ages experience significantly lower rates of infection and
resultant mortality than men. This significant difference in the inflammatory response of
women compared with that of men has long been noted (Grossman, 1985; Olsen &
Kovacs, 1996). These differences have also been reported in avian (Romano et al.,
2011), in reptile (Svensson et al., 2009) and fish (Hoeger et al., 2005). In mammals,
female generate higher levels of Ab in response to exogenous antigens (Adori et al.,
2010; Friedman, 2010; Yeh & Chen, 2010) and show a lower incidence of tumors and
better resistance against viral and parasitic infections (Filipin Mdel et al., 2010;
Gillgrass et al., 2010), although this is accompanied by sharp susceptibility to
developing auto immune syndromes (Fairweather et al., 2008; Lee & Chiang, 2012).
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Figure 3. Schematic representation of alternative hypotheses for how sex steroid hormones affect
susceptibility to infection. Sex steroid hormones, more specifically androgens in males and estrogens in
females, may cause sex differences in infection by altering host immunity, genes, or behaviors that affect

susceptibility and resistance to infection (Klein, 2000).
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Immune-reproductive interactions can be viewed from two points of view, one
where certain populations of immune cells, or the immune mediators that they produce,
present in the gonad, are capable of regulating the physiology of the same. Furthermore,
steroid hormones are capable of regulating activities and the physiology of immune
cells. It is known that, in mammalian, there are populations of testicular M@s, Ly and
mast cells. The resident leukocyte populations in rat testis interact and regulate
testicular function. Thus, M®@s regulate Leydig cell development, SG and
steroidogenesis through the production of protein factors or soluble lipid (Hedger, 1997,
Nes et al., 2000). Furthermore, factors produced by T cells and M@, along with the
production of tgf-p, activin or Fas ligand by Sertoli cells, guarantee testicular
immunesuppression and the inhibition of cytotoxic T cells preventing the development
of autoimmune reactions in the testis (Hedger, 1997). Moreover, steroid and pituitary

hormones regulate the functions and responses of no-testicular leukocytes.

In human neutrophils, the E; regulates its own receptors (Molero et al., 2002), these
evidences, along with many others, show that estrogen has an immune modulatory role
(Straub, 2007). The estrogens have anti-inflammatory but they also can have pro-
inflammatory roles depending on the above-mentioned influencing factors (Straub,
2007). On the other hand, the role of the androgens seem to have a suppressive effect on
immune responses of vertebrates (Schuurs et al, 1990; McCruden et al., 1991;
Paavonen, 1994; Olsen & Kovacs, 1996) and increases susceptibility toward numerous
infectious diseases (Alexander & Stimson, 1988; Roberts et al., 1996). It has been
proposed that T modifies the production of cytokines by leukocytes (Posma et al.,
2004), decreases tlr4 expression in M@s and alters the sensitivity of these to ¢/r4 ligands
(Rettew et al., 2008). Moreover, immune challenges and inflammatory conditions
reduce T plasma levels (Greiner et al., 2010). It is known that T also can induce a
change in T cells from a resistance-promoting phenotype to a susceptibility-mediating
phenotype, thus enabling the T cells to mediate the suppressive effect of testosterone
(Benten et al., 1991). Male mice infected with the fungus, Candida albicans, have
lower antibody responses than females; in contrast, castrated males have similar
antibody responses to females suggesting that T may suppress immune responses to C.
albicans (Ritkind & Frey, 1971). However, some studies present results when T doesn't
have an immune suppressor effect, for example, in red-winged blackbirds (Agelaius

phoeniceus), artificially high to very high levels of T did not suppress secondary
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humoral immune responses (Hasselquist et al., 1999), and the same for primary humoral
immune responses in black-headed gulls (Larus ridibundus; Ros et al., 1997).
Furthermore, male rats infected with Seoul virus produce higher antibody responses and
shed virus longer than females, however, castration of adult males has no effect on
antibody production or virus shedding (Klein et al., 2000). All these data suggest that T’

can have both immunosuppressive and immunostimulatory effects.
3.1. Immune-reproductive interactions in teleosts.

The fish is the most primitive vertebrate and physiological activities including
the immune function are greatly influenced by the environment. In most cases the
outbreak of fish disease is dependent on environmental and endogenous factors, and
unfavorable conditions result in opportunistic infection. Therefore, management of fish
health based on the information provided by endocrine-immune interactions is essential

to prevent fish diseases (Yada & Nakanishi, 2002).

In the testis of teleosts there are leukocytes whose type, abundance and location
vary depending on the stage of the RC and the species to be studied (Billard, 1983;
Scott & Sumpter, 1989; Besseau & Faliex, 1994; Bruslé-Sicard & Fourcault, 1997; Lo
Nostro et al., 2004). Thus, in the SG and S stages some M@ have been described in the
interstitial tissue of the rainbow trout testis (Loir et al., 1995), whereas in the PS stage a
high population of phagocyte cells has been described in several teleost fish
(Henderson, 1962; Shrestha & Khanna, 1976; Scott & Sumpter, 1989; Loir et al., 1995).
In general, these leukocytes are not considered as a testicular leukocyte population, but

infiltrate the organ, to a greater or lesser extent, depending on the stage of the RC.

As in mammals, in teleosts, pituitary and steroids hormones are able to regulate
the functions and reactions of leukocytes. In tench (7inca tinca L.), T injection did not
suppress the lytic activity of plasma or the response of HK phagocytes, however T-
induce lymphopenia of the spleen (Vainikka et al., 2005). In carp, Cyprinus carpio,
intraperitoneal injections of E,, progesterone (P) and 11KT inhibit the phagocytosis,
respiratory burst and the production of NO in a dose dependent manner of HK M@s
(Watanuki et al., 2002). These hormones inhibit the phagocytic activity of carp MO
from HK, although only P and 11KT inhibit the NO production and none of them has an
effect on the respiratory burst (Yamaguchi et al., 2001). In other studies in fish, T did

not suppress the leukocyte phagocytosis or cause apoptosis of leukocytes (Law et al.,
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2001; Saha et al., 2003). The potential effects of androgens on immunity in fish are
poorly understood and present contradictory results, while T increase innate immune
parameters (Cuesta ef al., 2007), 11KT seems to induce a decrease of immune response

(Yamaguchi et al., 2001; Watanaki ef al., 2002; Kurtz et al., 2007)

In gilthead seabram, previous studies in our laboratory have suggested that sex
hormones might be key regulators of leukocyte functions in the gonad. Thus, an AGs
infiltration in the testis, orchestrated by gonadal factors including sex steroid hormones,

has been observed to be related to:
1) PS and TI stages.
i1) E; and T hormone peak.

1i1) Increase in the expression of gonadal aromatase, the enzyme that

transforms to T to E,.

1v) Experimental induction of E,; increasing serum levels in
spermatogenically active males correlated with an acceleration of the
final events of SG and an inhibition of the proliferation of spermatogonia

in early stages.

However, when AGs infiltrate the testis, they show heavily impaired ROIs
production and phagocytic activity (hardly 1% of the testicular AGs are able to
phagocytose) while the production of IL-1B is sharply induced. Interestingly, it is the
gonad itself which actively regulates the presence of these immune cells in the testis by
stimulating their extravasation from the blood (Chaves-Pozo et al., 2003, 2005a, b,
2007, 2008a). Furthermore, the expression pattern of cytokines and metalloproteinase
(MMPs) (Chaves et al., 2008c) by this cell type, suggested that AGs are essential for
testicular tissue formation, remodelling and cell renewal (Chaves-Pozo et al., 2010a).
Moreover, M@ and Ly have also been observed in the interstitial tissue (Liarte et al.,
2007; Chaves-Pozo et al., 2008a). However, the number of testicular M@ remains
steady throughout the RC when the specimens are males, while no data related to Ly are
available (Chaves-Pozo et al., 2008a). These observations, which were taken together,
suggest that the presence of immune cells and cytokines in the gilthead seabream gonad

guarantees and modulates the reproductive functions.
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On the other hand, T and 11KT seem to play different and specific roles in the
testicular physiology of the gonad of gilthead seabream (Chaves-Pozo et al., 2008a).
Moreover, T and 11KT plasmatic levels are correlated with the expression of
extracellular matrix that takes part in inflammatory processes (Castillo-Bricefio ef al.,
2009, 2011). Recent studies show that, in gilthead seabream, exogenous T, in vivo,
regulated the expression of cytokines, chemokines and immune receptors (Castillo-
Bricefio et al., 2013), and increased the phagocytic activity and the production of ROIs.
Moreover, in vitro treatment of HK leukocytes with T and 11KT was not able to
modulate the production of ROIs, although T induced the expression of the pro-
inflammatory cytokine i/1f (Aguila et al., 2013), despite the fact that E, showed a
suppressive effect on the production of ROIs and the VaDNA-stimulated production of
IL-1B (Chaves-Pozo et al., 2003). However, 11KT was able to strongly inhibit the
expression of all genes in both non-activated and VaDNA-activated AGs and exerted
the opposite effect in M@s (Aguila et al., 2013). The different responses of AGs and
M@s to androgen exposure is interesting and might help to explain the opposite reports
on the effect of androgens on vertebrate immune responses, particularly in fish where
several studies report their immunosuppressive roles (Yamaguchi ef al., 2001; Watanuki
et al., 2002; Kurtz et al., 2007). Therefore, all these results point to the extremely

complex crosstalk between immune and reproductive systems.
4. Androgen receptors.

Traditionally, androgens act via classical nuclear androgen receptor (AR),
nevertheless non-genomic pathways have also been described (Rahman & Christian,
2007). Furthermore, AR duplication is common in fish, a particularity that leads to
several androgenic forms with different binding affinities for T, 11KT and DHO (Sperry
and Thomas 1999a,b; Blazquez & Piferrer, 2005; de Waal et al, 2008; Douard et al.,
2008).

The AR is a member of the steroid receptor transcription factor family that
mediates in the action of the androgens. The structural organization of the AR gene,
mature spliced mRNA is organized in eight exons, and the protein is divided into three
domains, according its structure and function (Figure 4): i) amino-terminal domain
(NTD), encoded mostly by exon 1; ii) DNA-binding domain (DBD), encoded by exon 2

and 3, and two zinc-fingers are included in part of exon 4; iii) and ligand-binding
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domain (LBD), which is encoded by part of exon 4 and exons 5,6,7 and part of exon 8.
The two last domains, DBD and LBD, are highly conservated from teleosts to
mammals. Most of vertebrates have only one AR, however in teleosts, two main
isoforms, ARa and AR, are present, which display different tissue distributions with
ARa present only in brain and AR found in brain and in gonad (Sperry & Thomas,
1999a). These two isoforms present different binding affinities for androgens, mediate
the different actions of androgens in different tissues (Sperry & Thomas, 2000). The AR
isoform most similar to AR in fishes appears closest to that of other vertebrates in
sequence homology and androgen binding and is the probable ancestral vertebrate AR

(Sperry & Thomas, 1999a; Harbott et al., 2007; Gorelick et al., 2008).
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Figure 4. Schematic illustration of structure of nuclear receptors (NRs). Nuclear Receptor Resource

(Wahli et al., 1991; Chawla et al., 2001).

AR is localized in the cytoplasm where it engaged with other molecular,
chaperones (Dehm & Tindall, 2011). Through the binding with androgens, the receptor
suffer a conformational change and there is to nuclear translocation (Cutress et al.,
2008) where the receptor acts as transcription factor and bind to specific DNA response
elements in target gene promoter, causing activation or repression of transcription and
subsequently protein synthesis (Beato, 1989; Roy et al., 1999; Zhou et al., 1994;
Quigley et al., 1995; Heinlein & Chang, 2002). The primary mechanism of action for

androgen receptors is a direct regulation of gene transcription. However, several studies
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suggest that some androgen responses are involved non-classical and non-genomic
mechanism (Foradori et al., 2007).

The AR is important for reproductive functions in males through the binding
with androgens, it is involved in differentiation of the efferent duct system for germ
cells (Hannema & Hughes, 2007), SG (De Gendt et al., 2004), reproductive behavior
and secondary sexual characteristics (Sato ef al., 2004, Soma 2006). In prepubertal and
immature teleost fish the androgens can induce SG (Miura et al., 1991; Cavaco et al.,
1998; Campbell et al., 2003), however many aspects of the role of androgens in adults
teleost SG remain elusive. On the other hand, the AR is also important in females
(Shiina et al., 2006; de Waal et al. 2008). On the other hand, the AR shows a
widespread expression pattern over different tissues, suggesting a broad spectrum of
androgen-induced biological activities (de Waal et al., 2008).
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Figure 5. Androgen actions via intracellular androgen receptor mediated pathways. T can be converted to
DHT by the 5aR enzyme. 1) In the classical pathway, androgen freely passes through the membrane bi-
layer and binds cytoplasmic androgen receptor (AR). Bound AR translocates to the nucleus, binds to a
DNA response element on a promoter of an androgen responsive gene and stimulates transcription. 2)
Bound AR interacts with the SH3 domain of the tyrosine kinase c-Src to activate the MAPK pathway and
influence AR-mediated transcription via phosphorylation of coactivator/ receptor complexes. 3)
Androgen bound to steroid hormone binding globulin (SHBG) can activate SHBG receptor (SHBGR) and
lead to an increase in PKA activity. PKA may influence AR-mediated transcription via alteration of
phosphorylation status of AR and AR coregulators. Abbreviations: T = testosterone, DHT =
dihydrotestosterone, SaR = 5 alpha reductase enzyme, AR = androgen receptor, PKA = protein kinase A,
GP = g-protein, SH2 = Src homology domain 2, SH3 = Src homology domain 3, PTK = protein tyrosine
kinase, MAPK = mitogen-activated protein kinase, SHBGR = steroid hormone binding globulin receptor,

cAMP = cyclic adenosine monophosphate. (Foradori et al., 2007).
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As we saw in the previous section, in teleost fish, sex steroid hormones can
modify the immune response, but the results are contradictory. The effects of estrogens
and androgens are mediated by nuclear steroid receptors, ER and AR) respectively,
although other alternative pathways have also been described for the effects of sex
steroids hormones. In this respect, AR has been found in leukocytes, firstly describe in
salmonids (Slater et al., 1995) and in immune competent tissues of sea bass (Blazquez
& Piferrer, 2005), zebrafish (de Waal et al., 2008) and gilthead seabream (Castillo-
Bricefio et al., 2013; Aguila et al., 2013). Interestingly, in gilthead seabream, although
AGs influx to the gonad is related with the increase of E, serum levels, these cells do
not present any of the three receptor estrogens (ERs) (Pinto et al., 2006; Liarte et al.,
2011), moreover, the effect of the androgens are contradictory. So this data, might
suggest that non-genomic and alternatives pathways are implicated in the regulation of

immune cells activities and the interaction immune-reproductives.

5. Alternative splicing.

Alternative splicing of precursor messenger RNA (pre-mRNA) was described 30
years ago (Nilsen and Graveley, 2012). Alternative splicing is a process for increasing
functional diversity from a limited set of genes, by which several mRNA are generated
from a single gene (Dehm & Tindal, 2011; Laurentino et al., 2013). This mechanism is
correlated with the complexity of organisms, and could play an important role in
different processes, mainly developmental processes (Foulkes et al., 1992; Nilsen &
Graveley, 2010; Laurentino et al. 2013). The estimated number of genes that encode
more than one protein as a result of alternative splicing of a pre-mRNA has steadily
risen over time (Nilsen and Graveley, 2012). Alternative splicing involves the
differential use of splice sites to create protein diversity. Nearly all instances of
alternative splicing result from the use of one or more of four basic modules (Figure 6):
a) alternative 5’ splice-site choice, b) alternative 3’ splice-site choice, c¢) cassette-exon

inclusion or skipping, and d) intron retention.

The number of mechanisms that are known to be involved in splicing regulation
approximates the number of specific splicing decisions that have been analyzed in any
detail, and the most extensively studied cases of alternative splicing are regulated
alternative splicing events. The regulation in this context means that distinct splicing

patterns are observed in different cellular environments, can be tissue specific or
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dictated by developmental (Sanchez, 2008) or differentiation-specific (Boutz et al.,
2007; Makeyev et al., 2007;). In addition, some alternative splicing patterns have been
shown to be modulated in response to external stimuli, such as depolarization of
neurons (Xie et al., 2001) or activation of signal transduction cascades (Shin et al.,

2004; Lynch, 2007).

Figure 6. Types of alternative splicing. There are four basic types of alternative splicing: alternative 5’
splice-site selection (a), alternative 3’ splice-site selection (b), cassette-exon inclusion or skipping (¢) and
intron retention (d). The rectangles in the centre represent pre-mRNAs. For each pre-mRNA, the black
lines span the regions that can be spliced out, with the lines above corresponding to the mature mRNA
shown on the left and the lines below to the mRNA on the right. That is, the mRNA that is synthesized
when the central exon (or intron in d) is skipped is shown on the left, and the mRNA that is synthesized
when this sequence is included is shown on the right. In d, the pink portion is considered an exon when

included (right) and an intron when skipped (left) (Nilsen and Graveley, 2012).

Most processes of alternative splicing occur in reproductive and immune tissues.
In testis, the alternative splicing is so abundant due to be the site of an extensive
developmental process (Elliot & Grellscheid, 2006). On the other hand, the immune
system also present great varieties of alternative splicing because it requires high degree
of diversity and the ability of rapidly adapt and response to changes in environmental

conditions (Lynch, 2004).
5.1. Alternative splicing of AR.

The alternatively splicing variants are commonly generated in steroid hormone

receptors, and testis is the tissue where is most frequent (Hirata et al., 2003; Yeo et al.,
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2004; Elliott & Grellscheid, 2006). In humans, many AR variants exist, some occurs
naturally in normal tissues and other are produced in unhealthy tissues by different
mechanisms (Dehm & Tindall, 2011). A natural alternative splice of AR in human is
AR4S5, is expressed in diverse tissues including heart, muscle, uterus, prostate, lung, and
breast, with no apparent expression in brain. This alternative variant of AR yield a 45
KDa receptor isoform with all domains, only NTD is different to wild type NTD. This
variant interacts with the full-length AR (ARfl), and it is a negative regulator of AR
signaling (Ahrens-Fath et al. 2005). However, the most alternative splices are related

with diseases. The alternative splices of AR can be divided into 2 groups:

a) Variants which alternative splice produces a loss of function of AR truncated

protein (Figure 7).
b) Variants which have a gain of function of AR (Figure 8).

