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1. Testicular involution prior to sex change In gilthead seabream is
characterized by a decrease in DMRT1 gene expression and by

massive leukocyte infiltration
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Abstract

Background: Leukocytes are found within the testis of most, if not all, mammals and are invelved in
immunological surveillance, physiological regulation and tissue remodelling. The testis of seasonal breeding
fish undergoes a regression process. In the present study, the second reproductive cycle (RC) of the
protandrous seasonal teleost fish, gilthead seabream, was investigated and the presence of leukocytes
amalysed. Special attention has been paid to the testicular degenerative pracess which is particularly active
in the last stage of the second RC probably due to the immediacy of the sex change process.

Methods: Sexually mature specimens (n = 10-1B fishfmonth) were sampled during the second RC. Some
specimens were Intraperitoneally Injecred with bromodecxyuridin (BrdU) before sampling. Light and
electran microscopy was used to determine the different stages of gonadal develspment and the presence
of leukocytes and PCR was used to anmalyse the gene expression of a testis-differentiating gene and of
specific markers for macrophages and B and T lymphocytes. Immunocytochemistry and flow cytometry
were performed using a specific antibody against acidophilic granulocytes from the gilthead seabream. Cell
proliferation was detected by immunocytochemistry using an anti-BrdU antibody and apoptotic cells by in
sity detection of DMNA fragmentation.

Results: The fish in the western Mediterranean area developed as males during the first two RCs. The
testis of all the specimens during the second RC underwent a degenerative process, which started at post-
spawning and was anhanged during the testicular involution stage, whan vitellogenic cocytes appearad in
the ovary accompanied by a progressive increase in che ovarian index. However, only 40% of specimens
were females in the third RC. Leukacytes (acidophilic granulocytes, macrophages and lymphocytes) were
present in the gonad and acidophilic granulocyte infiloration occurred during the last vwo stages. At the
same time DMRT | gene expression decreased.

Conclusions: The results demonstrate that innate and adaptive immune cells are present in the gonads
of gilthead seabream. Moreover, the whole fish population underwent a testicular degenerative process
prior to sex change, characterized by high rates of apoptosis and necrosis and accompanied by an
infileration of acidophilic granulscytas and a decrease in DMRTI levals,
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Background

The testis is a dynamic tissue that is tightly controlled not
anly by hormaones but also by local control mechanisms
in which cell to cell interactions are involved. Leakocytes
{macrophages, lymphocytes and mast cells) are found
within the testes of most, if not all, mammals and are
involved in immunological surveillance, physiological
regulation and tissue remodelling [1-4]. Although the
major focus of gonadal leukocoyte research has been mam-
mals, studies in other vertebrates may shed some light on
the evolutionary mechanisins involved in the dysregula-
tion of normal gonad physiology. Moreaver, fish repre-
sent an attractive group of organisms for studying sex
determination fram the evolutionary point of view
because they cover the complete range of sexuality, from
hermaphroditism to gonochorsm |5]. However, most of
the fish models used 1o analyze the genes invalved in sex
determination and differentiation are gonochorism [6].
Unlike in mamimals, sex-determining genes have not been
described in fish, although some candidates have been
proposed [6]. Thus, based on evolutionary conservation,
it has been suggested that DMRT1 {double sex-and mab3-
related transcription factor 1) may be involved in sex dif-
ferentiation from invertebrates to human [6,7]. In trout,
for example, DMRT1 has been described as being impor-
tant in male differentiation but not in female differentia-
tion. Moreover, its expression can be regulated by
hormonal treatments that usually succeed in producing
phenotypical sex change [8].

The gilthead seabream (Sparis aurata L.} is a protandrous
hermaphroditic sparid fish with a heterosexual gonad that
undergoes sex change during the second or third year of
life, depending on the natural environment of the popu-
lations studied [9-11]. In most Mediterranean areas, the
specimens undergo this sex change during the second year
af life [12]. Several studies have dealt with the pilthead
seabream sex change and its female physiology [13,14],
but few siudies have followed the male physiology
throughout the reproductive cycle (RC). Our previous
studies on the first BC of the gilthead seabream demon-
strated that acidephilic granuloeytes [produced in the
head-lidney, the eguivalent to mammalian bone mar-
row) infilirate the testls under endocrine and paracrine
regulation, display  tissue specific functions and are
involved in the testis degeneration that takes place during
post-spawning [15-18].

The aim of this study was ta characterize the second RC,
prior to sex change, of the gilthead seabream, focusing on
cell renewal (proliferation, apoptosis and necrosis] and
the presence of acidophilic granulocytes, macrophages
and T and B lymphocytes in the testicular and ovarian area
of the gonad. Moreover, since in the heterosexual gonad
of sparids the mechanisms involved in the differentation

hitp:/fwww.rbej.com/content/s/1/20

of ane tex and those which block the development of the
other might coexist, a study of the testis differentiating
gene, DMRT1, in the gonads of gilthead seabream
throughout the second BC was thought to be of interest.

Methods

Fisk

Healthy specimens of sexually mature male gilthead sea-
bream Sparus aurats L. (Sparidae, Perciform, Teleostei),
with a body weight [bw) of 100 g were obrtained in
November 2004, from CULMAMUR, S.L (Aguilas,
Spain). The fish were kept at the Spanish Oceanographic
Institute (Mazarrdn, Murcia), in 14 m? running seawater
aguaria {dissolved oxvgen 6 ppm, flow rate 20% aguar-
jum volume/hour) with nanwal temperature and pho-
toperiod, and fed twice a day with a commercial pellet
diet (Trouvit, Burgos, Spain). Fish were fasted for 24 h
before sampling The fish with bw ranging from 230 to
1020 g were sampled from October 2005 to October 2006
(n = 10-18 fish/month). In order to determine the final
sex ratio of the population, a final sampling was per-
formed in Movember 2006 {n = 30 fish}. At all sampling
times the specimens were weighed, and the gonads and
the head-kidneys were removed. Gonads were weighed
and processed for light and electron microscopy, flow
cytometry and gene expression studies, as deseribed
below. The head-kidneys were used as positive control in
flow cytometry assays. Some specimens (n = 5/manth)
wete weighed and injected intraperitoneally (i.p.) with 50
mg'kg bw of 5-bromo-2'-deoxyuridine (Brdl, Sigma) 2 h

before sampling.

The experiments described comply with the Guidelines of
the European Union Councll (86/609/EU) and the
Bioethical Comminee of the University of Murcia {Spain)
for the use of laboratory animals,

Light microscopy and immunocytochemical staining

The gonads were fixed in Bouin's solution or 4% parafor-
maldehyde solution, embedded in paraffin [Paraplast
Plus; Sherwood Medical) and sectioned at 5pum. Some sec-
tions were stained with hematoxylin-eosin in order to
determine the reproductive stage and the degree of devel-
opment of each fish, whereas others were subjected to an
indirect immunecyvtochemical method [19] using a mon-
oclonal antibody {mAb) specific to gilthead seabream aci-
dophilic granulocytes [G7) [20] and an anti-Brdll mAb
{Caltag) to determine the presence of acidephilic granulo-
cytes and proliferative cells, Tespectively, as has been pre-
viously described | 16].