In the first case, the alternative splices of AR are related with androgen
insensitivity syndrome (AIS). The truncated AR proteins have impaired function that
prevents normal androgen signaling and proper development of internal and external
male phenotypes (Brinkmann, 2001). The most severe AIS phenotype is complete AIS
(CAIS), where individuals have a complete female appearance. Partial AIS (PAIS)
includes a wide range of phenotypes including individuals with a primarily female
appearance as well as individuals with a primarily male appearance (Dehm & Tindall,
2011). These pathologic transcripts present different mechanisms, the splicing and
different truncated AR protein (Figure 7). Some variants produce complete protein but
are not able to bind androgens, others give a truncated protein only with NTD, and
others do not present DBD. However, most of these pathologic transcripts are produced

from an altered gene sequence.
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Figure 7. Mutations and structural alterations in the AR gene disrupt mRNA splicing patterns in
androgen insensitivity syndrome (AIS). (A) Schematic of the AR gene locus with intronic point mutations
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(PAIS). Predominant AR mRNA isoforms expressed in individuals with these specific gene alterations

are illustrated in (B) (Dehm & Tindall, 2011).
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On the other hand, AR varianst with gain of function are related with cancer,
mainly, prostate cancer (PC). Most of the variants, in these cases, can give rise to
truncated AR protein isoforms with lack the LBD (ARALBD), can bind DNA
independent of androgens and present a constitutively activity (Dehm & Tindall, 2011).
These variants are described, mainly, in cases of PC resistant to androgen depletion
therapy (ADT), and some are the most variant in cases of castration resistant-PC
(CRPC), in which the presence of these variants produce bone metastases and short
survival in the individuals (Hornberg et al., 2011). However, the function of these
variants might be different, some ARALBD forms do not interact with ARfl and act as
an independent factor (Dehm & Tindall, 2011), while other variants are able to interact
with ARfl and enhance the ligand-dependent and ligand-independence activity ((Dehm
et al., 2008; Dehm & Tindall, 2011; Hornberng et al., 2011), maybe through a
mechanism of stabilization of protein or even with the induction of ARfl translocation

to the nucleus in absence of the androgens (Dehm & Tindal, 2011).

However with the great variety of alternative splice of AR and the great diversity
of functions in which they are implicated, the mechanisms of regulation of AR splicing
are unclear. One possible mechanism for this increase in truncated AR isoform
expression could be changes in expression or activity of factors that regulate AR,
however, the alterations in AR splicing patterns can also be stable due to sequence or

structural changes in the genomic DNA template (Dehm & Tindall, 2011).

To date, the knowledge of the presence of splice AR variants is limited to
humans, mainly in pathological conditions. Recently, some AR variants have been
identified in healthy human tissues, and the presence of these variants in other
vertebrates like fish have been demonstrated (Laurentino ef al., 2013). The conservation
of AR splicing pattern in different tissues and in evolutionarily distant vertebrate
species could indicate the functional importance of these AR forms (Laurentino et al.,
2013). Interestingly, in gilthead seabream, an alternative splice of AR, which produce
AIS in humans (Hellwinkel et al., 1999), has been described in testis (Laurentino et al.,
2013). This variant is characterized by the deletion of exon 2 and introduction of a
premature stop, giving a protein only with NTD, this variant is known as ARA2%,
However, gilthead seabream could present more alternative transcripts due to the
complexity of reproductive cycle, in which diverse processes are implicated and that

can perform to the sex change in males after the second reproductive cycle.
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Figure 8. Alternatively spliced AR isoforms identified in prostate cancer (PCa). (A) Schematic of the AR

gene locus with locations of alternatively spliced, cryptic exons illustrated in red. The location of an

intragenic tandem duplication identified in 22Rv1 cells is indicated. (B) Alternative splicing of cryptic

exons in the AR locus or exon skipping gives rise to COOH-terminally truncated AR mRNA isoforms

that encode constitutively active, ligand-independent transcription factors. CE20 denotes the use of an

alternative splice acceptor site for splicing of exon CE2 downstream from exon 3 (Dehm & Tindall,
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II. OBJECTIVES



Objectives

The specific objectives of this work are:

1. To evaluate the effect of exogenous testosterone on the sex steroid hormone
balance and the gonadal physiology of gilthead seabream males.

2. To characterize at molecular and functional levels a constitutively active

androgen receptor variant.
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CHAPTER 1. Testosterone implants modify the
steroid hormone balance and the gonadal
physiology of gilthead seabream (Sparus aurata L.)

males.



Chapter I

Abstract.

Androgens can induce complete spermatogenesis in immature or prepubertal
teleost fish; however, many aspects of the role of androgens in adult teleost
spermatogenesis remain elusive. We used the in situ forming microparticle (ISM)
system containing 1 mg of testosterone (T)/kg body weight (T-ISM) in a homogenous
population of gilthead seabream at testicular involution stage to study in vivo the effects
of T on the sex steroid hormone balance and on the physiology of the gilthead seabream
gonad. The levels of T, 11-ketotestosterone (11KT) and 17B-estradiol (E;) in plasma,
gonad and liver were determined in T-ISM implanted specimens after 7, 14, 21 and 28
days. The effect of T-ISM was evaluated on (i) de novo synthesis and metabolism of T
in the gonad and liver by measuring the gene expression levels of the main
steroidogenic proteins involved, (ii) the progress of spermatogenesis, (iii) the presence
of different leukocyte cell types in the gonad, and (iv) the mRNA expression of some
genes involved in the leukocyte migratory influx into the gonad and of some immune-
relevant molecules. T-ISM implants promote an increase of T up to supra-physiological
levels which induce a depletion of E, levels and maintain the 11KT levels at
physiological concentrations. The gene expression profile of some steroidogenic
enzymes in gonad and liver ruled out the transformation of T into estrogenic compounds
following T-ISM implantation whereby androgens may also be involved in the
leukocyte migratory influx, which occurred even when cytokine, chemokine and cell
adhesion molecule gene expressions were down-regulated. Moreover, T-ISM implants
block germ cell proliferation, although increased dmrtl gene expression may prevent
the complete depletion of germ cells in the gonad. Furthermore, T down-regulated the
expression of several t/r genes, which may result in the inhibition of the immune
response in the gonad through the impaired ability to recognize and respond to

pathogens.

Keywords: Testosterone, steroidogenic enzymes, leukocytes, testis, gilthead seabream
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1. Introduction.

Androgens can induce complete spermatogenesis in immature or prepubertal
teleost fish (Campbell ef al., 2009; Cavaco et al., 1998; Miura ef al., 1991); however,
many aspects of the role of androgens in adult teleost spermatogenesis remain elusive. It
is clear that androgens (testosterone, T, and 11-ketotestosterone, 11KT) are essential for
controlling sexual differentiation and spermatogenesis in males by binding to androgen
receptor (AR), thereby activating or repressing the expression of specific genes (Borg,
1994; Devlin & Nagahama, 2002; Leet et al., 2011). T levels increase in both males and
females during gonadal development, while 11KT is considered to be the dominant
androgen in males (Borg, 1994). However, other androgens derived from T, such as
11B-hydroxytestosterone (OHT) or dihydrotestosterone (DHT), have also been detected
in breeding specimens of several fish species where they clearly have an in vivo
androgenic effect (Borg, 1994; Margiotta-Casaluci & Sumpter, 2011). Furthermore, T,
an aromatizable androgen, is locally transformed into 17f-estradiol (E,), triggering
estrogenic effects, while DHT, a non-aromatizable androgen, may also be locally
transformed into So-androstane-3B, 17B-diol (Bdiol) (Mouriec et al., 2009), a well-
known estrogenic compound that strongly stimulates the transcriptional activity of
mammalian estrogen receptor (Kuiper et al., 1998). The gonad is the main organ that
synthesizes biologically active steroids de novo (Stocco, 2001), while the liver is not a
typical steroid-producing organ, but rather a steroid-metabolizing organ (Arukwe,
2008). Both, de novo synthesis and metabolism of steroid hormones are controlled by
rapid changes in the activities of the steroidogenic enzymes, by the availability of
substrate or by changes in the amounts of the steroidogenic enzymes through the

regulation of the amounts of the specific mRNAs encoding them (Miller, 1989).

The gilthead seabream (Sparus aurata L.) is a seasonally breeding, marine,
protandrous hermaphrodite teleost with a bisexual gonad, which has a functional
testicular area and a non-functional ovarian area, at least during the two first
reproductive cycles (RCs). The reproductive cycle is divided into four stages:
spermatogenesis, spawning, post-spawning, and resting or testicular involution stage
depending on whether the fish are in their first or second RC (Chaves-Pozo et al.,
2005a; Liarte et al., 2007). The testis of this specie undergoes abrupt morphological
changes, especially after spawning, including a massive infiltration of acidophilic

granulocytes (AGs), an immune cell type essential for the normal physiology of the
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gonad, and whose presence in the gonad is actively regulated by tissue-specific factors
and hormones (Chaves-Pozo, 2003, 2005a, b; Liarte et al., 2007). In fact, an
endogenous increase of the E, plasma levels in male specimens is correlated with AGs
migration into the testis after spawning (Chaves-Pozo et al., 2008a; 2012), while
exogenous E, or 17a-ethinyl estradiol (EE;) accelerates the final events of
spermatogenesis, and promotes a massive leukocyte infiltration in the testis by up-
regulating the expression of several genes involved in regulating leukocyte trafficking
(Liarte et al., 2007; Chaves-Pozo et al., 2003, 2008b; Cabas et al., 2011a). Moreover,
short-term exposure to E, inhibits the proliferation of spermatogonia in their early
stages, while long-term exposure to E, restarts Sertoli cell proliferation (Chaves-Pozo et
al., 2007). Interestingly, both estrogenic compounds deplete the plasmatic androgen
levels of gilthead seabream concomitantly with the suppression of spawning, suggesting
that the induction of spawning is an androgen-dependent issue (Chaves-Pozo et al.,
2008b; Cabas ef al., 2011a). Furthermore, 11KT and T, the main androgens in fish, play
different and specific roles in the testicular physiology of gilthead seabream as they
peak at different stages (Chaves-Pozo et al., 2008a). Moreover, their profiles suggest
that T is not essential in the testicular regression process that occurs after spawning,
when the infiltration of leukocytes is enhanced (Chaves-Pozo et al., 2005a). Although,
most studies on reproductive dysfunctions in aquatic species have focused on endocrine
disrupting chemicals (EDCs) with estrogenic action (Leet et al., 2011), recent studies
have highlighted the occurrence of androgenic environmental contaminants with

adverse effects on reproduction and development (Ekman et al., 2011).

The above observations prompted us to examine the effect of T on the balance of
sex steroid hormones and on the physiology of the gonad (proliferation, apoptosis,
leukocyte influx and immune status) of mature male specimens of the gilthead
seabream, taking into account the local transformation of T in gonad and liver by
measuring the expression levels of the genes coding for the main steroidogenic proteins
involved. To this end, we used the in situ forming microparticle (ISM) system, which
delivers sex steroids without promoting significant physiological alterations in gilthead
seabream and has been used to show that T modulate the inflammatory response of

head-kidney leukocytes in the gilthead seabream (Castillo-Bricefo ef al., 2013).
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2. Materials and Methods.
2.1. Animals and experimental design.

Healthy mature gilthead seabream (Sparus aurata L., Actinopterygii,
Perciformes, Sparidae) males of 482 + 7.45 g mean body weight (bw), at the
spermatogenesis stage of their second RC, were bred and kept at the Centro
Oceanografico de Murcia (IEO, Mazarrén, Murcia). The fish were kept in 2 m® tanks
with the water temperature ranging from 14.6 to 17.8 °C, a flow-through circuit, a
suitable aeration and filtration system and a natural photoperiod. The environmental

parameters, mortality and food intake, were recorded daily.

Spermiogenic active males, determined by gentle abdominal massage, were
separated (December) from non-spermiogenic ones and reared for 30 days (January).
The specimens were anesthetized with 40 pl/l of clove oil before handing and injected
them; after that three experimental groups were established: (i) fish (n=26) injected with
ISM implants without T (control); (i1) fish (n=26) injected with T-ISM containing 1 mg
T/kg bw, and (ii1) fish (n=26) not injected. The specimens were fed three times a day ad
libitum for 28 days with a commercial pellet diet (44% protein, 22% lipids, Skretting,
Spain) and fasted for 24 h before sampling (7, 14, 21 and 28 days post-implantation,
dpi). Six fish (group and sampling time) were anesthetized with 40 pl/l of clove oil and
blood was obtained from the caudal peduncle using ammonium-heparinized syringes
and the plasma samples, obtained by centrifugation (10,000g, 1 min, 4 °C), were
immediately frozen in liquid nitrogen and stored at -80 °C until use. Then, specimens
were decapitated and weighed, and the gonads and liver were removed, weighed and
embedded in TRizol or immediately frozen in liquid nitrogen and stored at -80°C until
processed for gene expression or sex steroid hormone levels analysis, respectively. The
gonads were also processed for light microscopy. The experiments described comply
with the Guidelines of the European Union Council (86/609/EU), the Bioethical
Committee of the University of Murcia (Spain) and the Instituto Espafiol de

Oceanografia (Spain) for the use of laboratory animals.
2.2. In situ forming microparticle (ISM) system.

ISM implants have previously been used in gilthead seabream (Castillo-Bricefio

et al., 2013). Briefly, polymer solutions were prepared by mixing poly-D,L-lactate-co-
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glycolate PLGA (P2066-1G, Sigma) with the solvent 2-pyrrolidone (Fluka Analytical)
20 % (w/w), in glass vials until a clear solution was formed. T (Sigma) was dissolved in
polymer solution 10% (w/w) and the ISM implants were prepared by emulsifying the
steroid-containing polymer solution into peanut oil (external oil phase) at a polymer to
oil phase ratio of 0.1:1 in a sonication bath (Ultrasons 3000512, P Selecta) for 10
minutes at room temperature. Pluronic F127 (Sigma) 1 % (w/w) based on the amount of
the total formulation, and aluminum monostearate (Fluka Analytical) 2 % (w/w) based
on the oil phase, were added to increase the stability of the emulsions. T-ISM implants
were prepared with 1 mg of T/kg bw and the implants, both ISM (without T) and T-
ISM, were placed by an intramuscular injection, approximately 2 cm below the dorsal
fin, in order to achieve plasma concentrations above physiological levels (up to 2 ng/ml)

(Chaves-Pozo et al., 2008a).
2.3. Gonadosomatic and hepatosomatic indexes.

The gonadosomatic index (GSI) was calculated as an index of the reproductive
stage [100*(MG/MB) (%)] and the hepatosomatic index (HSI) was calculated as an
index of the toxic effect of the treatment [100*(MH/MB) (%)], where MG is gonad

mass (in grams), MH is hepatic mass (in grams) and MB is body mass (in grams).
2.4. Analytical techniques.

Plasma and tissue levels of T, 11KT and E, were quantified by ELISA following
the method previously used in gilthead seabream (Chaves-Pozo et al., 2008a). Steroids
were extracted from 40 ul of plasma or 10 pl of tissue (1g/ml) homogenized in lysis
buffer [S0 mM phosphate buffer with 10 mM DTT (Sigma) and 250 mM sucrose
(Sigma)] in 1.3 ml of methanol (Panreac). Then, the methanol were evaporated at 37° C
and the steroids were resuspended in 400 pl of reaction buffer [0,1 M phosphate buffer
with ImM EDTA (Sigma), 0.4 M NaCl (Sigma), 1,5 mM NaN3; (Sigma) and 0.1%
albumin from bovine serum (Sigma)] and 50 pl were used in each well so that 5 pl of
plasma or 1.25 pl of homogenized tissue were used in each well for all the assays. T,
11KT and E, standards, mouse anti-rabbit IgG monoclonal antibody (mAb), and
specific anti-steroid antibodies and enzymatic tracers (steroid acetylcholinesterase
conjugates) were obtained from Cayman Chemical. Microtiter plates (MaxiSorp) were
purchased from Nunc. A standard curve from 6.13 x 10™ to 5 ng/ml (0.03-250 pg/well),

a blank and a non-specific binding control (negative control) were established in all the

50



Chapter I

assays. Standards and extracted plasma and tissue homogenated samples were run in
duplicate and all the measures were corrected with the blank and negative control. The
lower limit of detection for all the assays were 6.1 pg/ml for plasma and 30.5 pg/mg for
tissue samples. The intra-assay coefficients of variation (calculated from sample
duplicates) were 13.2 +2.3% for T, 12.6 + 2.4% for 11KT and 6.2 + 1.2% for E, assays
in plasma and 21.7 + 2.6% for T, 5.4 £ 1.1% for 11KT and 22.5 + 3.1% for E, assays in
tissue homogenates analysis. Details on cross-reactivity for specific antibodies were
provided by the supplier (0.01% of anti-11KT reacts with T; 2.2% of anti-T reacts with
11KT; and 0.1% of anti-E, reacts with T).

2.5. Light microscopy and immunocytochemical staining.

The gonads were fixed in Bouin’s solution, embedded in paraffin (Paraplast
Plus; Sherwood Medical, Athy, Ireland), and sectioned at Sum. After dewaxing and
rehydratation, some sections were stained with hematoxylin-eosin in order to determine
the degree of development of each specimen. The sections were subjected to an indirect
immunocytochemical method using three monoclonal antibodies (mAbs) specific to: 1)
gilthead seabream AGs (G7) [24], ii) gilthead seabream immunoglobulin M (IgM,
Aquatic Diagnostic) to detect B lymphocytes, or iii) proliferating cell nuclear antigen
(PCNA, Sigma) to analyze cell proliferation at the optimal dilution of 1:100, 1:250 or
1:1000, respectively, as described previously [25]. The specificity of the reactions was
determined by omitting the first antiserum. Some other sections, obtained from gonads
fixed in 4% paraformaldehyde solution, were subjected to in sifu detection of DNA
fragmentation (TUNEL) assay to identify apoptotic cells (in situ cell death detection kit;
Roche), as described previously (Chaves-Pozo ef al., 2007). Slides were examined with

an Axiolab (Zeiss) light microscope.
2.6. Analysis of gene expression.

Total RNA was extracted from gonad fragments with TRIzol reagent
(Invitrogen) following the manufacturer’s instructions, pooled using the same amount of
RNA from 3 fish per group and sampling day (2 pools per group and sampling time)
and treated with DNase I, amplification grade (1 unit/ug RNA, Invitrogen). SuperScript
IIT RNase H— Reverse Transcriptase (Invitrogen) was used to synthesize first strand

cDNA with oligo-dT18 primer from 1 pg of total RNA, at 50 °C for 60 min.
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The expression of genes coding for (i) steroidogenesis-related molecules:
steroidogenic acute regulatory protein (star), cholesterol side chain cleavage
cytochrome P450 (cypllal), steroid 11-beta-hydroxylase (cypllbl), aromatase
(cypl9ala), 11B- hydroxysteroid dehydrogenase (hsdl1b), Sa reductase (srd5a) and 33-
hydroxysteroid dehydrogenase (4sd3b), (ii) testicular specific, double sex-and mab3-
related transcription factor 1 (dmrtl); (iii) CC chemokine ccl/4 and leukocyte adhesion
molecule E-selectin (sele), and (iv) relevant-immune molecule genes: interleukin 1B
(il1b), tumour necrosis factor a (¢nfa), transforming growth factor B1 (zgfbl), and toll-
like receptor (¢/r)3s, tlr5m and tlr9 was analyzed by real-time PCR performed with an
ABI PRISM 7500 instrument (Applied Biosystems) using SYBR Green PCR Core
Reagents (Applied Biosystems) as previously described (Chaves-Pozo et al., 2008b).
For each mRNA, gene expression was corrected by the ribosomal protein S18 gene
(rsp18) content in each sample. The gilthead seabream specific primers used are shown
in Table 1. In all cases, each PCR was performed with triplicate wells and repeated at
least twice. Less than 2 % variation in rps/8 gene expression was observed between

biological replicates.
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Table 1. Gene accession numbers and primer sequences used for gene expression analysis.

Gene Accession number | Name | Sequence (5’-3°) Use
F1 ACATCGGGAAGGTGTTCAAG

Star AM905934 Real time PCR
R1 TCTCTGCAGACACCTCATGG
F CGCTGCTGTGGACATTGTAT

cypllal | FM159974.1 Real time PCR
R CATCATGTCTCCCTGGCTTT
F GCTATCTTTGGACCCCATCA

cypllbl | FP332145 Real time PCR
R CTTGACTGTGCCTTTCAGCA
F2 CAATGGAGAGGAAACCCTCA

cypl9ala | AF399824 Real time PCR
R2 ATGCAGCTGAGTCCCTGTCT
F AGACATGGGCAACGAGTCAG

hsdl1b AM973598 Real time PCR
R TCCACATCTCCCTCCCACAT
F TGCACTTTCGTGACTCTGCT

srd5a AMO958800 Real time PCR
R TTTCGCACAAGACGTCCAGA
F GGAGGACAAACTGGTGGAGG

hsd3b HS985587 Real time PCR
R ACATTCTCCGTTCCGGTGAC
F GATGGACAATCCCTGACACC

dmrtl AM493678 Real time PCR
R GGGTAGCGTGAAGGTTGGTA
F1 GCTGTGTTTGTGCTGATGCT

ccl4 AM765840 Real time PCR
R1 GCTGGCTGGTCTTTTGGTAG
F1 GACAGTGAGCAGGCGTACAA

Sele AM749963 Real time PCR
R1 ATCGCTTCATGATCCACACA
F2 GGGCTGAACAACAGCACTCTC

illb AJ277166 Real time PCR
R3 TTAACACTCTCCACCCTCCA
FE1 TCGTTCAGAGTCTCCTGCAG

tnfa AJ413189 Real time PCR
RE3 CATGGACTCTGAGTAGCGCGA
F AGAGACGGGCAGTAAAGAA

tgfbl AF424703 Real time PCR
R GCCTGAGGAGACTCTGTTGG
F CTTCCTGAGCCAAGTTGAGG

tlr5s AM953332 Real time PCR
R TCAGCTTGTGGAGGTCCTTT
F CCTGTCTGCAACTGTCAGGA

tlrSm AM296028 Real time PCR
R TGTGGATCTGGTTCAAGCTG
F2 GGAGGAGAGGGACTGGAT

tr9 AY751798 Real time PCR
R2 GATCACACCGTCACTGTCTC
F AGGGTGTTGGCAGACGTTAC

rps18 AM490061 Real time PCR
R CTTCTGCCTGTTGAGGAACC
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2.7. Calculation and statistics.

The quantification of IgM+ and G7+ immunostained areas was calculated as the
mean value + SEM of the stained area/total area of 24 randomly distributed optical areas
at 200 x magnification. The stained areas were measured by image analysis using a
Nikon eclipse E600 light microscope, an Olympus SC30 digital camera (Olympus soft

imaging solutions GMBH), and Leica Qwin software (Leica microsystems).

All data were analyzed by one-way ANOVA and a post hoc test (Tukey
Honestly Significant Difference) to determine differences between groups (P<0.1).
Normality of the data was previously assessed using a Shapiro-Wilk test and
homogeneity of variance was also verified using the Levene test. Non-normally
distributed data were log-transformed prior to analysis and a non-parametric Kruskal—
Wallis test, followed by a multiple comparison test, was used when data did not meet
parametric assumptions. In addition, non-parametric Pearson correlation tests were
applied to test correlations among hormonal levels and gene expression levels for each
condition. Statistical analyses were conducted using Statgraphics 15.0 (StatPoint, Inc).
All data are presented as mean of standard error to the mean (SEM). Significance level

(P) was fixed at 0.1 (P < 0.1*; P < 0.05**; P < (0.01%**),
3. Results.

When spermiogenic active gilthead seabream males were separated from their
non-spermiogenic counterparts and reared for 30 days, the plasmatic levels of sex
steroids and the morphology of the testis of these specimens were similar to those
observed at the testicular involution stage of the second RC (Liarte ef al., 2007; Chaves-

Pozo et al., 2008).

The implants themselves (without T) had no significant effect on the testicular
morphology, GSI, HSI (Table 2) and plasmatic sex hormone levels (Table 3), when
compared with non-injected fish with the exception of the plasma levels of E, which

increased after 21days of the implantation.
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3.1. T-ISM implants increase the gonadosomatic and hepatosomatic indexes.

GSI increased at 14 dpi, while HSI increased at 7, 14 and 21 dpi in T-ISM
treated fish (Table 2).

Table 2: Gonadosomatic (GSI) and hepatosomatic (HSI) indexes of non injected, control (ISM

implants without T) and T-ISM implanted gilthead seabream specimens.

Days post-implant

7 14 21 28
Non injected | 0.55 + 0.08" | 0.48 +0.1° | 0.34 +0.03* | 0.47 + 0.07"
GSI (%) | Control | 0.43+0.09*|0.51+0.05* | 0.60+0.1* | 0.58+0.1°

T-ISM 0.53+0.1° | 1.83+0.9° | 0.51+0.1* | 0.4+0.03°
Non injected | 1.25+0.1° | 1.18 £0.1° | 1.25+0.1* | 1.09 +0.1°
HSI (%) | Control 127+0.1° | 1.20+£0.1* | 1.24+0.1> | 1.42+0.1°
T-ISM 1.48+0.1° | 1.38+0.1° | 1.60+0.2° | 1.30+0.1

Different letters denote statistically significant differences between the groups according to a Tukey post

hoc test.

3.2. T-ISM implants modify the balance of sex steroid hormones.

In the plasma of T-ISM implanted fish, T levels were much higher than T levels
in control fish at 7 dpi and then gradually fell until the end of the experiment, although
they were still statistically higher than in control fish (Table 3). However, 11KT levels
were lower than in the control fish reaching not detectable levels at the end of the
experiment (Table 3) while E, levels were lower at all times points (Table 3). In the
gonads of T-ISM implanted fish, T levels were lower than T levels in control fish at 14
dpi but were significantly higher at 21 and 28 dpi (Table 3), while 11KT levels were
lower than in control fish on days 7, 14 and 28 (Table 3) and E, levels were similar than
in control fish at 7 dpi and progressively decreased from day 14 onwards (Table 3). In
the liver of T-ISM implanted fish, T levels progressively increased from day 7 onwards
(Table 3). However, 11KT was lower than 11KT levels in control fish at days 7 and 28
but higher at day 14 (Table 3), while E, levels was only lower than in control fish at 14
dpi (Table 3). Interestingly, only in T-ISM implanted fish did the plasma levels of T
positively correlate with E, and 11KT (Table 4) while the gonadal levels of E, were
positively correlated with 11KT (Table 5).

55



ISM injected gilthead seabream.

Chapter 1

Table 3: Sex steroid hormone levels in non injected, control (ISM implants without T) and T-

Days post-implant

7 14 21 28
. inﬁi‘c’?e q 0.72+0.2° 0.62+0.2° 0.50+0.1° 0.44+0.3°
(ng/ml) | Control 0.79 +0.2° 0.54+0.1° 1.68 +1.2° 0.23 +0.03*
T-ISM 11.49 +6.08 3.99 +3.47 1.82 +0.86 0.84 +0.39"
_ Non 0.11+0.07° 0.04 + 0.02° 0.09 + 0.05° 0.02 £ 0.01°
11KT injected
plasma (ng/ml) | Control 0.1 +0.02° 0.05 + 0.02° 0.05+0.01° 0.06 + 0.02°
T-ISM 0.09 £ 0.02 0.05 + 0.05 0.04 +0.01 ND
_ Non 229+ 1.0 0.51+0.1° 0.87 +0.2° 0.42+0.1°
E, injected
(ng/ml) | Control 1.14+0.1° 1.02£0.2° 2.04+0.1° 0.95+0.2°
T-ISM 0.51+0.24" 0.01+0.01"" 0.20+0.09™ 0.04+0.01""
T Control 28.67 +0.33 68.60 +0.21 ND ND
(ng/ml) | TISM 10.77 £ 0.04 9.30+0.16™ 25.96+0.08""" 21.81+0.33™"
11KT | Control 101.08 + 0.36 2.63+0.02 0.76 + 0.01 369.93 + 4.41
gonad (ng/ml) | T.ISM 432+0.04" ND 0.56 +0.01 0.23+0.00
E, Control 736+ 0.06 2.54+0.02 4.52 £0.06 0.16 + 0.00
(ng/ml) | TISM 13.29+0.12 0.39 +0.00" 0.04 + 0.00" ND
T Control ND ND ND ND
(ng/ml) | TISM | 21835+2.10" 1809.79 + 7.48""" 2029.66 +15.25™"" 4181.12 +57.68"""
liver 11KT | Control 168.49 +2.31 0.10 £ 0.00 205.28 + 4.10 1983.45 +22.23
(ng/ml) | T.ISM ND 15280.97 + 303.68" 115.33 £2.24 0.48+0.01""
E, Control 0.03 +0.00 2.39+0.01 0.95+0.01 0.09 £ 0.00
(ng/ml) | TISM ND 0.65+0.01° 0.76 + 0.01 0.03 + 0.00
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Different letters denote statistically significant differences between non-injected and control groups
according to a Tukey post hoc test (P<0.05). Asterisks denote statistically significant differences between

control and T-ISM groups according to a Tukey post-hoc test (*P < 0.1, **P < 0.05, ***P <0.01).




Chapter I

Table 4: Correlations observed in plasma between the sex hormone levels in ISM (implants
without T) (white squares) and T-ISM (gray squares) implanted fish groups. The first number
corresponds to Pearson coefficient of correlation and the second to the significant difference P.

Written in bolds are the parameters that correlated.

plasma T 11KT E,
T 0.76 0.74
0.00 0.00
11KT 0.12 0.40
0.58 0.06
E, 0.27 -0.11
0.22 0.61

3.3. T-ISM implants modify the steroidogenic enzyme gene expression in gonad and

liver.

T-ISM implants slightly affect the expression of genes that code for
steroidogenic enzymes in gonad (Fig. 1) and in liver (Fig. 2).

In the gonad (Fig. la-g), the main differences were observed 28 dpi when a
complete block of the expression of star was observed (Fig. 1a), coinciding with an up-
regulation of the transcript levels of cypl1b1 (Fig. 1¢), cypl9ala (Fig. 1d), hsdl1b (Fig.
le), and srd5a (Fig. 1f). The gonad transcript levels of cyp/9ala (Fig. 1d) and hsdl1b
(Fig. le) were also up-regulated at 7 dpi, while the transcripts of srd5a (Fig. 1f) and
hsd3b (Fig. 1g) were down-regulated at 14 dpi and also the transcript of cyp/9ala at 21
dpi (Fig. 1d). The levels of T and the expression of cyp/1bI and the transcript levels of
cypl9ala and cypllal were positively correlated in control fish but not in T-ISM
implanted fish (Table 5). Moreover, the gonad levels of 11KT and the expression of
cypllal, together with the transcript levels of star and cypl9ala, hsdl1b, srd5a or
hsd3b negatively correlated in T-ISM implanted fish but positively or not correlated in
control fish (Table 5). Positive correlations in T-ISM implanted fish but not in control
fish were observed between the expression levels of cypl1b1 and cypl9ala or hsd3b, of
cypl9ala and hsdl1b, srd5a or hsd3b, and of hsdl1b and srd5a or hsd3b (Table 5).
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Table 5: Correlation observed in gonad between the sex hormone levels and the steroidogenic
enzyme gene expressions analyzed in ISM (without T; white squares) and T-ISM (gray squares)
implanted fish groups. The first number corresponds to Pearson coefficient of correlation and

the second to the significant difference P. Written in bolds are the parameters that correlated.

E, star  cypllal cypllbl cypl9ala  hsdllb  srdSa  hsd3b gy
-0.31 -0.3 -0.08 0.05 0.19 0.23 024 026 -0.05
0.26 0.25 0.78 0.85 0.48 0.39 036 033 0.85
0.81 0.29 -0.61 -0.36 -0.07 -0.31 -0.20  -0.12 -0.31
0.00 0.31 0.02 0.20 0.82 0.28 0.50  0.69 0.29

E, 0.10 018 047  -0.29 -0.12 2029 =025 020 -0.21
072 044 0.08 029 0.66 030 037 048 045

star 2007  -031 20.03 034  -0.50 20.56  -0.67 -0.56 0.0l
081 028 094 0.88 0.10 0.01 0.02 000 002 097

apllal | 014 071 017 0.16 0.03 .02 -0.02 -001  -0.02

062 000 053 0.00
apllbl | 064 029 032 -005
0.01 031 022 0.82 0.62
opl9ala | 038 038 004  -0.64 084

0.45 0.90 0.92 0.92 0.95 0.93
0.78 0.31 0.68 0.63 0.52
0.00 0.16 0.00 0.00 0.01

0.66 0.92 0.92 -0.08

0.16 0.18 0.9 0.001 0.00 0.66 0.00 0.00 0.00 0.71
hsd11b -0.22 -0.19 -0.33 -0.10 0.28 -0.39 0.88 0.87 -0.29

0.43 0.51 0.21 0.69 0.19 0.07 0.11 0.00 0.00 0.17
srd5a 0.5 0.18 -0.16 0.28 0.18 0.63 -0.06

0.06 0.53 0.55 0.26 0.42 0.00 0.77
hsd3b 0.18 -0.23 -0.19 0.76 -0.39 0.23 -0.41

0.55 0.47 0.51 0.00 0.08 0.34 0.06

dmrt] 071  -0.14 041 -0.2 0.15 0.93 0.06 041 050  0.14
0.00 065 0.1l 036 049 0.00 0.77 005 001 055

In the liver, the cypl1b1 transcripts were undetected in all the fish groups studied (data
not shown). The transcript levels of cyp/9ala (Fig. 2a) was down-regulated at 14 dpi
and undetected at 21 and 28 dpi, while the transcript of Asd11b (Fig. 2b), srd5a (Fig. 2¢)
and hsd3b (Fig. 2d) were up-regulated at 14 dpi and down-regulated at 21 dpi and also
at 28 dpi in the case of 4sd3b. In the liver, the transcript levels of 4sd11b correlated with
the 11KT levels in T-ISM implanted fish but not in control fish (Table 6).
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Figure 1. “Expression of genes that code for steroidogenic-relevant molecules and dmr¢/ in the gonad of

gilthead seabream after T-ISM implants”. The expression of star (a), cypllal (b), cyplibl (c), cypl9ala
(d), hsd11b (e), srd5a (f), hsd3b (g) and dmrtl (c) genes of control (ISM implants without T) or T-ISM

implanted specimens at 7, 14, 21 and 28 days post-implantation. The mRNA levels of all genes were

studied by real-time qRT-PCR. Data represent means + S.E.M. of duplicate samples corresponding to two

independent pools obtained after mixing the same amount of mRNA from 3 fish (n=6 fish/group).

Asterisks indicate significant differences compared with control group (*P < 0.1, **P < 0.05, ***P <

0.01). Letters denote significant differences between different time points in T-ISM implanted fish group
(P<0.1). ND, non detected.
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3.4. T-ISM implants modify the gonadal physiology.

The gonadal dmrtl transcripts were up-regulated in T-ISM implanted fish at 14
and 28 dpi (Fig. 1h) and correlated with T levels or with the srd5a transcript levels in
control but not in T-ISM implanted fish (Table 5).

1.0000 c:srdSa
0.01000 -
0.1000
0.00100 -
0.0100
g *
0.00010 A ~§ 0.0010
§ P
0.00001 A T ’—X—‘ & 0.0001
]
0.00000 |—x—| g | o0t 7 14 21 28 d
.| T T T i 5 ays
o
S
b
1000 - b: hsd11b & 1.000 — d: hsd3b
&} 0.100 -
0.100 -
% 0.010 -
M | L iy Bs B
0.001 m d 0.000 T T T ]
7 14 21 28 days 7 14 21 28 days
[JcControl [ T-ISM [control [ TISM

Figure 2. “Expression of genes that code for steroidogenic enzymes in the liver of gilthead seabream after
T-ISM implants”. The expression of cypl9ala (a), hsdl1b (b), srd5a (c), and hsd3b (d) genes of control
(ISM implants without T) or T-ISM implanted specimens at 7, 14, 21 and 28 days post-implantation. The
mRNA levels of all genes were studied by real-time qRT-PCR. Data represent means + S.E.M. of
duplicate samples corresponding to two independent pools obtained after mixing the same amount of
mRNA from 3 fish (n=6 fish/group). Asterisks indicate significant differences compared with control
group (¥*P <0.1, ¥**P < 0.05, ***P <0.01). ND, non detected.

No morphological differences were observed either in the testicular or in the
ovarian areas between control (Fig. 3a-d) and T-ISM injected fish. The gonads showed
the morphological characteristics described for the testicular involution stage in gilthead
seabream [14]. In brief, the peripheral testicular area (Fig. 3a) showed some remaining
post-meiotic cells (spermatocytes and spermatids, but not spermatozoa), while the
internal testicular area (Fig. 3b,c) showed necrotic areas (Fig. 3b) and a well developed
interstitial tissue (Fig. 3¢). The spermatogenic tubules showed a very small lumen with

no spermatozoa in some testicular areas or no lumen at all in other areas. Interestingly,
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oocytes at the yolk vesicle stage were observed in the ovarian area of all fish (Fig. 3d).
However, the proliferative activity (Pcna” cells) was completely blocked by the T-ISM
treatment from day 7 onwards (Fig. 3e,f), while the apoptotic rates showed no

differences between control and T-ISM injected fish (data not shown).