The sections were slightly counterstained with Maller
hematoxylin. The specificity of the reactions was deter-
mined by omitting the first antiserum and in the case of
Brd(l detection, using gonad sections from fish that had
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not been injected with Brdll, Shdes were examined with
an Axiolab [Zeiss) light microscope.

In shty detection of DNA fragmentation [TUNEL)

TUNEL was performed 1o identify apoptotic cells {in situ
cell death detection kit; Roche), as described previously
[18]. Slides were examined with an Axiolab (Zeiss) light
micrascope.

Electran microscopy

Samples were fixed with 4% glutaraldehyde in 0.1 M
cacodylate buffer {pH 7.2) for 4-5 h at 4°C, postfixed in
1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h at
4°C, and then embedded in Epoxi resins. Ultrathin sec-
tions were obtained with a Reichert-lung ultramicrotome,
contrasted with uranyl acetate and lead citrate, and exam-
ined with a Zeiss EM 10C electraon microscope.

Cell suspensians
The gonad and head-kidney cell suspensions were
obtained as described previously [15].

Flow cytometry

Aliquots of 5 = 100 cells were washed in flow cytometry
[EC) buffer [PBS containing 2% fetal calf serum (FCS) and
0.05% sodium azide| and incubated for 30 min on ice
with 100ul of G7, at the optimal dilution of 1:100 in FC
buffer. After being washed, cell suspensions were incu-
bated for 30 min on ice with 50pl of fluorescein isothio-
cyanate [FITC) labelled anti-mouse Flab'); fragments of
goat antibody (Caltag) at the optimal dilution of 1:1000
in FC buffer. Cells were then washed twice and data were
collected in the form of wo parameter forward-scater
[FSC) and side-scatter (S5C) dot plots and green fluores-
cence {FL1} histograms by using a fluorescence-activated
cell sorter (Becton Dickinson). Each G7 staining was car-
ried out in duplicate.

hitp:/fwww.rbej.com/content/s/1/20

Analysis of gene expression

Total RNA was extracted from gonad fragments (n = 4-5
gonads/month) with TRIzol Reagent {Invitrogen) follow-
ing the manufacturer's instrucions and treated with
DNase 1, amplification grade (1 unit/pg RNA, Invitrogen).
The SuperScript 11 RiNase H- Reverse Transcriptase [ lnvit-
ropen) was used to synthesize first strand cDNA with
oligo-dl',; primer from 1pg of total RNA, at 50°C for 60
min. Total mRNA were obtained after mixing the same
amount of mRNA from 4-5 fish/month.

The mRNA levels of the tesis differentiating gene,
DMRBT1, were analyzed by real-time PCR with an ABI
PRISM 7700 instrument (Applied Biosystems ) using SYBR
Green PCR Core Reagenms (Applied Biosystermns). Reaction
mixtures wete incubated for 10 min at 95°C, followed by
40 cycles of 155 at 95°C, 1 min ar 60°C, and finally 155 at
95°C, 1 min 60°C and, 158 at 95°C. For each mBNA,
gene expression was corrected by the ribosamal protein
518 content in each sample, and in all cases, each PCRwas
performed with triplicate samples. The primers used are
shown in Table 1.

The mRNA levels of macraphage colony stimulating fac-
tor receptor (M-CSER), T cell receptor f chain (TCR-A) and
immunoglobulin M heavy chain [IgM-H) genes, as mark-
ers for macrophages and T and B lymphocytes, respec-
tively, were analyzed by semi-guantitative PCR with an
Eppendorf Mastercycle Gradient Instrument (Eppendorf).
Reaction mixtures were incubated for 2 min at 95°C, fol-
lowed by 35 cycles of 455 at 95°C, 455 at the specific
annealing temperature for each gene (see Table 1), 1 min
at72*C, and finally 10 min at 72°C, As a RT-PCR control
expression factin was used,

Analysis of the reproductive stage
As an index of the reproductive stage, we calculated the
gonadosomatic index [GSI) as 100 = [W/Wg| (%), where

Tahle Iz Primers used for gene expression analysis by RT-PCR. Gene name abbreviation, accession number, primer sequence (forward
and reverse) and annealing bemperature used far gene expression analysis.

Gene Accession Mumber Annealing temperature Mame Sequence (§-3")

[i-actin 8920 55 F ATCGTGEGGCGCCOCAGGCAC
[F-actin R CTCCTTAATGTCACGOACGATT
5B AMAM0E] &0 F AGGGTGTTGGCAGACGT TAC
SIE R CTTETGCCTGTTGAGGAACC
DMRTI AM493ETE &0 F GATGGACAATCCCTGACACC
DMATI R GEGTAGCETGAAGGTTGGTA

M-CSFR AME50293 &0 F3 CTGCCCTACAATGACAAG
M-CSFR R4 TCAGACATCAGAGCTTCC
TCR- AM420435 a0 Fl GCTTCTTCAATGGGACAGGA,
TCRf ] CCGTAGACACAGCCCTTGAT
lgM-H AMARIETT &0 Fl CAGCCTCGAGAAGTGGAAAT
lgM-H R GAGGTTGACCAGGTTGGTGT
Page 3 of 15
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W, is gonad weight (in grams) and Wy is body weight (in
Lrams).

As an index of ovarian development, the ovarian ratio, cal-
culated as ovarian area {mm?)/total ponad area (mm?} =
100 (%) was measured, taking longitudinal sections {n =
5-14} stained with hematoxilin-eosin from the middle
part of the gonad {n = 3/month) and in all cases corre-
sponding to approximately 30% of the total volume of the
organ. The ovarian area included the ovigerous [amellae
and the ovarlan cavity, and was drawn manually over the
digital image. The wnal area of the gonad covered the
ovarian area, the spermatogenetic tubules and the efferent
duect, and was measured using an image analysis threshold
method employed o differentiate borders. The ratio
between these two areas was calculated from measure-
ments of gonad tissue images obtained with an Olympus
5£11 overhead projector, a Sony DXC 151 AP video cam-
era, and the software MIP 4.5 Consulting Image Digital
(€1, Barcelona).

In order 1o determine oocyte growth, oocyte nuclear and
cell diameters were drawn manually and measured by
image analysis using an Axiolab [Zeiss) light microscope,
a CoolSHNAP digital camera (RS Photometrics) and SPOT
Advance 3.3 software (Diagnostic Instruments, Inc.).

Caleulations and statisties

FC assays were performed with cells from at least three dif-
ferent fish. A guantitative gtudy of the FC resulis was made
by using the statistical option of the Lysis Software Pack-
age (Becton Dickinson]. The number of oocytes measured
[n = 111-269) was always higher than the number
abtained by the formula (standard deviation - 0.83 /mean
- 0.05 ). All da were analyred by ANOVA and a Waller-
Duncan multiple range test to determine differences
among groups (P £0.05).

Results

Morgpholagy, cell proliferation ond apoptasis in the
testiculor area of the gonod

All the specimens during the second RC were male. The
testicular area was composed of tubules consisting of sper-
matogonia stem cells and cysts (a cohont of synchronically
developed germ cells enclosed by a cohort of Sertoli cells)
of primary spermatogonia, A and B spermatogonia, sper-
matoeyte, and spermatids and free spermatozoa. Based on
the morphological changes observed in the testicular area,
the second RC can be divided imo four stages: sperma-
togenesis, spawning, post-spawning and testicular involu-
tion, During spermatogenesis {from October to January,
Fig. 1a}, spawning {February, Fig. 1b}) and post-spawning
[March, Fig. 1c) the testis showed a similar morphology to
that described in the first RC of the gilthead seabream
[16]. Interestingly, after post-spawning, during the testic-

hitp:/fwww.rbej.com/content/s/1/20

ular involutive stage (from April wo July) the involutive
process which started at post-spawning became more
apparent. As regards morphology during the testicular
imvolution stage, the testicular area could be divided into
two areas [Fig. 1d) (i) the testicular peripheral area
located at the edge of the gonad and formed by a dense tis-
sue with no mbular lumen and a germinal compartment
composed of spermatogonia stem cells and some primary
spermatogonia oysts, similar to that observed at post-
spawning {Fig. 1d.e), and [ii] the testicular internal area
located next to the efferent duct and the ovary and formed
by wide necrotic areas (Fig. 1d, f} composed of cell debris
and surrounded by well developed interstitial tssue with
large clusters of ensinophilic cells [Fig, 1f).

The immunodetection of BrdU and the in situ detection of
DA fragmentation, in the testicular area, were associated
with the second RC (Fig. 2). Thus, the proliferative cell
types and their proliferation rates during spermatogenesis
(Fig. 2a), spawning (data not shown) and post-spawning
{Fig. 2b} were similar to that observed during the same
stages of the first RC [16]. During testicular involution
(Fig. 2¢) many BrdU positive spermatogonia stem cells
and primary spermatogonia cysts could be seen randomly
distributed throughout the testis.

Apoptosis 1s one of the most important mechanisms of
cell death and is involved in several physiolopgical proc-
eses related with tissue renewal. In the testicular area of
the gonad, apoptosis was only detected during post-
spawning (Fig. 2d) and testicular involution (Fig. 2e, f).
Surprisingly, the apoptotic cells in the peripheral testicu-
lar area (Fig. 2e) were more numerous than in the internal
testicular area during the testicular invelution stage (Fig.
2f). In both stages, apoptotic cells had the features of pri-
mary spermatogonia, that is, they were set in the germinal
compartment, isolated from each other, and possessed
large and round nuclei.

Moarphalogy, cell proliferation and apoptosis in the
ovarion area of the gonad

The ovary was formed by folds of the germinal epithe-
lium, named ovigerous lamellae that surrounded an ovar-
ian cavity (Fig. 3a). These ovigerous lamellae contained
the different types of germ cells embedded in a smooth
connective tissue and delimited by epithelial cells {Fig
3b). Interestingly, the testicular and ovarian areas of the
gonad developed independently. Thus, the ovarian area
from October to March was composed of nests of ooponia
and immature oocytes (pre-perinucleolar and perinucleo-
lar), while the testicular area was develaping through is
spermatogenesis, spawning and post-spawning stages.
The ovarian area started to develop with an asynchronous
pattern at the end of March, coinciding with the testicular
post-spawning stage, when vitellogenic oocytes in the

Page 4 of 15
{page number ot for cRation pUrpeses)



Reproductive Biology and Endacrinofogy 2007, 5:20

http:fwww.rbe).com/content/5/1/20

Testicular area of the gonad. The testicular area of the gonad at different stages of the secand RC stained with hematoxy-
lin-epsin. At spermatogenesis (a), spermatogonia stem cells and all germ cell type cysts formed the tubules of the testis. At
spawning {b), the wbules are larger and full of free spermatozoa. At post-spawning {c), the main cell types in the tubules are
spermatogonia stem cells and primary spermatogonia cysts. Some remaining spermatozoa can also be seen. At westicular invo-
lution (d-f}, the testis is formed by spermatogoenia stem cells and primary spermatogonia cysts that compose a dense tissua
with ne lumina in the tubules. Two morphological areas can be distinguished: che peripheral testicular area (d,e) and the inter-
nal testicular (d,Fy area which is close to the efferent duct and the owarian area and presents large necrotic areas surrounded
by ecsinophilic granulated cells. 3cale bar = 25 pm (a,6[) and 30um (b,d,e). Sg, Spermategenssis; 5, spawning: P%, post-spawn-
ing; Tl, cesticular invelution; SG, spermatogonia cysts; PSG, primary spermatogonia cysts; 5C, spermatocytes cysts; 5Z, sperma-

tozea: PTI, peripheral testicular area in the invelution stage: ||, internal testicular area in the inveluden stage; QY. ovarian
area; (arrow), spermatogonia stem cell; (arrow heads), ecsinophilic cells; {(white arrows), efferent duct; (asterisk), necrotic

areas.

yolk vesicle stage {also called cortical alveoli stage) were
observed. Thus, numerous vitellogenic oocytes in the yolk
vesicle stage were observed in April coinciding with the
testicular involution stage (April-July). [n order to define
the germinal cell populations, the morphology and the
nudear and <ell diameters of the cells were taken into
account [see Table 2 and Fig. 3¢, 3d, 3e). In the ovarian
area, non-apoptotic cells were observed, while scarce oog-
onia (Fig. 3{) and some somatic cells {Fig. 3finset) prolif-
erated, coinciding with the testicular involution stage of
the testicular area.

Gonadal development at the end of the second/beginning
of the third reproductive cycles

From September to Octaber, the fish have a ponad with
both testicular and ovarian areas, which do not undergo
further development compared with the same areas
described during testicular involution. However, due to
the degenerative process that the testicular area underwent
during testicular involution, the ovarian area represented
98% of the total gonad. From November onwards, the
gametogenic activity restarted and the third RC began,
allowing the distinction between both sexes, depending
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Figure 2

Cell proliferation and apoptosis in the testicular area of the gonad. Testicular area of the gonad at different stages of
the second RC immunostained with the anti-Brdl) mAb (a-c) or labeled with TUMEL (d-f}. At spermatogenesis (a), sparmato-
Zonia stem cells and primary spermarogonia and spermatocytes cysts proliferate. At post-spawning (b) and cesticular involution
{c) spermatogonia stem cells and primary spermatogonia cysts were inmunostained. Only at post-spawning (d) and testicular

involution (e,f) were apoptotic cells observed. Motice that in the testicular peripheral area (&) the number of TUMNEL positive
cells is higher than in the testicular internal area (). Seale bar = 25 pm {a-f). (arrowheads), proliferative calls; (arraws), TLINEL
positive cells; 5g. Spermatogenesis; PS5, post-spawning: Tl, testcular involution; PTI, peripheral testcular area in the involution

stage; [T, internal testicular area in the involution stage.

on which area progressed throughout the gametogenesis
process. Al this time 409 of the population was female
ane 60% males despite the homopgeneous invelution of
the testicular area observed in the population at the end of
the second RC described above. Females showed a more
developed ovarian area with vitellogenic oocytes in the
secondary yolk vesicle and tertiary volk veside stages (see
Table 5 and Fig. 3gh).