T-ISM implants trigger the influx of leukocytes into the gonad and modify the
gene expression of several molecules involved in its trafficking. The number of G7"
cells (AGs cells; Fig. 4a-c) was significantly higher in the testicular area of T-ISM
implanted fish than in control fish at 21 dpi while IgM" cells (lymphocytes B; Fig. 4d-f)
showed higher levels in T-ISM implanted fish than control fish at 14, 21 and 28 dpi. No
immunostaining was observed when the first antiserum was omitted. The gonadal
transcription of the chemokine gene, cc/4, (Fig. 5a) and the adhesion molecule E-
selectin gene, sele, (Fig. 5b) was down-regulated at 14 and 21 dpi and at 14 and 28 dpi
in T-ISM implanted fish, respectively.

Table 6: Correlation observed in liver between the sex hormone levels and the steroidogenic
enzyme gene expressions analyzed in PBS-ISM (white squares) and T-ISM (gray squares)
implanted fish groups. The first number corresponds to Pearson coefficient of correlation and

the second to the significant difference P. Written in bolds are the parameters that correlated.

11KT E, cypl9ala  hsdllb  srd5a hsd3b
; 0.1 01 -0.23 0.13  -0.12  -0.07
071 071 0.39 064 067  0.79
e | 019 2012 0.13 058 041  0.00
0.49 0.66  0.62 002 012  1.00
B | 037 -0.22 20.06  -0.04  -0.04
0.17 0.8 0.41 0.83 087  0.89
opisata] 04 022007 007  -0.09 -023
0.14 043  0.79 078 073 0.4
0.14  -02 032  -0.06 0.92  0.52
hsdlIb |66 045 023 0.83 0.00  0.04
20.16 -020 031  -0.13 0.99
Srd3a | 056 046 024 0.62 0.00
20.16 004 015  -0.26 0.92
hsd3b | 054 088 0.59 0.34 0.00
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Figure 3. “Morphology of the gonad of gilthead seabream after T-ISM implants”. Paraffin embedded
sections of control (ISM implants without T) (a,b,c,d,e) or T-ISM implanted (f) specimens during 7
(a,b,e) or 14 (c,d,f) days post-implantation stained with hematoxylin-eosin (a-d) or immunostained with
anti-proliferating cell nuclear antigen (Pcna) serum (e,f). The external testicular area (a) showed some
remaining post-meiotic cells (spermatocytes and spermatids, but not spermatozoa), while the internal
testicular area (b,c) showed necrotic areas delimited by dark lines (b) and a well develop interstitial tissue
(arrows, ¢). Oocytes in the yolk vesicle stage were observed in the ovarian area of all fish (d). The
proliferative activity was completely blocked by the T-ISM implants from day 7 onwards (e,f). Scale bar
=50 um (a-f).
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Figure 4. “Leukocytes present in the gonad of gilthead seabream after T-ISM implants”. Paraffin

embedded sections of the gonad of control (ISM implants without T) (a,d) or T-ISM implanted

(b,e)specimens at 21 days (a,b,d,e) and subjected to immunostaining with the serum against gilthead

seabream acidophilic granulocytes (G7) (a,b) or with the serum against gilthead seabream IgM (d,e). An

increase in the G7 (a,b) and IgM (d,e) positive cells is observed in T-ISM implanted fish when compared

with control fish. Scale bar = 50 pm (a,b,d,e). The mean of the staining area with G7 (c) or anti-IgM (f)

per optical area from control and T-ISM implanted fish groups at 7, 14, 21 and 28 days post-implantation.

Data represent the mean = SEM for (n=6) fish/group. Different letters denote statistically significant

differences between the groups according to a Tukey post hoc test (*P < 0.1, **P < 0.05).
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We next determined the gonadal transcript levels of some pro- and anti-
inflammatory cytokines and toll-like receptors. The wvariations in several gene
expressions observed in control fish throughout the experiment might be the normal
variation observed during 28 days of development of the testicular involution stage in
which a physiological inflammatory process strictly regulated occurs [14, 19].
Comparing the expression levels of control fish and T-ISM implanted fish in each time
point of the experiment, we found that the expression of i//h had increased by 28 dpi
(Fig. 5¢) and #gfbI by 7 and 28 dpi (Fig. 5e), while the gonadal transcript levels of tnfa
(Fig. 5d) were unchanged. However, the gonadal transcript levels of t/r5s (Fig. 5f) and
tlr9 (Fig. 5h) had increased by 7 and 14 dpi and decreased by 21 and 28 dpi, while the
expression of t/r5m gene was seen to be sharply up-regulated at 28 dpi (Fig. 5g).

The levels of 11KT correlated with the expression of ccl4, sele, tnfa or tir9
genes in control fish but not in T-ISM implanted fish; the levels of E, only correlated
with the expression of #/r5s in T-ISM implanted fish whereas the levels of T only
correlated with transcript levels of #/r5m in control fish (Table 7). Moreover, there were
both positive and negative correlations between the transcripts levels of the relevant
immune molecules and those involved in the traffic of leukocyte analysed in control and

T-ISM implanted fish (Table 7).
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Table 7: Correlation observed in gonad between the sex hormone levels and several-relevant
immune gene expressions analyzed in ISM (without T; white squares) and T-ISM (gray squares)
implanted fish groups. The first number corresponds to Pearson coefficient of correlation and

the second to the significant difference P. Written in bolds are the parameters that correlated.

11KT E, ccl4 sele illb tnfa tgfbl tirss thrSm t19s
T -0.19 -0.31 -0.2 0.23 -0.03 0.39 0.28 -0.33 0.23 0.11
0.26 0.45 0.39 0.91 0.14 0.29 0.21 0.4 0.69
0.81 -0.29 0.02 0.03 -0.26 -0.34 0.92 -0.29 -0.08
0.42 0.31 0.93 0.92 0.36 0.24 0 0.31 0.77
E, 0.1 -0.1 0.01 0.27 -0.31 -0.28 0.70 -0.29 0.08
0.72 0.44 0.99 0.33 0.26 0.32 0.00 0.3 0.78
ccld 0.33 0.65 0 0.32 0.16 0.62 0.01 0.72 0.46
0.23 0.01 0.67 0.13 0.47 0.00 0.97 0.00 0.02
sele -0.35 0.81 -0.01 0.22 -0.38 -0.11 -0.13 0.03 0.57
0.21 0.00 0.98 0.00 0.07 0.61 0.53 0.89 0.00
illb 0.06 -0.35 0.2 -0.47 -0.34 0.14 0.08 -0.04 0.77
0.83 0.23 0.46 0.02 0.00 0.5 0.72 0.85 0.00
tnfa -0.31 0.90 -0.39 0.41 0.61 0.74 -0.19 0.59 -0.34
0.26 0.00 0.13 0.05 0.00 0.09 0.00
tgfbl 0.16 -0.36 0.35 -0.18 -0.19 0.58
0.56 0.21 0.18 0.42 0.38 0.00
tlr5s -0.41 0.86 -0.36 0.39 0.66 -0.39
0.13 0.00 0.17 0.07 0.00 0.07
tlrSm 0.67 -0.25 -0.08 0.14 -0.22 -0.13
0.01 0.38 0.77 0.52 0.32 0.54
tir9 -0.31 0.96 -0.29 0.50 0.76 -0.28
0.27 0.00 0.28 0.01 0.00 0.20
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Figure 5. “Expression of genes that code for some immune-relevant molecules in the gonad of gilthead
seabream after T-ISM implants”. The expression of ccl4 (a), sele (b) il1b (c), tnfa (d), tgfbl (e), tirss (f),
tlrSm (g) and tlr9 (h) of control (ISM implants without T) or T-ISM implanted specimens at 7, 14, 21 and

28 days post-implantation. The mRNA levels of all genes were studied by real-time qRT-PCR. Data

represent means + S.E.M. of duplicate samples corresponding to two independent pools obtained after

mixing the same amount of mRNA from 3 fish (n=6 fish/group). Asterisks indicate significant differences

compared with control group (*P < 0.1, **P <0.05, ***P < (0.01). ND, non detected.
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4. Discussion.

A homogeneous population of gilthead seabream characterized by low levels of
androgens and high levels of estrogens, as observed in the testicular involution stage in
the second RC (Chaves-Pozo et al., 2008a), was obtained by rearing spermiogenic
active males separate from non-spermiogenic males for 30 days. At this stage, the
gilthead seabream is an excellent model for studying the hormonal regulation of several
processes such as the renewal of spermatogonia and Sertoli cells, the physiological
migratory influx of leukocytes or the initial events that lead to sex change (Liarte et al.,
2007). All of these processes are thought to be triggered by estrogens, which remained
higher than androgens during this stage (Chaves-Pozo et al., 2007, 2008a; Cabas et al.,
2011a; Liarte et al., 2011a; Condeca & Canario, 1999); however, the involvement of

androgens in these processes has, until now, not been analysed.

Castillo-Bricenio et al. (2013), demonstrated the feasibility of using ISM
implants to deliver sex steroid hormones in gilthead seabream without promoting
significant alterations in growth, survival, sex steroid plasma levels (T, 11KT and E,)
and some immune responses. Similarly, we corroborated that ISM implants, by
themselves, scarcely modify sex steroid hormones levels and demonstrated that no
changes are observed in the GSI, the HSI or in testicular morphology. In our study,
when T-ISM implants were placed in specimens in which the testicular involution stage
had been induced, T reached supra-physiological levels, while the E, levels did not
reach physiological levels and the 11KT levels decreased by the end of the experiment
(Chaves-Pozo et al., 2008a). Since the synthesis of 11KT and E, depends on the
availability of their precursor, T (Borg, 1994), changes in the plasma, gonad (organ
which synthesizes de novo biologically active steroids (Stocco, 2001) and liver (mainly
a steroid-metabolising organ (Arukwe, 2008) levels of both hormones were expected in
implanted T-ISM fish. The T-ISM implants promoted a sharp increase in plasmatic T
levels, while gonadal T levels remained almost steady preventing the changes in
gonadal T levels observed in control specimens and enhancing the hepatic T levels, as
expected for the main organ responsible for steroid processing and elimination
(Arukwe, 2008). However, the fact that T-ISM implants lowered plasmatic and gonadal
11KT levels and that 11KT in liver fluctuated suggests different rates of 11KT
elimination. Moreover, in the liver of T-ISM implanted fish, the levels of E, were

similar to those of control fish.
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In order to detect possible changes in the de novo synthesis of steroids and in the
metabolism of T, we analysed the changes induced by T-ISM implants in the transcript
levels of the genes that code for several enzymes involved in the synthesis and
transformation of T. The decreased steroid levels in the gonads of T-ISM implanted fish
suggest that de novo production in the gonad was not enhanced by the treatment as
reflected by the down-regulation of stzar expression and the absence of modifications in
the expression of cypllal, two enzymes that are synthesized rapidly in response to
acute tropic hormone stimulation (Arukwe, 2008). However, the expression of cyp/1bl1,
srd5a, cypl9ala, and hsdl1b genes was enhanced after 28 days of T-IMS treatment,
probably, as a consequence of the higher levels of plasmatic T, suggesting that the
transformation of T into OHT, DHT or E,, and the transformation of OHT into 11KT
was enhanced in T-IMS implanted fish, respectively. The up-regulation of cypi9ala
transcripts by androgens observed in the gilthead seabream gonad has also been
described in the zebrafish brain and in mammals (Mouriec ef al., 2009). Interestingly,
the transformation of DHT into Pdiol was not enhanced in the gonad of T-IMS
implanted fish as the transcript levels of hsd3b were not up-regulated at any sampling

time.

Several studies have reported the expression of steroidogenic enzymes and
proteins in fish hepatic tissues (Arukwe, 2008; Zhou et al, 2005), as was observed in the
liver of the control specimens of gilthead seabream. In the liver, cypl/lbl gene
expression was not detected in the control or in T-ISM implanted fish; however, the
gene expression of hsdl1b was up-regulated at 14 days of T-ISM implantation and
down-regulated at 21 and 28 days of T-ISM implantation, suggesting that the capacity
of the liver to transform T into 11KT depends on the availability of T. The hepatic E,
levels remained similar to those of control fish and the expression of cypl/9ala gene
was down-regulated indicating that E, is not being produced in liver. Taking into
account that in T-ISM implanted fish E, production is enhanced in the gonad, although
the E, levels remain low in the blood and in the gonad, we can suggest that E; is being
accumulated in the liver in T-ISM implanted fish. Furthermore, the expression of srd5a
and hsd3b genes led to the decreased production of DHT and Bdiol, respectively, in T-
ISM treated fish at the latest sampling times of the experiment. Taken together, all these
observations suggest that the fdiol production is not enhanced by T-ISM treatment and

that there is no estrogenic effect derived from T transformation.
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Our present knowledge on the role of androgens in testicular physiology in fish
is mainly based on studies conducted in pre-pubertal individuals, when androgens
stimulate the proliferation of germ cells (Campbell et al., 2003; Cavaco et al., 1998;
Miura et al. 1991). However, in mammals, it is well known that the first (pubertal) wave
of spermatogenesis differs from adult spermatogenesis in both regulation and timing
(Handelsman et al., 1999). A depletion of androgens, experimentally induced upon
exogenous E, treatment, produces the down-regulation of testicular germ cell
proliferation and an up-regulation of apoptosis in teleosts (Chaves-Pozo et al., 2007; de
Waal et al., 2009). In contrast, the present data show that the depletion of E; induced by
exogenous T treatment blocks germ cell proliferation, does not alter the apoptotic rate,
and increases the gonadal transcription of dmrt/. In mammals, the depletion of dmrtl
gene expression led to the loss of mitotic germ cells which had precociously entered
meiosis (Don et al., 2011). All these data explain why, even when germ cell
proliferation was blocked, the testicular area was not deplete of germ cells after T-ISM
implant since the maintenance of the dmrt/ gene expression prevents germ cells from
prematurely entering meiosis, as occurs upon estrogenic treatment (Cabas et al., 2011a;
Chaves-Pozo et al., 2007). Although, further studies are needed to clearly determine
why germ cell and Sertoli cell proliferation were blocked by T-ISM implant, we can
venture that the depletion of estrogens is the main factor involved in blocking
proliferation, since treatments of 18 days of duration with E, stimulate Sertoli cell
proliferation [21]. All these data point to the androgen:estrogen ratio as the main factor

that affects germ cell proliferation and testicular maintenance.

As regards the migratory influx of leukocytes into the gonad, previous results
clearly pointed to E, as the main factor that triggered this influx by stimulating
chemokines and adhesion molecules in the endothelial cells and macrophages (Chaves-
Pozo et al., 2007; Liarte et al., 2011a; Liarte et al., 2011b). However, our data show
that, even when the plasmatic levels of E, were very low and the chemokine cc/4 and
the adhesion molecule sele gene expression were decreased in the T-ISM implanted
group, migration of leukocytes into the gonad was enhanced. Our data also show that
the production of Bdiol is not enhanced by T-ISM implant, and that the migratory influx
of leukocytes may also be regulated by androgens, probably through some pro-
inflammatory cytokines, such as Il1b, whose gene expression is up-regulated.

Interestingly, T-ISM implants down-regulated the gene expression of t/r5s and #/r9,
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which may result in a partially impaired ability of the gonad to recognise and respond to
pathogens, since #/r5m gene expression was conversely up-regulated and positively
correlated with gonad T levels. It would be interesting to study the functional relevance
of the opposite regulation of #/r5s and tlr5m, since it has been suggested that TlrSs
amplifies TlrSm-mediated cellular responses in a positive feedback fashion (Tsujita et
al., 2004). Although androgens seem to depress the immune response of vertebrates
(Cutulo et al., 2005), our data in the gonad and previous data in the head-kidney of
gilthead seabream, show that androgens enhance or diminish the immune function,

depending on the activity analyzed (Castillo-Bricefio ef al., 2013; Aguila et al., 2013).
5. Conclusion.

In conclusion, our experimental design allowed us to increase T levels to supra-
physiological levels and reduce E; levels, while maintaining the main androgen of fish,
11KT, at physiological concentrations, without enhancing the transformation of T into
Bdiol, such conditions were then used to determine estrogen-dependent processes in
male physiology. Moreover, analysis of the T, 11KT and E; levels in plasma, gonad and
liver, together with the expression profiles of the main steroidogenetic enzymes
involved in de novo synthesis and metabolism of T in gonad and liver provided a
comprehensive explanation of the effect observed following T-ISM treatment. As
regards gonad physiology, germ cell proliferation was totally blocked after T-ISM
implant, although an increase in dmrtl/ gene expression may have prevented the
complete depletion of germ cells of the gonad. The migratory influx of leukocytes into
the testis, even when cytokine, chemokine and cell adhesion molecule gene expressions
were down-regulated, points to a very complex regulation of this process. As far as the
immune response is concerned, T in the gonad may partially impair the ability to
recognize and respond to pathogens as a result of the down-regulation of several tlr

genes.
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Abstract.

The biological activity of androgens is mediated by androgen receptor (AR), a
ligand-activated transcription factor. In humans, alternative splicing of this receptor is
usually implicated in process related with some diseases. However, the knowledge
about the presence of AR variants in other species and its importance in immunity is
scant. In this study, we report the identification of an AR variant lacking the ligand-
binding domain (LBD), ARALBD, in the teleost fish gilthead seabream (Sparus aurata
L.). ARALBD is expressed in the head-kidney (HK), the main hematopoietic and
immune organ of fish, and its expression varied with the reproductive stage and is
correlated with plasma testosterone (T) levels. Moreover, exogenous T increases the
ARALBD expression in HK, whereas decreases those of the testis. In addition,
ARALBD transcript is expressed in AGs, which are the functional equivalent of
mammalian neutrophils, but not in M@s. Notably, the expression of ARALBD is
modulated by both T and immune stimuli in AGs. Finally, we show using a
transactivation assay in HEK-293 cells that the activity of ARALBD is constitutive and
higher than those of wild type AR, which requires androgen stimulation for its
activation. These results demonstrate for the first time the presence of a constitutively
active variant of the AR generated by alternative splicing in vertebrate granulocytes and

whose expression is modulated by androgen levels and immune challenges.

Keywords: Androgen receptor, alternative splicing, testis, testosterone, leukocytes,

gilthead seabream.
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1. Introduction.

A pivotal regulatory role for sex hormones, both estrogens and androgens, in
cellular and humoral immune responses has been demonstrated (Cohn, 1979; Bouman
et al., 2005; Fairweather er al., 2008; Namazi, 2009; Yeh and Chen, 2010; Lee &
Chiang, 2012) , although the role of androgens has been less well investigated. The
diverse roles of androgens in vertebrates, including teleosts, are mainly mediated by the
nuclear androgen receptor (AR), although non-genomic pathways have also been
described (Rahman & Christian, 2007). ARs has been reported in immune competent
organs, such as the head-kidney, liver and spleen of sea bass (Blazquez & Piferrer,
2005) and zebrafish (de Waal et al., 2008) suggesting that fish immune responses are
sensitive to androgens and are susceptible to being directly and/or indirectly regulated

by them.