Interestingly, the ovarian area of the fish developing as
males contained numerous atretic follicles, while the
most developed pocoyvtes were vitellogenic oocyies at the
yolk vesicle stage, The atretic follicles were formed by a

degenerated oocyte surrounded by a flattened cell monol-
ayer (see Table 3 and Fig. 3i).

Parameters related with the development of the gonad

As an index of the functional reproductive stage we meas-
ured the GSI, variations in which eorrelated very well with
the development of the testicular area in gilthead sea-
bream males (see Table 4 and Fig. 4a). Thus, the GSI
increased during spermatogenesis, while in the spawning
stage, the shedding of spermatozoa resulted in a sharp
decrease in the index, which continued to decrease until
the end of the post-spawning stage. In the testicular invo-
lution stage the GSI showed little vadations. The gonad
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Figure 3

The ovarian area of tha gonad. Ovarian area of tha gonad at diffarent stages of the second RC stained with hematoxylin-
eosin (a-e,g-i) and immunoscained with BrdU mAb (f, inset f). The ovarian epithelium forms lengitudinal lamellae chac excend
into the central ovarian cavity (a). A sqguamous epithelium lines these lamellae at the luminal surface, below which a group of
undifferentiated somatic calls were observed (B). The ovarian lamallae are formed by nests of oogonia (€], pre-perinucleslar
oocytes (d), early and late perinucleolar cocytes (), yolk vesicle oocytes (e} and secondary (g) and tertiary (h) yolk vesicle
oocywes. Oogonia (f) and somatic cells {inset f) only proliferated during westicular involution. Some atretic follicles were
observed in the ovarian of males at the beginning of the third RC (i} Scale bar = 100 pum (a,h), 50 pm (g), 25 pm (e,f,i, inset
fj and 10 pm (b-d). OL, evarian lamellas; OC, avarian cavity; EPO, early perinucleclar cocytes; LPQ, late perinuclaciar
oocywes; TVO, yolk vesicles ococytes; (arrow heads), proliferative cells; (asterisk}. ovarian somatic cells; {white arrows). epithe-
lium lines the ovarian lamellae; {white arrows heads), follicular epithelial cell layer.
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Table 2: Feature of the ovarian area of the gonad of gilthead seabream during the second reproductive cycle.
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Moenths Types of cells presenc in the Cell dismeter  Mucdlear dimeter Cyroplasm Mucieus Fallicle relaced
ovary [Lurey [amj STABCILFES
Oerober-Mardh Cwrpania 16.2 + 0.3 $3+02 Slightly basophific A muckeolus
Pre-perirsc| ediar oheytes 350 DB 8.0 04 Highly basophilic Two or Ehree centraly
laexted nsclaak
April=july Earfy perinuclesiar oocytes 5TE+ 1O 296 +06 Highly basophific Mlurmerous nucleok
Late perinucleniar oocyres 841+ 33 44§+ 20 Highly bazaphilic Miimerous nueleali close Granubaia
to the nudear envelope
Witelingenic aneyees at yalk 9624 1k Shive2d Wesh basaphilic Mimerous nucleali clase Granubasa
vesicle soape (coreical abvaali Granules randemly to the nudear envelops Zoee radiape
stage) * distributed

* I April-July alie appeared the germ cell Bypes presert in the ovary in October-Mareh

growth resumed at the beginning of the third RC (Movem-
ber]).

The owvarian ratic (Fig. 4b) and the means of the cell and
nudear diameters of the oocytes (Fig. 4¢) were caleulated
as an index of ovaran development The ovarian ratio
showed great vadations throughout the second RC (see
Table 4). From October to lanuary the ratio decreased
sharply, coindding with the propgression of spermatogen-
esis in the testicular area of the gonad. However, during
post-spawning and testicular invelution, the ovarian ratio
increased gradually and then stabilized and reached its
maximum value at the end of the second/beginning of the
third RC (see Table 5 and Fig. 4B}, As a result of the devel-
opment of oocvte populations, mean cell and miclear
sizes increased graduoally during the second RC. At the
beginning of the third RC both cell and nuclear diameters
experienced a great increase (see Tables 4, 5 and Fig. 4¢).

DMRT! gene expression in the gonad

In order to determine when the sex change process started,
the mRNA level of DMRT'L, a gene known to be refated
with the maintenance of testicular tissue, was measured
by real-time RT-PCR. The DMRTT mRNA levels increased
as spermatogenesis proceeded and reached their highest
level at the end of the spermatogenesis stage. The level
remained steady during spawning and sharply deceeased
during post-spawning. The DMRETT mRNA levels were
very low during testicular involution (Fig. 5).

Leukocytes present [n the ganod

Throughout the second RC, the acidophilic granulocytes
(G7 positive cells] were present in the interstitial tissue of
testicular (Fig. 6a-d) and ovarian areas (Fig. 6e) and in the
connective tissue that limited both areas, surrounding the
efferent duct and forming the tunica albuginea. The acido-
philic granulacytes infiltrated the gonad in variable num-

Table 3: Feature of the ovarian area of the gonad of gilthead seabream at the end of the sscond reproductive cyelelbeginning of the

third reproductive cycle.
Menths Types of cefls present in the Cell dismecer Muckear damerer Cytoplasm Mudeus Folicle related struciures
aviry {pm) frerm}
DOrxober Ma further development
Vitellogenic oocytes ac 9L £ 95 HBiz45 Acidaphilic gabules Granulosa Zone madiaie
secondary rolk vesick sEge distribuned at the periphery Thea cell layer
* Lipid dropped clocs
a the nucleus
hiogvomber Willogenic oocytos at 3106 £ 249 i +35 hlumorous uosinophilic Granulora Zona radinm
certiry yolk vesicle senge flobules Theea cell layer
¥
Arretic foflicles Irreguibar in dhnpe Highty tondensed and Flartened cal manolaper
t Mumeraus acidephilic and batophilic

1emie basophilic granules

*In Movember alse appeared the germ call types present in the evary in October-july. These specimens are females.
“n Movember, the mest developed vitellogenle oocytes undergoes an atretic process, These specimens are males.
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Table 4: Parameters related with the development of the gonad of gilthead seabream during the second reproductive cycle.

Maonihs Testicular smpes Ohvarian S@ges G
]
Detober- [anuary  Spermabsgenes IFdTckeLIFE Fra |4+ 02 ta
1.7 % 1.0 and then
Eo LB+ 08
February Sphvning | rmamatyire 3404
March Pest-spavening Irnareature Q52 £ 0.04
April)uly Testicular Grawh: 41 + 0.05
invclutian vicellogenic
obeyte in yalk
veticles stage

bers [Fig. 6g) and were located in different compartments
of the ponad depending on the stage of the RC. The local-
ization of acidophilic granulocytes during spermatogene-
sis, spawning and post-spawning during the second RC
[Fig. Ga.b) coincided with that observed during the first
[16]. During testicular involution [Fg. 6c,d] the acddo-
philic granulocytes were observed in higher numbers in
the interstitial tissue of the testicular pedpheral area (Fig,
6c) and around the necratic areas in the testicular internal
area (Fig. 6d). Moreover, the granules of the acidophilic
granulocytes that surrounded the necrotic areas were het-
erogeneous in size and electrondensity. Some granules
located cloge to the plasma membrane were beginning to
fuse with each other (Fig. 61].

During spermatogenesis the amount of acidophilic gran-
uloovtes was below the limit of detection and increased
during spawning. Although the percentage of acdophilic
granulocytes rapidly decreased at the end of post-spawn-
ing, they increaged again during testicular invelution 1o
reach maximum numbers in the gonad. This percentage
decreased at the end of the testicular invelution stage and
remained steady until the beginning of the next RC [see
Tables 4, 5 and Fig. 6g).

Due tw the lack of specific antibodies for macrophages
and lymphaocytes in the gilthead seabream, we analyzed
the presence of these cell types by electron microscopy
{Fig. 6h, i) and from the expression of M-CSFR, TCRJ5 and
lghd-H genes in the gonad [Fig. §j) which were specific
matkers for macrophages and T and B lvmphocytes,
respectively, The results showed that macrophage- and
lvmphocyte-like cells were located in the interstitial tissue
of the testis during spermatogenesis. Macrophage-like
cells were characterized as irregular cells with polymor-
phous nuclei and an electron-dense cytoplasm  with
nitmerous mitochondria and appeared in close eontact
with Leydig cell clusters [Fig. 6h). Lymphocyte-lile cells
appeared as round cells with a large and heterochroma-
tinic nuclens (Fig. 6i). These morphological observations

Crvarian raco Orearian cell COvarian nuckear Aidophific
3] diarmeter maans diarmEEEr Mmiging granulacytes
ik {um} (%)
Fram 44.55 % 12T I4.62 % 0.90 Mo deteceed
1506 o 9.52
511
46,45 £ 124 T3z 18 [9.54 + 0.91 479 4 .96
&h.2é £ 171 Whxle 1183+ 050 112 £ 0.24
Fram 7443 + LIER ] 1487 + 0.5 From B.7é = | 14 1o
149.78 w 8050 £ 1.69 1 0,67 reaching
4.2 the maxirmum vakue

immay (.15 + 1.23)

were confirmed by RI-PCR, since the mRNA levels of M-
CSFR, TCR-B and Iphi-H were found in all stages of the
second RC (Fig. 6j).

Discussion

Our data showed that gilthead seabream, in the western
Mediterranean area, developed as males during the first
two RCs, while from the third RC onwards the population
divided into males and females. This behavior has also
been desaibed in studies performed in other Mediterra-
nean regions and indoors with simulated natural pho-
toperiod and temperatures ranging from 15°C to 23°C
[9,21|. However, our data are innosvative since this iz the
first time that the cell renewal [proliferation, apoptosis
and necrosis) process involved in testicular and ovarian
development has been correlated with the leukocyte types
present in the gonad. Moreover, the proliferative and
apoptotic processes involved in the second RC of the gilt-
head seabream show interesting differences compared
fram the firet RC [16]. In both cycles spermatogenesis,
spawning and post-spawning stages show similar features,
However, the last stages of each cycle (resting and testicu-
lar involution, respectively) were seen to differ com-
pletely. Thus, compared with what happened in post-
spawning, the resting stage was charactenzed by an
increase in the number of proliferative cells and no apop-
totic. cells [16], while during the testicular invalution
stage, the number of proliferative cells was similar and the
number of apoptotic cells increased as did the size of the
necrotc areas. In contrast; in the second RC, the degener-
ative process initiated at pest-spawning, was enhanced in
the testicular involution stage, resulting in a progressive
increase in the ovarian index, which reached 98% of the
total gonad at the end of the second RC, Unlike in the first
RC, as the testicular area degenerates, the immature
pocytes develop and the fist vitellogenic oocytes appear.
However, the number of proliferative cogonia and ovar-
ian somatic cells in the second RC do not differ from the
normal praliferative activity described during each resting
stage of the male phase in several sparid species, including
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Figure 4
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Parameters related with the development of the gonad. G5l (a), the ratio between the ovarian area (gray part of the
bars) and the total area of the gonad (full bars) (b} and the cell and nuclear diameters of the cocytes throughout the second
RC and at the beginning of the third (e). Data represent means £ SEM n = 1018 fish/month {a), n = 3 fish/manth {b) and n =
111269 celistage (). Different lettars denote statistically significant differences between the groups accarding to a2 Waller-
Duncan test. $g Spermatogenesis; 3, spawning: P$, post-spawning: T, testicular involudion; MFD, no further development G,
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Table 5: Parameters related with the development of the gonad of gilthead seabream at end of the second reproductive cycle/

beginning of the third reproductive cycle.

Months Testicular siages Crvarian srages 551 Chvarian racie Orvarian cell Crvarian nuclear Acidophilic
%] (A diameter eans diameter means granulecitas (%)
{rm} fjumj
Dapber Mo further development QE220./0 973+04 SBe+ 20 1=l 31207
o furdvar Growth: vitallogenic oocyces at 132 57 SL2+124
tevelopmanc secondary yolk vesicle and veriary yoll
uesicle stages
Mavember P72+ 0,13
SpermaCTEenesis Arretic folicles

DOogonia
Fre-perinuc/ear pocyues
Early and lage perinuclear oocytes
Vitelloganic oocyes @ yolk veside stge

the gilthead seabream [22,16]. Despite what has been said
before [9], our data demonstrated that during the last
stage of each cycle the gonad does not remain latent since
cell proliferation and apaptosis allow tissue to be renewed

and the beginning of sex change in the first and second
RC, respectively.

In seasonal breeding mammals, apoptosis  ocours
throughout the RC and is related with the amount of sper-
matogonia and spermatocytes present in the testis rather
than being related with seasonal testicular involmtion
[23,24]. However, in the gilthead seabream, apoptosis
ocours during post-spawning in the first RC [16] and dur-
ing post-spawning and testicular involution stages in the
second, but not during spermatogenesis as ocours in oth-
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Figure 5

DMRTI gene expression in the gonad. The mRMNA lev-
els of DMRT! were studied by real-ime RT-FCR in the
gonad at the indicared month. Dara represent means & SEM
of triplicate samples. Total mRNA were obtained after mix-
ing the same amount of mMRMNA from 4-5 fish/month, Differ-
ent letters denote statistically significant differences between
the proups accerding to a Student-Mewman-Keuls test. g,
spermatogenesis; 5, spawning; PS, post-spawning; Tl, testicu-
lar involution.

ers species | 25,26). Thus, our data and the data obtained
in several fich species demonstrate that germ cell apopuo-
sis and necrotic areas are involved in testicular invalation
[15,16,27-30].