The AR is a member of the steroid nuclear receptors transcription factor family
(Dehm & Tindall, 2011) and is a ligand-activated transcription factor (Mangelsdorf et
al., 1995). The AR gene is composed of 8 exons (Hellwinkel et al., 1999; Dehm &
Tindall, 2011; Hornberg et al., 2011) and the AR protein is structurally organized into
three domains: i) an amino-terminal domain (NTD) encoded by exon 1, ii) a DNA-
binding domain (DBD) mainly encoded by exons 2 and 3, which includes two zinc-
fingers, and iii) a ligand-binding domain (LBD) encoded by part of exon 4 and exons 5,
6, 7, and 8, where androgens and other androgen-like molecules are binding (Dehm &
Tindall, 2011; Laurentino et al., 2013). Exon 4 also encodes a hinge region, which acts
as a flexible linker and contains the nuclear localization signal (Dehm & Tindall, 2011;
Laurentino et al., 2013; Zhou et al., 1994). All these domains play an important
functional role in the classical mode of AR activation by androgenic ligand (Dehm &

Tindall, 2011).

Alternative splicing is a process for increasing functional diversity from a
limited set of genes, by which several mRNA are generated from a single gene (Dehm
& Tindall, 2011; Laurentino et al., 2013). This mechanism is correlated with the
complexity of organisms, and could play an important role in different processes
(Foulkes et al., 1992; Nilsen & Graveley, 2010; Laurentino et al., 2013). The alternative
spliced variants are commonly generated in steroid hormone receptors, and testis is the

tissue where is most frequent (Hirata et al, 2003; Yeo et al, 2004; Elliott &
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Grellscheid, 2006). In humans, many AR variants exist and are related with diseases,
like androgen insensitivity syndrome (AIS), in which a loss of AR function is observed,
or prostate cancer, in which an increased AR function is observed (Dehm & Tindall,
2011). Most of these variants lack one, mainly the LBD, or more domains. The LBD
domain is not essential for transcriptional activity (Hornberg et al., 2011). In fact, some
truncated AR variants lacking the LBD domain act as constitutively active receptors in
prostate cancer cell lines (Horberg et al., 2011; Dehm et al., 2008; Dehm & Tindall,
2011). To date, the knowledge of the presence of splice AR variants is limited to
humans, mainly in pathological conditions. Recently, some AR variants have been
identified in healthy human tissues, and the presence of these variants in other
vertebrates, such as fish, has been demonstrated (Laurentino et al., 2013). Although the
activity and functional relevance of fish AR variants have not been studies, it has been
speculated that the conservation of AR splicing pattern in different tissues and in
evolutionarily distant vertebrate species could indicate the functional importance of

these AR forms (Laurentino et al., 2013) .

The gilthead seabream, Sparus aurata L., is a seasonally breeding, marine,
protandrous hermaphrodite teleost. Specimens are males in the Western Mediterranean
area, at least during the two first reproductive cycles (RCs), in which the gonad has a
functional testicular area and a non-functional ovarian area. The 1% male RC is divided
into four stages: spermatogenesis (SG), spawning (S), post-spawning (PS), and resting
(R). During the following RCs, resting is substituted by a testicular involution (TI)
stage, which allowed sex change (Chaves-Pozo et al., 2005a; Liarte et al., 2007). The
testis undergoes abrupt morphological changes, especially after spawning, including a
massive infiltration of acidophilic granulocytes (AGs), an immune cell type essential for
the normal physiology of the gonad, and whose presence in the gonad is actively
regulated by tissue-specific factors and hormones (Chaves-Pozo et al., 2003, 2005a, b;
Liarte et al., 2007). Moreover, plasma steroid, androgens (testosterone, T, and 11-
ketotestosterone, 11KT) and estrogens (17B-estradiol), levels varied during the different
stages of the RCs of gilthead seabream (Chaves-Pozo et al., 2008a). We have also
previously described that androgens modulate the immune response in gilthead
seabream both in in vivo and in vitro ( Castillo-Bricefo ef al., 2013; Aguila et al., 2013)
and that both AGs and macrophages (M) expressed ARs and that these expression is
modulated by androgens (Aguila et al., 2013). In the present study, we report the
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identification of a truncated form of the AR generated by alternative splicing that lacks
the ligand-binding domain (ARALBD) in the gilthead seabream. head-kidney (HK) and
in AGs and M@, the main phagocytic cell types of the HK gilthead seabream, and its
modulation by androgens and immune stimulus in order to demonstrate its mediation in

the role of androgens in the immune response.
2. Material and Methods.
2.1 Animals and experimental design

Healthy mature gilthead seabream males (Sparus aurata L., Actinopterygii,
Perciformes, Sparidae) with a mean body weight (bw) which varied from 270.3 £ 103 g
(I"RC) to 716.8 + 223 g (4th RC) were bred and kept at the Centro Oceanografico de
Murcia (IEO, Mazarrén, Murcia). The fish were kept in 12 and 6 m’ tanks with the
water temperature ranging from 13.6 to 26.5°C, a flow-through circuit, a suitable
aeration and filtration system and a natural photoperiod. The environmental parameters,

mortality and food intake, were recorded daily.

The specimens were fed three times a day ad libitum with a commercial pellet
diet (44% protein, 22% lipids, Skretting, Spain) and fasted for 24 h before sampling.
Six fish from each sampling time (42 months) were anesthetized with 40 pl/l of clove
oil and blood was obtained from the caudal peduncle using heparinized syringes and the
plasma samples, obtained by centrifugation (10,000xg, 1 min, 4 °C), were immediately
frozen in liquid nitrogen and stored at -80 °C until use. Then, specimens were
decapitated and weighed, and the testis were removed and processed for light
microscopy. HK and testis were embedded in TRizol and stored at -80°C until processed
for gene expression. The experiments described comply with the Guidelines of the
European Union Council (86/609/EU), the Bioethical Committee of the University of
Murcia (Spain) and the Instituto Espafiol de Oceanografia (Spain) for the use of

laboratory animals.
2.2 In situ forming microparticle (ISM) system

ISM implants have previously been used in gilthead seabream (Castillo-Bricefio
et al., 2013; Sanchez-Hernandez et al., 2013). Briefly, polymer solutions were prepared
by mixing poly-D,L-lactate-co-glycolate PLGA (P2066-1G, Sigma) with the solvent 2-

pyrrolidone (Fluka Analytical) 20 % (w/w), in glass vials until a clear solution was
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formed. T (Sigma) was dissolved in polymer solution 10% (w/w) and the T-ISM
implants were prepared by emulsifying the steroid-containing polymer solution into
peanut oil (external oil phase) at a polymer to oil phase ratio of 0.1:1 in a sonication
bath (Ultrasons 3000512, P Selecta) for 10 minutes at room temperature. Pluronic F127
(Sigma) 1 % (w/w) based on the amount of the total formulation, and aluminum
monostearate (Fluka Analytical) 2 % (w/w) based on the oil phase, were added to
increase the stability of the emulsions. T-ISM implants were prepared with 1 mg of
T/kg bw and the implants, both ISM (without T) and T-ISM, were placed by an
intramuscular injection, approximately 2 cm below the dorsal fin, in order to achieve
plasma concentrations above physiological levels (up to 2 ng/ml) in specimens in
testicular involution of second RC. Six specimens from each group were sampled at 7

and 21 days post-implantation (dpi).
2.3 Cell culture

HK from 3 males were dissociated through a 100 pm nylon mesh and
maintained in SRPMI [RPMI-1640 culture medium (Gibco) adjusted with 0.35% NaCl
to gilthead seabream serum osmolarity] medium containing 100 i.u./ml penicillin and
100 mg/ml streptomycin (Biochrom). AGs were isolated by magnetic-activated cell
sorting (MACS) as described previously (Sepulcre et al., 2002; Roca et al., 2006).
Briefly, HK cell suspensions were incubated with a 1:10 optimal dilution of a mAb
specific to gilthead seabream AGs (G7), washed twice with phosphate-buffered saline
(PBS) containing 2 mM ethylenediaminetetraacetic acid (EDTA) (Sigma) and 5%
charcoal/dextran-treated hormone-free fetal bovine serum (hf-FBS, Hyclone) and then
incubated with cells micro-magnetic bead-conjugated anti-mouse IgG antibody
(Miltenyi Biotec). After washing, G7+ (enriched in AGs) and G7— (depleted in AGs)
cell fractions were collected by MACS following the manufacturer’s instructions and
their purity was analyzed by flow cytometry. MOs monolayers were obtained after

overnight culture of total HK cells in serum-free medium (Roca et al., 2006).

AGs from fish in TI stage of the 3™ RC were incubated during 3 and 16 h in
sRPMI medium supplemented with 5% hf-FBS alone (control) or containing 0, 0.1, 1,
10 ng/ml of T or 11KT. After the androgen treatment, cells were processed for gene
expression analysis. Furthermore, AGs and M@s from specimens at SG to PS of the 31

RC were incubated in SRPMI medium supplemented with 5% hf-FBS alone (control) or

77



Chapter 11

stimulated with 50 pg/ml of Vibrio anguillarum genomic DNA (VaDNA) as immune
stimuli for 3 and 16 h. After the stimulation, cells were processed for gene expression

analysis.
2.4 Light microscopy

The testis were fixed in 4% paraformaldehyde solution, embedded in paraffin
(Paraplast Plus; Sherwood Medical), and sectioned at 5 pum. After dewaxing and
rehydratation, some sections were stained with hematoxylin-eosin in order to determine

the degree of development of each specimen.
2.5 Analysis of gene expression

Total RNA was extracted from testis, HK or HK-enriched cell fractions with
TRIzol reagent (Cayman) following the manufacturer’s instructions. RNA was treated
with RQ1 RNAse-free DNAse, amplification grade (1 unit/pug RNA, Promega).
BioScript Reverse Transcriptase (Bioline) was used to synthesize first strand cDNA

with oligo-dT18 primer from 1 pg of total RNA, at 42 °C for 30 min.

The ARALBD variant was isolated from gilthead seabream testis using primers
F3/R4 (Table 1), sequenced using an ABI PRISM 377 sequencer (Applied Biosystems)

and deposited in the European Nucleotide Archive (ENA) under accession number

The presence of ARALBD transcripts in the testis of specimens from 1% and 2nd
RCs was analyzed by conventional RT-PCR using the primers pairs indicated in Table
1. The reaction mixtures were incubated for 2 min 95°C, followed by 35 cycles of 45s at
95°C, 45s at annealing temperature for each primers pairs and 45s at 72°C, and finally
10 min at 72°C. As a RT-PCR control, the expression B-actin was used. The expression
of wild type AR and ARALBD transcripts was also analyzed by real time RT-PCR (RT-
qPCR) performed with an ABI PRISM 7500 instrument (Applied Biosystems) using
SYBR Green PCR Core Reagents (Applied Biosystems) as previously described
(Chaves-Pozo et al., 2008b). For each mRNA, gene expression was corrected by the
ribosomal protein S18 gene (rspl8) content in each sample. The gilthead seabream
specific primers used are shown in Table 1. The amplification efficiency of primers for

AR and ARALBD were 2.0 and 2.1, respectively.
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Table 1: Gene accession numbers and primer sequences used for gene expression analysis.

ARALBD IN412131.1

Accession
Gene Name Sequence (5’-3°) Use
number
F3 CTATGCGCAAGCAAAAATGA | (o vanio oo
R4 GGAGCTTCTTCACCGTCATC PCR
AR IN412131.1
Fl AAGATTGGGCAACAGAAGAAC Real time
R2 CAGCATCCTGCCGTTGAC PCR
F6 | AGGATTGCCAGACACCGGATGCA | -, nventional
PCR

R4c TGTAGGTGAGACGACACTCGTC

F6 | AGGATTGCCAGACACCGGATGCA | Real time

R4 GGAGCTTCTTCACCGTCATC PCR

F AGGGTGTTGGCAGACGTTAC Real time
RPS18 AM490061

R CTTCTGCCTGTTGAGGAACC PCR

2.6 Enzyme-linked immunosorbent assay (ELISA)

Plasma levels of T, 11KT and E, were quantified by ELISA following the
method previously used in gilthead seabream (Chaves-Pozo et al., 2008a). Steroids
were extracted from 20 pl of plasma in 1.3 ml of methanol (Panreac). Then, the
methanol were evaporated at 37° C and the steroids were resuspended in 400 ul of
reaction buffer [0,1 M phosphate buffer with ImM EDTA (Sigma), 0.4 M NaCl
(Sigma), 1,5 mM NaNj; (Sigma) and 0.1% albumin from bovine serum (Sigma)] and 50
ul were used in each well so that 5 pl of plasma in each well for all the assays. T, 11KT
and E, standards, mouse anti-rabbit IgG monoclonal antibody (mAb), and specific anti-
steroid antibodies and enzymatic tracers (steroid acetylcholinesterase conjugates) were
obtained from Cayman Chemical. Microtiter plates (MaxiSorp) were purchased from
Nunc. A standard curve from 6.13 x 10™ to 2.5 ng/ml (0.03-125 pg/well), a blank and a

non-specific binding control (negative control) were established in all the assays.
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Standards and extracted plasma were run in duplicate and all the measures were
corrected with the blank and negative control. The lower limit of detection for all the
assays was 12.2 pg/ml. The intra-assay coefficients of variation (calculated from sample
duplicates) were 13.8 + 2.7% for T, 15.4 = 3.1% for 11KT and 14.0 £+ 3.6% for E,.
Details on cross-reactivity for specific antibodies were provided by the supplier (2.2%
of anti-T reacts with 11KT; 0.01% of anti-11KT reacts with T; 0.1% of anti-E; reacts
with T).

2.7 Transactivation assay.

The wild type an AR and ARALBD were synthesized and cloned in pUC57
(GenScript) and subcloned in the with EcoRI and BamHI restriction sites of pcDNAG6-
V5-His(A). The reporter plasmid contained the MMTV-LTR promoter, coupled to the
luciferase gene (MMTV-LUC) (de Ruiter et al., 1995).

Human embryonic kidney 293 (HEK-293) cells were seeded in Petri’s plate
(Nunc) at a density of 1.6 x 10° cells, in phenol-red free Dulbecco’s modified Eagle’s
medium supplemented with 10% hf-FBS, and 100 mg/ml penicillin and 100 mg/ml
streptomycin. Cells were co-transfected with 4 ug plasmid MMTV-LUC and 4 pg AR
plasmids, using LyoVec (InvivoGen). Twenty-four hours after co-transfection, the cells
were seed 24-well cell culture plates, and cultured with different concentrations of T or
11KT. Twenty-four hours after, cell were lysed with 100 ul Passive Lysis Buffer (Dual-
Luciferase Reporter Assay System, Promega) and the luciferase activity in 20 pl lysate
was measured in a OPTOCOMP II luminometer (MGM Instruments, Inc.) after
automatic injection of 100 p1 of Luciferase Assay Reagent (Dual-Luciferase Reporter
Assay System, Promega). The expression of the proteins was confirmed by western blot

using a mAb to the V5 epitope (Invitrogen).
2.8 Statistical analysis.

All data were analyzed by one-way ANOVA and a post hoc test (Tukey
Honestly Significant Difference) to determine differences between groups (P<O0.1).
Normality of the data was previously assessed using a Shapiro-Wilk test and
homogeneity of variance was also verified using the Levene test. Non-normally
distributed data were log-transformed prior to analysis and a non-parametric Kruskal—

Wallis test, followed by a multiple comparison test, was used when data did not meet
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parametric assumptions. In addition, non-parametric Pearson correlation tests were
applied to test correlations among hormonal levels and gene expression levels.
Statistical analyses were conducted using Statgraphics 15.0 (StatPoint, Inc). All data are
presented as mean of standard error to the mean (SEM). Significance level (P) was fixed

at 0.1 (P <0.01%; P <0.01%*; P <0.001%*%*).
3. Results.
3.1 Identification of an AR alternative spliced transcript in gilthead seabream

Two AR fragments were amplified by RT-PCR using the primer pair F3/R4 for
AR (Table 1) and gilthead seabream testis cDNA as template (Figure 1a). BLASTN and
BLASTX searches confirmed that the largest sequence was the full length AR and the
smallest ones was an AR alternative spliced transcript generated by skipping of exons 5,
6 and 7, resulting in a premature stop codon and an AR protein lacking the ligand-

binding domain (ARALBD) (Figure 1b).

Table 2. Correlation observed between testosterone (T), 11-ketotestosterone (11KT) and 17p-
estradiol (E;) and the ARdeltaLBD/ARfl transcripts relation in testis and HK of gilthead
seabream males from the post-spawning stage of the 2™ reproductive cycle (RC) to the
spawning stage of 4" RC. The first number corresponds to Pearson coefficient of correlation and

the second to the significant difference P. Written in bolds are the parameters that correlated

T 11KT E;
0.40 0.14 0.19
ARALBD/AR in HK
0.03 0.49 0.34
-0.34 -0.40 0.28
ARALBD/AR in testis
0.04 0.02 0.10
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3.2 The expression of the ARALBD in head-kidney correlates with plasma testosterone

levels.

We designed specific primers (Table 1) to analyze the expression of ARALBD
and AR by RT-qPCR in testis (Figure 2a) and HK (Figure 2b) from PS of the 2" RC to
S of the 4™ RC. We observed that the ratio between the transcript levels of ARALBD
and AR was different in the testis and HK. Thus, this ratio increased in testis at PS and
TI stages, especially in the 2" RC (Figure 2a), while it was higher in the HK from the
SG stage of both RCs (Figure 2b).

a) Marker
IUOpr_

Testis

1 AR
13 ARALED
b)
| El E5 feed i ec pd i ]  Es | DM
"‘SWP = Stop
gt | E2] =3 IEAIESIEGIET | wrva | Es | es | Es

v
Protein D ARAIBD
"40 as B B ©650aa
83 KDa D 63KDa

Figure 1. Representative RT-PCR using testis cDNA showing the amplicons corresponding to AR and
ARALBD variants. A negative control (C-) without template gave no amplification. (b) Scheme of full-
length AR and alternatively spliced ARALBD variant at mRNA and protein levels. The ARALBD shows

a premature stop codon that results in a truncated protein lacking the LBD.
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In order to study if there was a correlation between the expression of the two AR
transcripts and the plasma sexual steroid levels, we analyzed the plasma level of T,
11KT and E, throughout the RCs (Figure 2c). While androgens levels (T and 11KT)
increased during SG and S stages, the E; levels decreased in S, as expected. However, in
PS and TI stages the androgen levels significantly declined while E, had a slight
increase (Figure 2c). Interestingly, a positive correlation between ARALBD/AR
expression ratio in the HK and the plasma T levels was observed, while a negative
correlation between ARALBD/AR expression and both androgens was observed in the

testis (Table 2).
3.3 Exogenous testosterone modifies the expression of the AR variants.