One important observation of the study is that at the end
of the second RC the whole seabream population under-
goes a testicular regression process probably triggered by a
down-regulation of the expression of genes involved in
testicular maintenance. Different genes from a family of
genes encoding proteins that contain a DNA-binding
motif, called a DM domain, have recently been cloned
from a wide range of vertebrates including fish, and these
genes have been found to be expressed in the developing
gonads and in the adult ovary and/or the testis [8,31-33].
In fact, one DM domain-containing gene, DMET1 (DM-
related transcription factor 1] appears to be involved in a
sex-determining cascade and also in testis maintenance
[8]. Dur data show that the DMRET1 is related with testis
development in adulie since DMRET1 mRENA  levels
increase as spermatogenesis proceeds, slightly decreases at
the end of the stage and keeps steady during spawning,
Interestingly, when testicular involution starts at post-
spawning, the mean levels of DMRT1 decrease and reach
their minimum values when this process is enhanced dur-
ing the testicular involution stage. Moreover, DMEL'L
expression in trout is hiph during mid spermatogenesis
and also ocours in the pre-vitellogenic ovary and decreases
when it starts 10 develop [8]. This could explain why, in
the gilthead seabream, the vitellogenic oocyies do not
appear until down-regulation of this gene is really effec-
tive. All this supports the idea that in fish the DMRETT is
related not only with sex determination, but also with tes-
ticular functions and immature ovary maintenance, More-
over, the very low DMRTT mRNA levels at the end of the
testicular involution stage would explain the remains of a
simall testicular area (29 of the total gonad) which would
allow 60% of the fish population to block the sex change
process at the beginning ofthe third reproductive cycle. In
this case, the testis develops again and the maturing
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Figure &

Ll‘:'uluo-cy‘l:&i present in the gonad. The testicular and ovarian areas of the gonad at different stages of the second RC immu-
nostained with G7 (a-e), the ultrastructure of testicular acidophilic granulocytes (f), the percentage of gonad acidophilic granu-
locytes (g}, the ultrastructure of testicular macrophage-like cells (h) and lymphocyte-like cells (i) and RT-PCR analysis of M-
CSFR, TCR-p and IgM-H genes, as appropriate markers of macrophages and T and B lymphocytes, respectively {f). The acido-
philic granulocytes appeared in the interstitial tissue of the testis at spermatogenesis (a), post-spawning (b) and testicular inve-
lution [£,d). Note that they also appeared between the germ cells at post-spawning (b) and around the necrotic areas at
testicular involution (d). Scattered acidophilic granulocytes were also observed in the interstitial tissue of the avarian area (e).
Heterogeneous granules fused to each other were observed in the acidophilic granulocytes closed to the testicular necrotic
areas (f). Testicular cell suspensions (n = 3-5 fish/month) were immunostained with the GT and then analyzed by flow cytome-
try {g). The macrophage-like cells in the interstitial tissue in the vicinity of Leydig cells at spermatogenesis stage (h). Lym-
phocyte-like cells in che inverstidal dssue {i). Towl mRMNA was obrained te mix the same amount of each mRMA from 4-5 fish/
sample [j). Scale bar = 100 um {a), 25 pwm (bee). | pm ). 0.5 pm (h), 0.3 um(i). Different letters dencte statistically significant
differences between the graups acecording to a Waller-Duncan test. (arrow), G7 positive cells; {white arrows). granules fused
to each other; MLC, macrophage-like cell; LLC, lymphacyte-like cell; L, Leydig cell; 5g, Spermatogenesis; 5, spawning; PS, post-
spawning: Tl, cesticular involution; NFD, no further development: PTI, peripheral testicular area in the involution stage: ITI,
internal testicular area in the invelution stage; O, avary; G, gametogenesis and C-, negative contral,
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oocyles degenerate, becoming atretic follicles as described
previously [13,21]. The lack of discemnible sex-determin-
ing genes such as Sry gene [6], and the existence of genes
whose up- or down-regulation determine the develop-
ment of one sex or the other, wonld explain the character-
istic of the gonad (ovo-testis) in hermaphroditic sparids
and the sexual plasticity of teleosts, However, further stud-
ies are needed in order to fully understand the gene regu-
lation of the variable pattern of sex determination in fish.

Several studies have dealt with the gilthead seabream sex
change and the corresponding female physiology [13,14),
but few studies have followed the male physiology
throughout the RC and none have dealt with immune and
reproductive system interactions, However, as in mam-
mals, the immune and the reproductive systems interact
in a complex manner in the gilthead seabream tesds, as
our previous data on testicular addophilic granulocytes
suggests [15,17].

As regards the presence of leukocytes in the fish gonad, lit-
tle is known about their role in the seasonal changes
ahserved in this organ. Our previous data from the first
RC showed that acidophilic granulocytes infiltrate the
gonad following physiological stimuli produced by testic-
ular cells and display impaired immune functions,
although they are the only testicular cells that are able to
produce reactive oxygen intermediate (ROIg) and intracel-
lularly accummlate IL-1f [15-18]. [nterestingly, their loca-
tion in the gonad during the fiest RC is similar to that
observed during the second one. However, unlike in the
first RC, the number of testicular acidophilic granulocytes
peaks twice: (i) at the end of spawning/beginning of post-
spawning, and (ii) at the beginning of the testicular invo-
lution stage when they reach their highest numbers. This
finding supports the idea that testicular acidophilic gran-
uloeytes are somehow invalved in the degenerative proc-
€55 that occurs during these stages. The morphology of
testicular acidophilic granulocytes abserved in the testico-
lar invalution stage also supports this hypothesis, This 18
the first dme that acidophilic granulocytes have been
shown o have a different ultrastructure from  that
observed in testicular and non-activated acidophilic gran-
ulocytes [15,20]. Fusion of the granules was observed
close to the plasma membrane of the cell, suggesting that
these cells might be actively involved in tssue remodeling
during testicular invalution.

In fish, anly a few morphological studies have described
macrophages and lymphocytes in the testis [22,34,35] but
no experimental studies on the possible roles of these cells
in this organ exist due to the lack of specific markers. In
rainbow trout, a few macrophages have been observed
during spermatogenesis while, after spawning. they were
more numercuws amd appeared near the Sertoli cells,
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phagocytosing the non-emitted spermatozoa [28,19]. In
mammals, macrophages are considered as essential acces-
sory cells for normal reprodudtive functioning as they are
found abundantly in the reproductive tract of males but
are somewhat immunosuppressed compared with other
resident macrophage populations [1,2,4]. Moreover, Ley-
dig cells and testicular macrophages are funcionally
related and ROls and 1L-1p produced by testicular macro-
phages significantly affect Leydig cell physiology |36].
Lymphocytes are also present in the mammalian testis,
and approximately 15% of immune cells in the normal
adult westis were shown to be lvmphocytes [1,2]. Most of
these lymphocytes expressed T cell markers with a pre-
dominance of CD8+ T cells, whereas B cells were not
detectable [1]. In spite of the relatively small number of
lymphocytes, the testicular immune-privilege may be a
localized phenomenan affecting T cell activation and mai-
uration events [1].