We have previously demonstrated that the administration of exogenous T in vivo
to gilthead seabream resulted in increased plasma T levels in the first week after the
implantation, with a decrease in the following weeks, although the levels remained
higher than in control fish (Sanchez-Hernandez et al., 2013). Therefore, we analyzed the
expression of ARALBD and AR in testis (Figure 3a) and in HK (Figure 3b) and found
that while T was able to decrease the ARALBD/AR expression ratio in the testis, it
promoted a significant increased expression ratio in the HK at 7 dpi (Figure 3a),
curiously when the T plasma levels peaked (Sanchez-Hernandez et al., 2013). However,
no differences were observed at 21 dpi (Figure 3b) when the T plasma levels decreased

(Sanchez-Hernandez et al., 2013).
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Figure 2. ARALBD/AR expression ratio in testis (a) and head-kidney (b) obtained by RT-qPCR, and sex
steroid hormone levels in the plasma (c) of gilthead seabream males in different reproductive stages (RC).
The mRNA levels of all genes were analyzed by RT-qPCR. Data represent means + S.E.M. of duplicate
samples from 5 fish/group. The hormone levels were obtained by ELISA from 5 fish/group and represent
the means + S.E.M. of duplicate samples. Different letters indicate significant differences among groups

(P<0.001). SG, spermatogenesis; S, spawning; PS, post-spawning; R, resting; TI, testicular involution.
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Figure 3. ARALBD/AR expression ratio in testis (a) and head-kidney (b) of gilthead seabream males
after in situ forming microparticle implants with testosterone (T-ISM). The mRNA levels of all genes
were analyzed by RT-qPCR. Data represent means + S.E.M. of duplicate samples corresponding to two
independent pools obtained after mixing the same amount of mRNA from 3 fish (n=6 fish/group).
Different letters denote significant differences among groups (P< 0.001).

3.4 The ARALBD transcript is expressed in AGs, but not in M@s, and its expression is

modulated by testosterone and immune insults.

We analyzed the expression of the AR and ARALBD transcripts in the two
professional phagocytic cell types of the gilthead seabream, namely AGs and MOs.
Interestingly, we observed the expression of both forms in AGs, whereas MOs only
expressed wild type AR (data not shown). We next analyzed the expression of the two
AR variants in AGs from specimens at SG, S and PS stages of the 3™ RC when the
levels of T showed the highest and smallest levels, respectively (Figure 2c). It was
found that the ARALBD/AR expression ratio varied in these reproductive stages
following the same pattern as the plasma T levels (Figure 4a). In fact, a statistically
significant positive correlation was observed between them, while no correlation was
found with 11KT and E, (Table 3). More importantly, the ARALBD/AR ratio increased
in a dose- and time-dependent manner in AGs obtained from the HK of TI stage
specimens exposed to increasing T concentrations for 3 and 16 h (Figure 4b). Of note
was also the fact that stimulation with bacterial DNA (VaDNA), a powerful pathogen-
associated molecular pattern (PAMP) for these cells (Sepulcre et al., 2007; Sepulcre et
al., 2011), of AGs differentially regulated the ARALBD/AR ratio depending on the
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plasma T levels (Figure 4c). Thus, VaDNA-stimulation decreased ARALBD/AR ratio at
SG, when the plasma T levels peaked, while it increased this ratio at S stage, when the

T levels were low (Figures 4a and 4c).

Table 3. Correlation observed between the sex hormone levels and the relation
ARdeltaLBD/ARfl in AGs in males from spermatogenesis to post-spawning of 3™ reproductive
cycle.. The first number corresponds to Pearson coefficient of correlation and the second to the

significant difference P. Written in bolds are the parameters that correlated.

Correlations
T 11KT E,
0.70 0.53 0.33
ARALBD/AR
0.02 0.08 0.29
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Figure 4. ARALBD/AR expression ratio in acidophilic granulocytes (AGs) of gilthead seabream males

(a) at spermatogenesis (SG), spawning (S) and post-spawning (PS) of the 3™ reproductive cycle (RC)

related with T plasma levels at the same reproductive stages. (b) ARALBD/AR expression ratio in AGs at

testicular involution stage treated with different T concentrations for 3 and 16 h. (c) ARALBD/AR

expression ratio in AGs activated or not with 50 pg/ml genomic DNA from Vibrio anguillarum

(VaDNA). The mRNA levels of all genes were analyzed by RT-qPCR. Data represent means + S.E.M. of

triplicate samples. Different letters denote significant differences between groups (P< 0.01). Asterisks

indicate significant differences between groups (*P < 0.05, **P <0.01, ***P <0.001).
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3.5 The ARALBD is constitutively active

The above results prompted us to investigate the activity of both ARALBD and
wild type AR in a transcription activation assay using HEK-293 cells (Figure 5).
Strikingly, ARALBD was constitutively active, resulted in more than a 10-fold
increased transactivation activity compared to non-stimulated AR and no differences in
its activity was found upon incubation with T and 11KT. In sharp contrast, although the
activity of wild type AR increased in a dose-dependent manner with physiological

concentrations of both androgens, the strongest stimulation was observed with 11KT.

HAFR OARAIEBD

Luciferase Activity (fold change)

T KT
Androgen concentration (ng/ml)

Figure 5. Transactivation assay in HEK-293 cells transfected with the reporter construct MMTV-LUC in
combination with the expression constructs of full-length AR (AR) or truncated AR (ARALBD). Twenty-
four hours after transfection, cells were incubated with the indicated concentration of testosterone (T) or
11-ketotestosterone (11KT) for 24 h and the luciferase activity measured as indicated in Materials and
Methods. Data represent means = S.E.M. of triplicate samples and are representative of two independent

experiments. Different letters denote significant differences between groups (P< 0.001).

4. Discussion.

It is known that sex steroid hormones can regulate the immune response in
vertebrates (Cohn, 1979; Bouman et al., 2005; Fairweather et al., 2008; Namazi, 2009;
Yeh & Chen, 2010; Lee & Chiang, 2012). The modulation that estrogens exert on the
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immune competence of fish has been extensively studied, and their ability to affect the
maturation and function of leukocytes has been demonstrated (Yamaguchi ef al., 2001,
Watanuki et al., 2002; Cabas et al., 2012). We have previously described in gilthead
seabream a fine modulation of T of the innate immune response (Castillo-Bricefio ef al.,
2013) and a regulation of T and 11KT, with a competitive effect, on the sensitivity of
phagocytes to pathogens and damage signals, as both AGs and MO express the AR
(Aguila et al., 2013).

AR variants in humans are related with some diseases, like AIS or prostate
cancer, in which a loss or an increase of AR function is observed, respectively (Dehm &
Tindall, 2011). Most AR variants lack a functional domain, mainly the LBD, which is
not essential for transcriptional activity (Hornberg et al., 2011). Some truncated AR
variants lacking the LBD domain act as constitutively active receptors in prostate cancer
cells (Dehm et al., 2008; Dehm & Tindall, 2011; Hornberg et al., 2011). The knowledge
about the presence of alternative splice ARs is scarce in other species. A recent report
has described the presence of some variants in the testis of healthy humans and
truncated forms in the testis of other species, including the gilthead seabream
(Laurentino et al., 2013). The alternatively spliced AR found in gilthead seabream testis
encodes an AR protein only with the NTD (ARA2%). This variant was described for
first time in patient with AIS (Hellwinkel ef al., 1999) and displayed no ligand or
transcriptional activities (Dehm & Tindall, 2011). By the contrast, the alternative
spliced that we have found in the present study (ARALBD) shows the NTD and DBD,
but lack the LBD, and it is constitutively active and ligand-independent. This variant
shows similarity to the transcript AR">*’® which arise through skipping of exons 5-7
(Sun et al., 2010) and also lack the LBD. This transcript is present in patient with
metastatic castration-resistant prostate cancer (CRPC) (Dehm & Tindall, 2011) and,
interestingly, interacts with the wild type AR enhancing ligand-dependent and ligand-
independent activities (Dehm & Tindall, 2011).

Our gene expression profile study suggests that the AR and ARALBD would
play different roles in the testis, since they showed different expression profiles
throughout the RCs. Importantly, the ARALBD/AR expression ratio variant in the testis
shows a statistically significant negative correlation with plasma T and 11KT levels
throughout the RCs. This result, together with the ability of exogenous T to decrease the

ARALBD/AR expression ratio in the testis, demonstrates that androgens would regulate
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testicular physiology through not only AR engagement but also via modulation of the

expression level of the constitutively active ARALBD variant.

We also found that both AR and ARALBD are expressed in HK, the main
hematopoietic and immune competent organ in fish, and its expression varied from that
of the testis and depended on the reproductive stages of the animals. It is known that
exogenous T can modify the expression of wild type AR in HK (Castillo-Bricefio et al.,
2013) and we extend this previous observation to the ARALBD variant. Curiously, and
in contrast to the testis, we observed a positive correlation of the ARALBD/AR
expression ratio in the HK and exogenous T also increased this ratio, suggesting a role
of androgens in the regulation of fish immunocompetence through several mechanisms.
This is not surprising since alternative splicing allows the immune system a high degree
of diversity and to rapidly adapt and respond to changing environmental conditions

(Lynch, 2004).

One of the most interesting results of this study is that AGs, but no MOs,
expressed the ARALBD variant. In addition, ARALBD/AR expression ratio in AGs
oscillated in the different months of the RCs, and there is a positive correlation with T
plasma levels, probably reflecting the results obtained in the HK. More importantly, T
added in vitro was able to increase the ARALBD/AR expression ratio in purified AGs.
Furthermore, stimulation of AGs with bacterial DNA, a powerful immune stimulus for
gilthead seabream AGs (Sepulcre et al., 2007, 2011) also regulated the alternative
splicing of the AR, but depending of the reproductive stage of the fish, suggesting a
crosstalk between endocrine and immune stimuli in the regulation of AR alternative
splicing and AG functions. These data are in agreement with studies in mammals that
suggest that gene splicing can be altered in response to antigen stimulation (Lynch,
2004). Although further experiments are required to illuminate the signaling pathway
involved in regulation of the alternative splicing of the AR in AGs, our results
demonstrate for the first time, to the best of our knowledge, that an alternative spliced
variant of the AR is expressed by granulocytes. In view of the essential role of AR in
human and mouse granulopoiesis and survival (Chuang et al., 2009), our results have
uncovered a new mechanism for the regulation of neutrophil biology and may explained
the conflicting results showing that androgens are less important than AR in neutrophil

homeostasis (Chuang et al., 2009).
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ARALBD

ARALBD

ARALBD

ARALBD

ARALBD

ARALBD

ARALBD

ARALBD

ARALBD

ARALBD

ARALBD

ARALBD

ARALBD

ARALBD

ARALBD

ATGGCGCAAAACAATGAAGARAGTCCGCTCCGTGTCTCCAARAAACCAGACGGGARACGGTGCCGGCAGGATGAGAAGAGCCGACAACTCAGACCCGAACACTTACGGGTTCGGACACATGATCCCGCTCGC
ATGGCGCAARACAATGAAGAAAGTCCGCTCCGTGTCTCCAAAAACCAGACGGGAAACGGTGCCGGCAGGATGAGAAGAGCCGACAACTCAGACCCGAACACTTACGGGTTCGGACACATGATCCCGCTCGC

CTGTGGCATGGARAAACACTGTTGTCAAACAGCTGCTGCTCCTCAGGAGGAGTTGTTAAACGCTGACTGCCGTGTGGGCGACAGCCGCTCTTTTTCTGCCTGCGCCACAATCTCAGAGACAGCCAGGGAGC
CTGTGGCATGGAARAACACTGTTGTCAAACAGCTGCTGCTCCTCAGGAGGAGTTGTTAAACGCTGACTGCCGTGTGGGCGACAGCCGCTCTTTTTCTGCCTGCGCCACAATCTCAGAGACAGCCAGGGAGC

TGTGCAAAGCTGTGTCCGTGTCTCTGGGACTGGCCATGGAGTGCAGTGACTCCATCGACATGGATGCTGCTCTCCCCCAGTGCGCAGCGAATGACCACATTCGAGGAGAGTATTTGTTCGGAGTTGGAGGC
TGTGCAAAGCTGTGTCCGTGTCTCTGGGACTGGCCATGGAGTGCAGTGACTCCATCGACATGGATGCTGCTCTCCCCCAGTGCGCAGCGAATGACCACATTCGAGGAGAGTATTTGTTCGGAGTTGGAGGC

GCGCCTCTGAGCTGTCCCGGCGGCCAGGCTGCTGTCAGCGACTACAAGTGCCGAGARGAGCGGCCGCTGCACGGACACAAGCAGCAGCAGCAGCTGATGGAAATGTTTAARAAGTTCAGAGACCGCTGCGCA
GCGCCTCTGAGCTGTCCCGGCGGCCAGGCTGCTGTCAGCGACTACAAGTGCCGAGAAGAGCGGCCGCTGCACGGACACAAGCAGCAGCAGCAGCTGATGGAAATGTTTARAAAGTTCAGAGACCGCTGCGCA

CCTGCAGCACCTCACCTCCGCTCGGACACCTGTAGATGAGCAGAACTTCACAATGTGCAAGGCTGAGGACATAACTCCAGAGGAGACGGCTCACCTGGACTCAGTGCGCGCAGCCTCGTGCCCGTACGCAC
CCTGCAGCACCTCACCTCCGCTCGGACACCTGTAGATGAGCAGAACTTCACAATGTGCAAGGCTGAGGACATAACTCCAGAGGAGACGGCTCACCTGGACTCAGTGCGCGCAGCCTCGTGCCCGTACGCAC

AATCCGCGCAGCCGGGCAACTTGACACACTTCGGCCCACCGGCTCAAGAGAGGCCGTGGCGACTCTACAAGCCCCCAGACGARGCGGGGGATTTCGGGGAAGTCATGGAGAGCAGTTTCGCCACAACAAGT
AATCCGCGCAGCCGGGCAACTTGACACACTTCGGCCCACCGGCTCAAGAGAGGCCGTGGCGACTCTACAAGCCCCCAGACGAAGCGGGGGATTTCGGGGAAGTCATGGAGAGCAGTTTCGCCACAACAAGT

GGTTATCAGCCCGAGCAATACAGCATGAAAATCAARATGCGAGGGCACCGAATCTGCCGGAGCGTTGTGGGGCGGTAATCACAGCTTTAATGACAGGTACAACTCCCAGTGTTGGGGTCCGAGGCAGTGCGT
GGTTATCAGCCCGAGCAATACAGCATGAAAATCARATGCGAGGGCACCGAATCTGCCGGAGCGTTGTGGGGCGGTAATCACAGCTTTAATGACAGGTACAACTCCCAGTGTTGGGGTCCGAGGCAGTGCGT

GAGCGCACACGGAGCAGGAGGCAACAGCGCGTTATGTAATCCATACGAGAGGAGCATGGCGCGGCCGGAACAATGGTACCCAGGCGGGATGCTGAGGTCGCCATATCCCAACTCCAGCTACGTGAAGAGTG
GAGCGCACACGGAGCAGGAGGCAACAGCGCGTTATGTAATCCATACGAGAGGAGCATGGCGCGGCCGGARCAATGGTACCCAGGCGGGATGCTGAGGTCGCCATATCCCAACTCCAGCTACGTGAAGAGTG

AAGTCAGCGAGTGGCTCGATGTCCCCTACAATGACCCCAGGTTCGACGCCAGCAGCGAGCACATGTTCCCAATGGAGTTCTTCTTTCCAGCTCAGAGGATGTGTATGATCTGTTCAGACGAGGCGTCTGGC
AAGTCAGCGAGTGGCTCGATGTCCCCTACAATGACCCCAGGTTCGACGCCAGCAGCGAGCACATGTTCCCAATGGAGTTCTTCTTTCCAGCTCAGAGGATGTGTATGATCTGTTCAGACGAGGCGTCTGGC

TGCCATTACGGTGCACTCACCTGTGGCAGCTGCAAGGTTTTCTTCARAAAGAGCTGCAGAAGGCARACAGARATACCTATGCGCAAGCAAAAATGACTGCACTATTGATAAGCTAAGAAGAAAGAACTGTCC
TGCCATTACGGTGCACTCACCTGTGGCAGCTGCAAGGTTTTCTTCAAAAGAGCTGCAGAAGGCARACAGARATACCTATGCGCAAGCAAAAATGACTGCACTATTGATAAGCTAAGAAGAAAGAACTGTCC

GTCCTGTCGGCTGAGGAAGTGCTTCGAAGCTGGAATGACTCTGGGAGCACGTARACTGARAARAGATTGGGCAACAGAAGAACCCGGACGAAGATCATCCTCTCCAGGAGCCTGCAGAGGTTATGCCCAATA
GTCCTGTCGGCTGAGGAAGTGCTTCGAAGCTGGAATGACTCTGGGAGCACGTAAACTGAAAAAGATTGGGCAACAGAAGAACCCGGACGAAGATCATCCTCTCCAGGAGCCTGCAGAGGTTATGCCCAATA

TCTCTCCTAAAATGGGCCTGAGCTTCAACTCTCAAGTGGTCTTCTTGAACATCCTGGAGTCCATTGAGCCCGAGGTGGCGTACGCAGGACACGACTACGGCCAACCGGATTCAGCCGCCACCCTGCTCACT
TCTCTCCTAAAATGGGCCTGAGCTTCAACTCTCAAGTGGTCTTCTTGAACATCCTGGAGTCCATTGAGCCCGAGGTGGCGTACGCAGGACACGACTACGGCCAACCGGATTCAGCCGCCACCCTGCTCACT

AGCCTCAACGAGCTTGGGGAGAAACAGCTGGTGAAAGTGGTCAAATGGGCARAAGGATTGCCAGGTTTTAGAAATCTCCATGTGGACGACCARATGACTGTCATCCAGTATTCATGGATGGGGGTGATGET
AGCCTCAACGAGCTTGGGGAGAAACAGCTGGTGAAAGTGETCARATGEECARRAGGAT TGCCAG = = = = === == = == = = = = == = o o o oo oo

GTTCGGCCTCGAGTGGCGGTCCTATAAGAACGTCAACGGCAGGATGCTGTACTTCGCTCCAGATCTTGTGTTCAATGAACACCGGATGCACATCTCCACCATGTACGAGCACTGCATACGGATGAGACATC

Figure S1. Sequence alignment of AR and ARALBD using BioEdit v7.0.5. Only the coding sequences

are shown for clarity. The stop codons for both variants are indicated with asterisks
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III. CONCLUSIONS



Conclusions

Testosterone implants modify the plasma sex steroid hormones balance;

increasing testosterone levels and decreasing 17p-estradiol levels.