We used electron microscopy analysis of the gonads and
studied the expression of sperific gene markers to demon-
strate that macrophages and both T and B lymphocytes are
present in the gonad of the gilthead seabream throughout
the second RC, as has been deseribed in mammals [1,37].
Our data show that both macophage-like cells and lym-
phocyte-like cells are present in the interstitial tissue of the
testicular area of the gonads. Interestingly, in contrast to
acidophilic gramilocytes, macrophages appear maostly
during spermatogenesis in close relation with Leydig cell
clusters. Taking all this into account, we hypothesise that
macrophages are involved in spermatogenesis, while aci-
dophilic granulocytes are involved in the testicular invo-
lution process. However, further studies are necessary to
understand whether these cell types are involved in the
development and physiology of the gonad as they are
thought to be in mammalian vertebrates [1].

Conclusions

The gilthead seabream specimens from the western Medi-
terranean area developed as males during the first o
RCs. The whole population underwent a testicular degen-
erative process at the end of the second RC, which was ini-
tiated at post-spawning and enhanced at the testicular
invalution stage, coinclding with mawration of the avary.
However, only 40% of specimens were females in the
third RC. DMRT1 might be related with testicular func-
tions and immatute ovary maintenance since its expres-
sion sharply decreased during the last two stages of the
second RC. Interestingly, innate and adaptive immune
cells were present in the gonads of gilthead seabream,
strongly suggesting a role in spermatogenesis and/or the
testicular degenerative process that occur prior to sex
change. In fact, two massive infiltrations of acidophilic
granulocytes were observed at post-spawning and testicu-
lar involution stages.
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2. Natural and synthetic estrogens modulate the inflammatory
response in the gilthead seabream (Sparus aurata L.) through
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ABSTRACT

Sex steroids are known to deeply alter processes other thanfish reproduction, including fish growth, in
mediary metabelism, osmeregulation and immunity. We have previously reported that 17F-estras
{Ez). the main fish estrogen, promotes the mobilization of acidophilic granulocytes from the head kidr
the bone marrow equivalent in fish, (o the gonad in the bony fish gilcthead seabream (Sparis quraca
The aim of this study was to investigate the effects of E; and 17c-ethinylestradiol {EE;], an endoct
disroptor with strong estrogenic effects commonly foend in the aguatic envirooment, on the abilit
gilthead seabream endothelial cells {ECs) to promote leulocyte infiltration. E; and EE, were seento af
ECs in different ways. Thus, E; was able to increase the production of nitric oxide (MO} and up-regul
the expression of the key activation markers, interleukin-1f, CC chemokine ligand 4, inverleukin-8
selectin and matriz metalloproteinase 9, when used alone or combined with bacterial DNA. [n contr
EE; failed to affect MO release and reduced the up-regulation of the above genes promated by bacte
DHA. Moreowver, we found that leukocyte adhesion to ECs was enhanced by Ex treatment. Collectiv
these results suggest that estrogens mocdulate fish leukocyte trafficking during an inflammarory prog

by activating ECs.

@ 20171 Elsevier Ltd. All rights resen

1. Introduction

Leukocyte recruitment is an early and pivetal event in any
inflammatory response, in which the endotheliun plays a erucial
role due to its unigue position at the interface between the blooed
stream and the inflamed area. The ability of estrogens to modulate
the activity of endothelial cells (ECs) has been widely studled dueto
the vasculoprotective and anti-inflammatory properties that show
in cardiovascular disease in humans. In mammalian ECs, exposure
to the main estrogen 17 f-estradiol (Ez) is recognized to promote
vasodilatation, enhance vasrular permeability and, more impor-
tantly, alter platelet and leukocyte adhesion through the increased
production of nitric oxide [NO} and modulation of the expression
of several cytokines, chemokines and adhesion molecules. These
effects, among athers, are triggeved by the activation of estrogen
receptor (ER) o andjor ERB (Milsson, 2007: Aral et al., 2010
On the other hand, environmental factors which may disrupt the
endocrine system have been implicated in the development of
reproductive and immune disturbances. 17o-Ethinylestradiol (EEz)
ig 4 pharmacological compound with strong estrogenic activity
wridely used as oral contraceptive and in hormone replacement

* {orresponding author. Tel.: +34 BeERR45HEE: fax: +34 68883563
E-maif meddiress: agayalaiom.ex (A, Carcia-Ayala).

0161-5890/5 - see front matter & 2017 Elsevier Ltc. All rights reseoved.
doi: 10,1016} jmalinam 201 1.05.019

therapy commonly found in waste water-treatment plants efl
ents (Ternes et al, 1999; Johnson et al, 2005; Hinteman et
2006G; Garcia-Reyero et al., 2011), The effect of EE; exposure |
heen studied in several fish species from a reproductive point
view, which is considered the most sensitive approach for evalu
ing endocrine disruptive chemicals {Hashimoto et al., 2009; Hoy
etal., 2010; Kaptaner and Unal, 2010, Lal et al., 2002; Lange et
2008; Marlatt et al,, 2010; Peters et al.,, 2007; Xu et al., 2008; Cal
et al, submirted for publication ). Howewer, there is a compl
lack of knowledge about how estrogens modulate EC activities :
whether E; and EF; exert similar or distinct effects on FC functio

The gilthead seabream [Sparus aurota L) is a seasonally bre
ing, protandrous hermaphrodite teleost with a bisexual gon
which, during the male phase, has a functional testicular area an
non-fonetional ovarian area. Moveaver, the restis undergoes abr
morphological changes, especially after spawning {Chaves-P
et al,, 2005a). These changes, include the intensive remodel
and massive infiltration of the head kidney (bone marrow cqu
alent in fish) acidophilic granulocytes {ACs) {Chaves-Pozo et
2005b; Liarte et al, 2007}, the main phagocyte cell type of
gilthead seabream, coinciding with endogenous increases of
levels (Chaves-Pozo et al., 2008), phenomena that ¢an be mi
icked by the exogenous administration of E;z (Chaves-Pozo et
2007]. Maoreover, in witra, E; modulates the activation of leul
cytes by all three ERs (ERee, ERB1 and ERB2), which are descrit
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Table 1
Gene acpession numbers and primer sequences wsed for gene expression analysis.