Testosterone implants do not affect de novo synthesis of sex steroid hormones.

However, they induce testosterone transformation into androgenic compounds.

Testosterone implants block the germ cell proliferation, enhances the migratory
influx of leukocytes into the testis through increasing the pro-inflammatory

cytokine levels, and impair its ability to recognize and respond to pathogens.

. A truncated form of the AR lacking the ligand-binding domain, ARALBD, is
expresses is testis and head kidney. This variant is produced by alternative

splicing of the AR gene.

. ARALBD is expressed in the head kidney and its expression varied with the
reproductive stage and is correlated with plasma testosterone levels. Moreover,
exogenous testosterone increases the ARALBD expression in head kidney,

whereas decreases those of the testis.

. ARALBD is expressed in acidophilic granulocytes but not in macrophages.

Furthermore its expression can be modified by testosterone and immune stimuli.

The ARALBD has ligand-independent activity, which is higher than that of wild

type androgen receptor.
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ABREVIATURAS



Abreviaturas

11KT 11-cetotestosterone

ADN Acido desoxirribonucléico

ADNc ADN complementario

AGs Granulocitos acidofilos

AR Receptor androgenos

ARB Receptor andrégenos isoforma beta

ARALBD  Receptor androgenos con ausencia del dominio de unién al ligando

ARN Acido ribonucléico

ARNm Acido ribonucléico mensajero

Bdiol Sa-androstae-3p3-17pdiol

bp Pares de bases

ccl4 CC quimioquina ligando 4

CR Ciclo reproductor

CP Céancer de prostata

cyp Enzimas del citocromo P450

DHT Dihidrotestosterona

Dmrtl Doble sexo y mab3 relacionados con factor de transcripcion 1
dpi Dias post-implante

E; 17B-estradiol

EDCs Compuestos de disrupcion endocrina

EE, 170-etinilestradiol

ER Receptor de estrogenos

ES Espermatogénesis

FSH Hormona foliculo estimulante

FSH-R Receptor de la hormona foliculo estimulante
IGS Indice gonadosomatico

IHS [ndice hepatosomatico
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IFN
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LH-R
Ly
MOs
OHT
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PP

ROS

Sele

SIA

star

tefp

tlr

Involucion testicular

Rindn cefalico

Deshidrogenasas hydroxysteroideas
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Interleucina
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Receptor de la hormona luteinizante
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Macrotagos
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Post-puesta
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Radicales libres de oxigeno
Puesta

E-Selectina

Sindrome de insensibilidad a los androgenos

Proteina de regulacion aguda de la esteroidogénesis

Testosterona

Factor transformante de crecimiento 3

Receptores similares a Toll
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Resumen en castellano

1. Resumen.

En la siguiente Tesis Doctoral hemos analizado la influencia de la testosterona
(T) exdgena sobre el metabolismo de esteroides sexuales y la fisiologia de la gonada de
la dorada (Sparus aurata L.). Ademas hemos descrito la presencia de un mecanismo de
procesamiento alternativo del ARN, para el receptor de andrégenos (AR), cuya
expresion varia con el estado reproductor y se correlaciona con el nivel de T. Esta forma
truncada del AR esté presente en los granulocitos acidofilos (GAs), descubriéndonos asi

nuevos mecanismos de regulacion en la biologia de los neutrofilos de vertebrados.

El uso de la dorada como ejemplar de estudio se debe a que es una especie de
alto interés comercial en el Mar Mediterraneo. La dorada es un tele6steo marino que
presenta un hermafroditismo protandrico, siendo los ejemplares machos durante sus dos
primeros afios de vida, al menos en las condiciones ambientales del Sureste
Mediterraneo, y pudiendo cambiar de sexo a partir del segundo afo. El ciclo
reproductor (CR) de los ejemplares macho se caracteriza por presentar cuatro etapas
secuenciales: espermatogénesis (ES), puesta (P), post-puesta (PP) y quiesciencia (Q)
durante el primer CR. La etapa de Q es sustituida por una etapa de involucion testicular
(IT), en el segundo CR que permite el cambio de sexo. Tras la puesta, el testiculo suele
sufrir una serie de cambios morfologicos, entre los que se encuentra una infiltracion
masiva de leucocitos, la cual es mayor en la etapa de IT, antes del cambio de sexo, que
ha puesto de manifiesto la importancia fisioldgica de la regulacion inmunitaria en la

gonada.

En primer lugar, quisimos comprobar la capacidad de la T exdgena para
modificar el balance de las hormonas sexuales esteroideas y la fisiologia de la gonada
(proliferacion celular, apoptosis, migracion de leucocitos, estado inmunitario). Con este
fin, incorporamos la T en el cuerpo de las doradas utilizando el sistema de
microparticulas in situ (ISM) (T-ISM), el cual libera la hormona sin producir ninguna
alteracion fisioldgica en los ejemplares, como habia sido previamente descrito en
nuestro grupo de investigacion. La T de los T-ISM promueve un incremento supra-
fisioldgico en los niveles plasmaticos de T lo que, a su vez, provoca una disminucion de
los niveles de 17p-estardiol (E,). Sin embargo, no se vieron alterados los niveles de 11-
cetotestosterona (11KT). El perfil de expresion génica en gonada e higado de algunos

de los enzimas implicados en el metabolismo esteroidogénico nos mostro que la T
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liberada de los T-ISM no era transformada en compuestos estrogénicos. La T, ademas,
bloquea la proliferacion de las células germinales del testiculo aunque el incremento en
la expresion del gen que codifica para dmrtl podria prevenir la eliminacion completa
de las células germinales. Por otra parte, comprobamos que los androgenos, al igual que
habia sido demostrado para los estrogenos, estdn implicados en la migracion de
leucocitos hacia la gonada, aunque los niveles de expresion de algunas citoquinas,
quimioquinas y moléculas de adhesion celular sufrieron una disminucion. Ademas, la T
de los T-ISM promueve una disminucion de la expresion de los genes que codifican
para los receptores similares a Toll (#/rs), lo que podria provocar una inhibiciéon de la
respuesta inmunitaria en la génada al quedar inhibida la capacidad de reconocer y

responder a patdogenos.

Posteriormente, identificamos una variante, constitutivamente activa, del AR que
carece de dominio de unién al ligando (ARALBD) en testiculo y rifion cefalico (RC) de
dorada y su expresion varia con el estado reproductor y con los niveles plasmaticos de
T. Esta variante se forma por un procesamiento alternativo del ARNm del AR. Nuestros
datos sugieren que este procesamiento alternativo es capaz de modificar la fisiologia del
testiculo, debido a que los androgenos son capaces de modular el procesamiento
alternativo del AR. Ademas, los androgenos, concretamente la T, es capaz de regular la
respuesta inmunitaria a través de la variante ARALBD. Otro dato interesante es que sélo
los AGs expresan esta forma truncada mientras que los macrofagos (M@s) no la
expresan. Ademas, el procesamiento alternativo del AR no sélo se ve modulado por T,
sino también por estimulos inmunitarios, aunque esta modulacion depende del estado

reproductor de los individuos.

Todos estos datos nos indican una interaccion entre los estimulos endocrinos e
inmunitarios en la regulacion del procesamiento alternativo del AR asi como de las
funciones de los AGs. Ademas, la T podria estar implicada en los cambios fisiologicos
de la gonada, entre los que se encuentra el aumento de leucocitos y la disminucién de la

capacidad de reconocer patdgenos de la gonada, a través de la regulacion del ARALBD.
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2. Introduccion.

Los peces son uno de los grupos mas grandes de vertebrados. Estd compuesto
aproximadamente de 24.600 especies entre las que unas 23.700 son teledsteos. Esta gran
diversidad se pone de manifiesto en diversos aspectos de la biologia de los mismos,
como es el caso de las estrategias reproductoras, la fisiologia y su forma de vida. Por
otro lado, en los ultimos afos la demanda de pescado y marisco por parte de la
poblacién mundial se ha incrementado exponencialmente, sometiendo al medio marino
a una gran presion por parte de las pesquerias comprometiendo asi su capacidad de
renovacion. La pesca extractiva representa apenas el 60% del volumen anual de
produccion mundial de pescado (FAO, 2012), por lo que la acuicultura se presenta
como la unica forma de satisfacer la demanda en el futuro préximo. Por lo tanto, la
FAO estima que en 2030 mas del 65% de los alimentos acudaticos procedera de la
acuicultura. Por otra parte, Espafia es el tercer productor de pescado cultivado de la
Union Europea ; la acuicultura en nuestro pais tiene un gran potencial de riqueza y
empleo y un futuro prometedor como actividad suministradora de alimentos sostenibles
y de alta calidad para los consumidores.

La gran diversidad existente entre los peces teledsteos conlleva a su vez una gran
diversidad en su biologia, especialmente en estrategias reproductoras y en los ciclos
reproductores (CRs). Hay dos estrategias reproductivas basicas: gonocoristas, los cuales
desarrollan un unico sexo funcional y hermafroditas, cuando desarrollan dos sexos
funcionales a lo largo de su vida. A su vez los hermafroditas pueden ser protandricos o
protéginos, cuando desarrollan primero el sexo masculino o femenino, o ambisexuales
cuando desarrollan ambas génadas simultaneamente (Devlin y Nagahama, 2002). Entre
los hermafroditas, los esparidos se caracterizan por la peculiar morfologia que tiene su
gonada bisexual. En este grupo, se habla de un ovotesticulo de tipo delimitado que
consiste en un area ovarica, en la porcion mediodorsal de la gonada, y un area testicular,
en la porcion latero-ventral, delimitadas ambas por una pared de tejido conectivo

(Sadovy y Shapiro, 1987; Besseau y Faliex, 1994; Bruslé-Sicard y Fourcault, 1997).

En este contexto, la dorada (Sparus aurata L.) es un pez teledsteo, marino,
hermafrodita protandrico de puesta es estacional que presenta una gonada bisexual. Los
individuos de esta especie se desarrollan como machos durante, al menos, los dos
primeros CRs en el sureste mediterraneo, pudiendo cambiar de sexo a partir del tercero

dependiendo de las condiciones ambientales (Zohar y col., 1978; Liarte y col., 2007). Su
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CR consta de cuatro etapas: espermatogénesis (ES), puesta (P), post-puesta (PP) y
quiescencia (Q) durante el primer CR, siendo esta ultima sustituida por una etapa de
involucion testicular (IT) durante el segundo CR (Chaves-Pozo y col., 2005a; Liarte y
col., 2007). Tras la puesta, el testiculo sufre una serie de cambios morfologicos bruscos,
que provocan una remodelacion tisular y entre los que se incluyen una infiltracion
masiva de granulocitos acidofilos (AGs), células fagociticas esenciales para la fisiologia
normal de la gonada (Chaves-Pozo y col., 2003, 2005a, b; Liarte y col., 2007). Estos
procesos se correlacionan con un aumento importante en los niveles séricos de 17[3-
estradiol (E;) y una disminucion de los andrégenos, testosterona (T) y 11-
cetotestosterona (11KT), principal androgeno en esta especie (Chaves-Pozo y col.,

2008b).

Al igual que en mamiferos, en peces, la sintesis de hormonas esteroideas tiene
lugar en la génada, en un proceso conocido como esteroidogénesis (Young y col.,
2004). Este proceso conlleva una sefial de transduccion intracelular, la cual es
provocada por las hormonas hipofisarias (hormona foliculo estimulante, FSH, y
hormona leuteinizante, LH), la sintesis de colesterol, el transporte del mismo hacia la
mitocondria y las consiguientes conversiones enzimaticas desde el colesterol hasta los
productos finales como la T, dihidrotestosterona (DHT) o el E,. El E; es considerada la
principal hormona femenina aunque hay estudios que sugieren que también es
importante para la reproduccion en los machos (Miura y col.., 1999b, 2002, 2003; Amer
v col., 2001; Hess, 2003). Por otra parte, la T y la 11KT son las principales hormonas
masculinas en peces (Miura y col., 1999b, 2002, 2003; Amer y col., 2001; Hess, 2003).
Mientras que la 11 KT es considerada el principal andrégeno es peces (Nagahama,
1983; Kime, 1993; Borg, 1994), la T, es un androgeno aromatizable que puede
transformarse en otros compuestos como DHT, 11B-hidroxitestosterona (OHT) o E,

(Mouriec y col., 2009).

Los peces constituyen el primer grupo animal que posee un sistema inmunitario
innato y adaptativo bien estructurados, por lo que el estudio de la inmunologia de este
grupo de vertebrados tiene un interés cientifico basico. Asi, el sistema inmunitario de
vertebrados presenta un patron comun aunque esto no excluye la existencia de
diferencias importantes entre ejemplares de una misma especie o entre diferentes
especies de vertebrados. Una de las diferencias méas importantes es que en peces existe

un predominio de la respuesta inmunitaria innata frente los vertebrados superiores en
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los cuales predomina la respuesta adaptativa (Anderson 1992). La respuesta innata es la
primera en actuar, protegiendo al individuo a través de barreras como la piel y las
mucosas (estds Ultimas ademds contienen enzimas bactericidas).Una vez que el
patogeno se encuentra dentro de los individuos, las células fagociticas los reconocen
mediante receptores de reconocimiento de patrones (PRRs), los cuales en su mayoria
son receptores semejantes a Toll (tlrs) (Akira y Takeda, 2004). Este reconocimiento, a
su vez, provoca una serie de sefales intracelulares que llevan a la produccion de
citoquinas y radicales libres de oxigeno (ROS). Las citoquinas son moléculas de
pequefio peso molecular que pueden regular procesos bioldgicos como la inflamacion,
crecimiento celular, reparacion tisular, fibrosis, etc. En peces se agrupan en varias
categorias: 1) factores de crecimiento (Grondel y Harmsen, 1984; Lawrence, 1996; Yin y
col., 1997), ii) citoquinas pro-inflamatoriascomo la interleucina 1B (il1B) (Jang y col.,
1995a, b; Zou y col., 1999a, b; Fujiki y col., 2000), citoquinas inmunosupresoras o anti-
inflamatoriascomo el factor de crecimiento transformante B (tgfB) (Sumathy y col.,
1997; Laing y col., 1999; Harms y col., 2000), 1ii) quimioquinascomo CCl4 (Daniels y
col., 1999; Fujiki y col., 1999; Laing y col., 2002) y los interferones (IFN) (Congleton y
Sun, 1996; Collet y Secombes, 2002; Hansen y La Patra, 2002).

En los ultimos anos se ha demostrado que las hormonas esteroideas sexuales
modulan diferentes actividades en la fisiologia de los peces. El interés de estos estudios
se debe, especialmente, al aumento en los niveles de compuestos de disrupcion
endocrina (EDC), entre los cuales se incluyen hormonas xenobidticas, que pueden
encontrarse en ambientes acuaticos. De hecho, se han detectado los EDCs en estos
ambientes en concentraciones capaces de alterar la reproduccion y el comportamiento
de los peces (Nash y col., 2004; Mortensen y Arukwe, 2007). Numerosos estudios han
puesto de manifiesto la complejidad de las respuestas del organismo a estrogenos; sin
embargo, los efectos de los androgenos han sido menos estudiados y, la mayoria, se han
centrado en alteraciones de la reproduccion. Por otra parte, se sabe que los androgenos
modulan su actividad por medio del receptor de androgenos (AR), un receptor de
membrana que actia como factor de transcripcion. Sin embargo, los efectos de los
mismos son poco conocidos y, en algunos casos, contradictorios, lo que podria ser
indicativo de la complejidad en su regulacion. La union de los andrégenos al AR regula
la transcripcion de ciertos genes aunque en los Ultimos afios también se han descrito

otras vias de actuacion alternativas para los androgenos (Rahman y Christian, 2007).
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Los androgenos estan implicados en muchos eventos fisioldgicos, principalmente
reproductores como la diferenciacion sexual, el comportamiento reproductor o la
aparicion de caracteres sexuales (Sato y col., 2004; Soma 2006). No obstante, el AR ha
mostrado un patron de expresion generalizado en diversos tejidos lo que sugiere que
podria estar implicado en la regulacion de diversas actividades bioldgicas (de Waal y
col., 2008). Entre estas actividades que pueden estar reguladas por los androgenos y el
AR se halla la respuesta inmunitaria. Se ha visto que el AR se expresa en leucocitos y
en tejidos inmunitarios en distintas especies de peces entre las que se incluye la dorada
(Slater y col., 1995; Blazquez y Piferrer, 2005; de Waal y col., 2008; Castillo-Bricefio y
col., 2013; Aguila y col., 2013). En general, se considera que la testosterona tiene
efectos inmunosupresores al disminuir la expresion de tlrs (Rettew y col., 2008) o
modificar la produccion de citoquinas (Posma y col., 2004) pero también se ha visto que
pueden aumentar la respuesta humoral en algunas especies de péajaros (Hasselquist y
col., 1999) o aumentar el nimero de anticuerpos producidos por la infeccion del virus
Seoul en machos de rata (Klein y col., 2000). Por otro lado, también se ha visto que una
respuesta inmunitaria puede disminuir los niveles plasmaticos de T (Greiner y col.,
2010). En peces, ademds, los dos principales androgenos parecen tener efectos
diferentes sobre la respuesta inmunitaria. Asi mientras que la T parece aumentar
diferentes parametros inmunitarios en dorada (Cuesta y col., 2007), la 11KT parece
tener un efecto inmunosupresor en la carpa (Yamaguchi y col., 2001; Watanaki y col.,
2002; Kurtz y col., 2007), aunque también se ha visto que la 11KT es capaz de aumentar
la acumulacién de pro-interleucina 1 en fagocitos de dorada (Chaves-Pozo y col.,
2003). Por otra parte recientes estudios sefialan la incapacidad de los androgenos para
regular la explosion respiratoria de los leucocitos de dorada, aunque si son capaces de
regular fuertemente la expresion de genes inmunitarios (Aguila y col., 2013). Ademas,
en dorada, la T induce la expresion de la citoquina pro-inflamatoria 11 en AGs,
mientras que la 11KT es capaz de inhibir los genes inmunitarios en AGs, al contrario

que ocurre con M@ (Aguila y col., 2013)

Estos datos contradictorios sobre los efectos de los androgenos en el sistema
inmunitario, junto con la necesidad del sistema inmunitario de adaptarse rapidamente a
los cambios ambientales (Lynch, 2004), nos llevan a pensar en los procesamientos
alternativos del ARNm, los cuales consisten en que un mismo gen da varios transcritos

distintos con funciones distintas (Dehm y Tindal, 2011; Laurentino y col., 2013). Los
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tejidos donde se producen estos procesos con mayor frecuencia son los reproductores y
los inmunitarios. En los primeros porque en adultos se dan una gran cantidad de
procesos de desarrollo en las células germinales durante toda la vida y se necesitan
varias vias para la coordinacion, division y diferenciacion de tan alto nimero de células
(Elliot y Grellscheid, 2006), y en los segundos debido a que, como hemos mencionado
antes, requieren gran diversidad y una alta capacidad para adaptarse rapidamente a
cambios ambientales (Lynch, 2004). En este contexto, los mecanismos de
procesamiento alternativo del AR son variados y se conocen basicamente en humanos.
Las principales variantes que producen estos procesamientos alternativos estan
relacionadas con enfermedades, especialmente con el sindrome de insensibilidad a los
androgenos (SIA), en el que los nuevos transcritos del AR carecen de actividad, o con el
cancer de prostata (CP), en el que la mayoria de las variantes son constitutivamente
activas (Dehm y Tindall, 2011). Estudios recientes han mostrado la presencia de
algunas de las formas variantes en otras especies como la rata, la rana o la dorada
(Laurentino y col., 2013). La conservacién de estas variantes del AR en organismos
evolutivamente distantes nos muestra que podrian tener importancia a nivel funcional

(Laurentino y col., 2013).

Con todos estos antecedentes, la presente Tesis Doctoral se centra en determinar
el efecto de la T, suministrada mediante un implante, sobre el balance de las principales
hormonas sexuales esteroideas en peces asi como sobre la fisiologia de la génada de la
dorada. Ademas, tras identificar una variante truncada del AR, constitutivamente activa,
queremos determinar su mediacion en el papel de los androgenos en la respuesta
inmunitaria analizando su nivel de expresion en distintos momentos del CR y la

modulacion de su actividad.
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3. Objetivos.

I.

Evaluar el efecto de implantes de testosterona sobre el balance de hormonas
sexuales esteroideas y la morfologia de la gonada en ejemplares macho de

dorada.

Caracterizar molecular y funcionalmente una variante truncada del receptor de

androgenos constitutivamente activa.

134



Resumen en castellano

4. Resultados y discusion

Capitulo 1. Los implantes de testosterona modifican el balance de hormonas

esteroideas sexuales y la fisiologia de la gonada en ejemplares macho de dorada.

La primera parte de esta Tesis Doctoral consistio en ver si la T, colocada en
implantes ISM, podria modificar el balance de las hormonas sexuales esteroideas y la
fisiologia de la gonada en los machos de dorada, centrandonos en los eventos de
proliferacion celular, apoptosis, y migracion de leucocitos, entre otros. Para ello,
separamos y utilizamos un lote de ejemplares macho en espermatogénesis activa y, tras
un periodo de aclimatacion de 30 dias, se les inyectdé un implante intramuscular basado
en el sistema ISM, previamente utilizado en dorada (Castillo-Bricefio y col., 2013), con
1 mg de T/Kg de masa corporal. Los peces se muestrearon semanalmente durante un

mes.

En primer lugar, corroboramos los resultados de Castillo-Bricefio y col. 2013
sobre que el implante ISM sin T no provoca variaciones en los niveles plasmaticos de
las hormonas sexuales esteroideas ni en el indice gonadosomatico (IGS) asi como
tampoco lo hace sobre la morfologia de la gonada. Sin embargo, el implante con T
provoc6 un aumento del IGS y del indice hepatosomatico (IHS) a partir del dia 14 y del
dia 7 hasta el dia 21, respectivamente. Ademads, el implante de T promovi6 un aumento
importante de los niveles de T plasmaticos, alcanzando niveles supra-fisiologicos
mientras que los niveles de E, descendieron por debajo de los fisioldgicos y los niveles
de 11KT disminuyeron solo al final del experimento (Chaves-Pozo y col., 2008a). Por
otra parte, cuando observamos los niveles de hormonas esteroideas en gonada -principal
organo donde se sintetizan (Borg, 1994)- e higado-6rgano en el cual se metabolizan
(Arukwe, 2008)-, pudimos comprobar que en gonada el nivel de T se mantuvo
constante mientras que en el higado aument6 como era de esperar en un Organo
encargado de procesar y eliminar estos compuestos (Arukwe, 2008). Sin embargo, la
disminucion de los niveles de 11KT, tanto en plasma como en goénada, asi como las
fluctuaciones en higado nos sugiere que las tasas de eliminacion de la misma son

diferentes.

A continuacion, nos centramos en el andlisis de la expresion de genes que
codifican algunas enzimas involucradas en la esteroidogénesis tanto en la sintesis de

novo como en la transformacion de la T, teniendo en cuenta los niveles de T, E; y 11KT
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observados en plasma, gonada e higado. Asi, observamos que los niveles de expresion
de ARNm de la enzima star no se vieron inducidos e, incluso, disminuyeron en la
ultima semana de muestreo. Tampoco observamos ninguna variacioén en los niveles del
transcrito de cyplla. Al no encontrar variacion en el nivel de expresion de estas dos
enzimas, que se sintetizan rapido en respuesta a un aumento agudo de hormonas
(Arukwe, 2008), sugerimos que la sintesis de novo de esteroides no se vio afectada por
el implante de T. Por otro lado, el aumento en los niveles de ARNm de enzimas
encargadas de la trasformacion de T, como cypl1bl, srd5a, cypl9ala y hsdl1b, nos
revelo la transformacion de T en OHT, DHT y E,. Este aumento en los niveles de
ARNm también se ha observado en el cerebro del pez cebra y en mamiferos (Mouriec y
col., 2009). Sin embargo no hubo transformacion de DHT a Bdiol, como muestran los
niveles de transcritos de hsd3b, los cuales apenas se modificaron a lo largo del
experimento. Por otra parte, el hecho de que los niveles de E; en higado se mantuvieran
similares en peces con el implante de T y peces control unido a la baja expresion del

transcrito de cyp/9ala, nos indicod que esta hormona no era producida en higado.

A continuacién, y conociendo los efectos que los estrogenos tienen en la
fisiologia de la gdnada, nos dispusimos a analizar si los androgenos tienen algin efecto
relevante en eventos relacionados con la proliferacion celular, apoptosis y migracion de
leucocitos en la gonada. Asi, pudimos observar que el aumento de T en plasma, que a su
vez provoco una disminucion de E,, produjo un bloqueo de la proliferacion celular que
no tuvo sin embargo ningun efecto en la tasa de apoptosis. Estos datos contrastan con lo
observado cuando hay una aportacion exdgena de E, la cual provoca, a su vez, una
caida de los niveles de androgenos y una reduccion en la tasa de la proliferacion celular
aunque aumenta la de apoptosis (Chaves-Pozo y col., 2007; de Waal y col., 2009). No
obstante, la expresion elevada del ARNm del gen que codifica dmrtl al final del
experimento impide se agoten las células germinales a pesar del bloqueo de su
proliferacion (Chaves-Pozo y col., 2007; Cabas y col., 2011a),. Estudios previos indican
que el E, es el factor principal que desencadena la migracion de leucocitos hacia la
gonada por influencia de quimioquinas y moléculas de adhesion en las células
endoteliales y M@s (Chaves-Pozo y col., 2007; Liarte y col. 2011a, b). El implante de
T-ISM provocéd un aumento de leucocitos, principalmente AGs y linfocitos (Ly), en el
testiculo aunque hubo una disminucion de los genes que codifican para quimioquinas

como ccl4 y moléculas de adhesion como la sele. Nuestros datos sugieren que la
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migracioén de leucocitos que tiene lugar en la gonada tras el T-ISM también puede ser
regulada por androgenos, probablemente, por medio de algunas citoquinas pro-
inflamatorias como la i//h. Ademds, observamos que los implantes de T-ISM
provocaron una disminucion en la expresion génica de t/r5s y tr9, que afectan a la
capacidad de la gonada para reconocer y responder a los patdogenos, a través de los Tlrs.
Aunque los androgenos parecen deprimir la respuesta inmunitaria de los vertebrados
(Cutolo y col. 2005), nuestros datos en gonada de dorada, y los datos anteriores en rifion
cefalico, parecen determinar que, en esta especie, los andrégenos aumentan o
disminuyen la respuesta inmunitaria en funciéon de la actividad analizada (Castillo-

Bricefio y col. 2013; Aguila y col. 2013).

En conclusion, el disefio experimental utilizado permiti6 aumentar los niveles
plasmaticos de T, a dosis supra-fisiologicas, provocando al mismo tiempo una
disminuciéon de los niveles de E, y el mantenimiento de los niveles de 11KT en
concentraciones fisioldgicas. En conjunto, podemos concluir que los androgenos
también juegan un papel importante en el mantenimiento de la morfologia de la gonada.
La migracion de leucocitos hacia el testiculo indica una compleja regulacion de este
proceso ya que se produce un aumento del nimero de AGs y Ly atn a pesar de existir
una disminucion de la expresion de genes que codifican para citoquinas, quimioquinas y

moléculas de adhesion celular.

Capitulo II. Identificacion de una variante truncada del receptor de androgenos
constitutivamente activa que es expresada en granulocitos y modulada por

andrdégenos y estimulos inmunitarios.

La interaccion inmuno-reproductora y la regulacion por parte de las hormonas
sexuales esteroideas de procesos implicados en la respuesta inmunitaria en vertebrados
es conocida desde hace varias décadas (Cohn, 1979; Bouman y col., 2005; Fairweather y
col., 2008; Namazi, 2009; Yeh y Chen, 2010; Lee y Chiang, 2012). Diferentes estudios
han demostrado en peces, incluyendo la dorada, que los estrégenos, tanto naturales
como sintéticos, modulan la respuesta inmunitaria (Yamaguchi y col., 2001; Watanuki y
col., 2002; Liarte y col., 2007. 2011a, b; Cabas y col., 2012). Ademas, los estrogenos
modulan la maduraciéon y la funcion de los leucocitos (Yamaguchi y col., 2001,

Watanuki y col., 2002; Cabas y col., 2012). Sin embargo, son mas escasos, y a veces
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con resultados contradictorios, los estudios que han puesto de manifiesto la
participacion de los androgenos en esta regulacion (Yamaguchi y col., 2001; Watanaki y
col, 2002; Chaves-Pozo y col., 2003; Cuesta y col., 2007: Kurtz y col., 2007; Castillo-
Bricefio y col., 2013; Aguila y col., 2013. En dorada, estudios previos en nuestro
laboratorio indican que la T ejerce una regulacion de la respuesta inmunitaria innata y
que la T y la 11KT ejercen una regulacion competitiva sobre la sensibilidad de de los
fagocitos a patdgenos y sefiales de dafio, ya que tanto los AGs como los M@s expresan
el AR (Castillo-Bricefio y col., 2013; Aguila y col., 2013). Por este motivo, en este
capitulo nos propusimos profundizar en el conocimiento del papel del ARs en la
respuesta inmunitaria y, mas concretamente, en la identificacion de una variante
truncada nueva, constitutivamente activa, del AR en leucocitos y su modulaciéon por

parte de los andrégenos y de estimulos inmunitarios.

En primer lugar, identificamos a partir de un ADN complementario (ADNCc),
procedente de testiculo, dos fragmentos del AR. Las busquedas BLASTN y BLASTX
nos confirmaron que el fragmento mayor correspondia al AR y el fragmento menor
correspondia a una forma truncada del AR producida por un procesamiento alternativo
del ARNm, en el cual se eliminaban los exones 5 al 7 y el codon de stop se adelantaba,
dando lugar a la proteina del AR que carecia de dominio de unién a ligando (LBD),

denominado ARALBD. ARALBD se expresa en RC, ademas de en testiculo.

El conocimiento actual sobre variantes del AR esta centrado en humanos, siendo
sin embargo en otras especies bastante escaso. En humanos estas variantes se expresan,
principalmente, en casos de enfermedad como el sindrome de insensibilidad a los
androgenos (SIA) y el cancer de prostata (CP), en las cuales se observa una pérdida o un
incremento de la funcion del AR. Sin embargo, estudios recientes han mostrado la
presencia de estas variantes en humanos sanos y en otras especies como la rata, la rana o
la dorada (Laurentino y col., 2013), lo que podria indicar una complejidad en la
regulacion de los efectos de los androgenos. En dorada se ha descrito previamente en
testiculo la presencia de una variante que tiene Unicamente el dominio amino terminal
(NTD), la cual se produce por la eliminacién del exon 2 que a su vez provoca que se
adelante el codon de stop dando lugar a una proteina truncada con un unico dominio
conocida como ARA2%® (Laurentino y col., 2013). Esta variante fue descrita por

primera vez en pacientes con SIA (Hellwinkel y col., 1999). Nuestra variante, sin
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embargo, es similar a la variante descrita por Sun y col., AR™*"* que es producida por

la eliminacion de los exones 5-7 (Sun y col., 2010).

El perfil de expresion en testiculo del AR y del ARALBD nos sugiri6 que ambas
formas tienen distintas funciones segun el CR. Ademads cabe senalar que el ratio de
expresion de las dos variantes, ARALBD/AR, en testiculo se correlaciond
negativamente con los niveles plasmaticos de los principales andrégenos, T y 11KT.
Estos datos junto con la habilidad de la T ex6gena de disminuir el ratio de expresion en
testiculo nos sugirieron que los andrégenos no solo regulan la fisiologia de la gonada a
través del AR sino que también a través de la modulacion de los niveles de expresion de
la variante truncada, ARALBD. Por otra parte, encontramos expresion de la variante
truncada en RC, la cual también variaba en funcion del CR, aunque de forma distinta a
la que se mostro en testiculo. Es conocido que la T exodgena puede modificar la
expresion del AR (Castillo-Bricefio y col. 2013), lo cual también vimos que ocurria con
ARALBD . Curiosamente, la correlacion que mostr6 el ratio de expresion de las dos
variantes en RC con los niveles plasmaticos de T fue positiva, al contrario que en
testiculo. Ademas la T exdgena también fue capaz de incrementar el ratio de expresion
de las dos variantes. Los resultados obtenidos en RC no son sorprendentes ya que los
mecanismos de procesamiento alternativo permiten que el sistema inmunitario presente
un alto grado de diversidad para ser capaz de adaptarse y responder rapidamente a las

cambios ambientales (Lynch, 2004).

A continuacién, quisimos comprobar que tipos celulares del RC expresaban el
ARALBD una vez que sabiamos que GAs y M@s expresaban el AR (Aguila y col.,
2013). Curiosamente solo los AGs presentaron la forma truncada. Los AGs son las
principales células fagociticas que infiltran el testiculo tras la S, proceso que esta
regulado por hormonas esteroideas, produciéndose un aumento de la migraciéon cuando
aumenta el E,, ya sea exodgeno o endogeno, o cuando existe un aumento de compuestos
estrogénicos (Chaves-Pozo y col., 2008a, b, 2012; Liarte y col., 2007; Cabas y col.,
2011). Curiosamente, la ratio de expresion de las dos variantes, ARALBD/AR, en los
AGs aumenta cuando aumentan los niveles plasmaticos de T, resultado que se confirma,
cuando en cultivos in vitro, también incrementa la expresion de la ratio con el aumento
de la concentracion de T. Por otra parte, también hemos observado que la estimulacion
de los AGs mediante ADN bacteriano (Sepulcre y col., 2007, 2011), provocd un

aumento considerable de la ratio de expresion ARALBD/AR durante la P, sugiriendo
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una interaccion cruzada entre los estimulos endocrinos e inmunitarios que regulan los
mecanismos de procesamiento alternativo y las funciones de los AGs. Todos estos datos
estan en concordancia con estudios en mamiferos que sugieren que el procesamiento
alternativo del ARNm de genes puede ser alterado en respuesta a la estimulacion de

antigenos (Lynch, 2004).

Por ultimo, quisimos conocer cudl era la actividad del ARABD. Para ello,
construimos un plasmido con el AR y otro con la variante ARALBD. Posteriormente,
cada plasmido fue co-transfectado con el plasmido de luciferasa MMTV-LUC (de
Ruiter y col., 1995) en células HEK-293. Finalmente, las células fueron tratadas con
distintas concentraciones de andréogenos, T o 11KT. La actividad de la variante
ARALBD fue constitutivamente activa y mucho mayor que la del AR. Mientras que la
variante ARALBD no mostrd diferencias significativas cuando se incubd con las
distintas concentraciones de androgenos, el AR mostr6 una actividad dependiente de los

andrégenos, aunque la actividad fue mucho mayor con la 11KT.

Por lo tanto, aunque se requieren mas estudios para esclarecer la via de
sefializacion implicada en la regulacion de este procesamiento alternativo del AR en
AGS, nuestros resultados demuestran, por primera vez, que una variante debida a un
procesamiento alternativo del AR se expresa en granulocitos. Ademas, teniendo en
cuenta la importancia del AR en la granulopoiesis y supervivencia de granulocitos
humanos y de raton (Chuang y col., 2009), nuestros resultados muestran un mecanismo
nuevo en los mecanismos de regulacion de la biologia de los neutréfilos y podria
explicar los resultados contradictorios que muestran que los androgenos parecen ser

menos importantes que el AR en la homeostasis de neutréfilos (Chuang y col., 2009).
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5. Conclusiones.

1. El implante de testosterona modifica el balance plasmatico de las hormonas
esteroideas sexuales. En concreto, aumenta la testosterona y disminuye el 17f3-

estradiol.

2. El implante de testosterona no influye en la sintesis de novo de las hormonas
esteroideas sexuales, aunque induce la transformaciéon de testosterona en otros

compuestos androgénicos.

3. El implante de testosterona bloquea la proliferacion de células germinales e
induce la infiltracién de leucocitos hacia la génada a través de un aumento de
expresion del ARNm de citoquinas pro-inflamatorias. No obstante, se ve

disminuida la capacidad de la gonada de reconocer y responder a los patdgenos.

4. Existe una variante truncada del receptor de andrégenos, ARALBD, en testiculo
y rindn cefélico que carece de dominio de unién al ligando y que es producida

por un procesamiento alternativo del ARNm del receptor de andrégenos.

5. La expresion del ARALBD en rifion cefalico varia con la etapa reproductora y se
correlaciona con los niveles plasmaticos de testosterona. Por otra parte, la
testosterona exdgena aumenta la expresion ARALBD en rifiéon cefalico, mientras

que disminuye la de testiculo.

6. ARALBD se expresa en granulocitos acidofilos, pero no en macrofagos, y su

expresion es modulada por testosterona y por estimulos inmunitarios.

7. La actividad de ARALBD es independiente del ligando y mucho mas elevada
que la del AR.
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