Cent Accession numibser Mame Seguence [5-3") Used

era AF136470 F1 GCTTGCCCTCTTAGCAAGTG PCRjreal
R1 TECTGCTGATGTETTICCTC Hime

erhid AF136980 Fi CAGCTCCACAAGCTGGACTC MCR
R1 COATTGGLATAGCTGAMAT

erh2 AJSE00G0 F3 TGATCATGTCACTCACCAMCT PCR
Ri TICARTCANGAAACC DA

weth XEDO20 F ATCETEGGECCOOCCAGGCACT PCR
R CTCCTTAA TG TCACGUADGATTTC

if1h AZRTIRE Fz GLGETEAACAACACCALTCITC Real time PCR
R3 TTAACACTCTCCACCCTCCA

1 AMFE958 Fl AGGCALCGAGTTTGAAGCTGA Real time PCR
R ATCCTGAAGTTGOTOCAAGEG

i Al13E80 FE1 TCGTICAGACTCTOCTGCAG Real time PCR
RE1 CATCCACTCTGAGTAGCOCCGA

Lufle? AFA24703 F AGAGACCGLEAGTARNGAR Real time PCR
R GOCTCAGGAGACTOTGTTGE

cobd AMFEHE40 Fl GCTGTLTITIGTGCTGATGOT Real time PCR
R1 GCTGGLTGGTCTTTTGGTAG

il AMFE5841 F2 GOCACTCTGAACAGGACAGE Real time PCR
R2 TITGGTTGTCTTTGETOGAS

sele AMF49963 F1 GACAGTGAGCACGOGTACAN Real time PCR
Ri ATCLCTTCATCATCCACATA

mmpt AMMOGOSD3E Fl COLCTACCCTOTCTORATET Real time PCR
Ri CCTCCCCAGUAATATTCAGA

mmp2 FHBIS419 F1 ACTATCACTCCCACAAGTOC Real time PCR
Ri CTAACCTTGO TCOGGACAGA

tirSil ARMIDE0Z3 F COTGTCTGCAACTGTCAGDA. Real time PCR
R TETCCATCTCGTTCAAGETG

3] AYTHI728 F GOAGGAGAGLCACTGEAT Real time PCR
R GATCACACCCTCACTGTCTC

tlrzZ AMIZ0BED F GOGAATCTGATTTOCCTCAA Real time PCR
R GOOTOOCACTGATTTGATTT

rpsls ARMAD00G1T F ACGLTOITRGCAGACGTTAL Real time PCR
R CTICTGOCTOTIGAGGARCT

i gilthead seabream (Pinto et al, 2006} and expressed in both
naive and stimulated leukocytes [Liarte et al, 2011a). This evi-
dence contrasis with observations made in mamomals, in which
Bz treatment primarily promotes immunosuppressive and anti-
inflammatory effecrs in leukocytes and ECs (reviewed in Hirkfnen
and Vadndnen, 2005; Nilsson, 2007 ), However, estrogens can also
show pro-inflammatery activities, depending on the concentration
and exposure time, indicating their dual role in the immune system
{Straub, 2007},

In this shdy, maolecular and functional assays were performed
to investigate the effects of E; and EE, on gilthead seabream EC
physiology, inarder to determine whether estrogens modulate the
ability of ECs to recruit levkocytes under physiological or pollutant-
induced conditions.

2. Maierials and methods
21, Animals

Healthy specimens [650g mean body weight) of gilthead
scabream (5. ourata L., Actinopterygii, Perciforines, Sparidac] were
bred and kept at the Centro Oceanogrifico de Murcia, [nstituto
Espaniol de Oceanografia (JEQ] (Mazarrdn, Murcia)in 14 m? running
seawatber aquaria {dissolved oxygen 6 ppm, flow rate 20% agquariem
velumefl) with natural remperature (202 £45°C) and photope-
riod, and fed twice a day with a commiercial pellet diet (Skretting,
Spain] at a feeding rate of 1.5% fish biomass. Fish were fasted
for 24 h before sampling. Spedimens were anesthetized, decapi-
tated and hearts and head kidneys were collected. The experiments
described comply with the Guidelines of the EuropeanUnion Coun-

il {86/GDY{EY), the Bioethical Committee of the University of
Murcia (Spain] and the [EO for the use of laboratory animals,

22 ECisolation, culture and stmulation

Seabream ECs were isolated as previously described (Roca et al.,
2008} In brief, the atria from 15 to 20 hearts were collected, pooled
and incubated in the following solutions for the indicated times:
{1} phosphate-buffered saline {PRS, pH 7.2-7 4} for 30 min; (2) PBS
with 0.5 mg/ml trypsin and 0.1 mg/ml EDTA (Sigma-Aldrich) for
7 min; and {3} 0.5 mg/m] collagenase in sBPMI] [RPMI-160 culture
medium [Giboo) adjusted with 0.35% MaCl to gilthead seabream
serum osmolarity, 353.33 mosmol] supplemented with 0.7 mg/ml
CaCl; for 30min. The cell pellet was resuspended in sSRPMI sup-
plemented with 10% fetal bovine serum [FBS) (Invitrogen] and
100 L /mi penicilling 100 pwe/ml strepromycin (PfS) and 250 ng/ml
fungizone and seeded on 25cm? plastic tissue culture Aasks or 96-
well culture plates previously pre-coated with PHS containing 0.1%
eelatin for 30 min at room temperature, The cells were incubated
at 23 °C for 36 h to allow ECs to adhere, after which time, debris and
non-adherent cells were removed by vigorous shaking and washing
with mediwmn. Finally, the medium was replaced and the cultures
were left undisturbed until treatment.

EC monolayers were incubated for 16k in sRPMI containing
different pathogen-associated molecular patterns (PAMPs], includ-
ing flagellin (10 wgfml, Invitrogen), Vibrio anguillorum . genomic
DMNA (VaDNA] (50 pgiml) and lipopolysaccharide (LPS) [10wg/ml,
Sigma) as previously described (Roca et al, 2008}, or with sRPMI
supplemented with 10% charcoaljdextran-treated hormone-free
fetal bovine serum (HES) (Hyclone), containing increasing doses
af By {0, 5, 50ng/ml] [Sigma] or EEy (0, 5, 50ng/ml} (Flulka) in
the presence or absence of 50 ug/ml YaDMA for 3 b In order to
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avoid the interference from estrogens naturally present in FBS, FRS-
supplemented media was replaced with HFS-supplemented 24 h
before estrogen exposure.

23, Levkocyte isolation and purification

Seabream head kidney leukocytes were obtained as described
elsewhere [Chaves-Pozo et al, 2003, 2005b). AGs were isolated
by magnetic-activated cell sorting (MACS } using the G7 mAb (G737
cells]. The remaining cell fraction (G7 cells) was mainly consti-
tuted by hematopaietic precursor cells, macrophages (Ma) and
Iymiphocytes [Ly), 45 previously described (Sepulcre et al., 2002:
Roca et al., 2006).

24, Analysis of gene expression

Total RMA was extracted from EC monolayers with TRIzol
Reagent (Invitragen ) following the manufacturer's instructions and
treated with amplification grade DiNase | [1 unit{pg RMA, [nvitro-
gen). SuperScript I RNase H-Reverse Transcriptase [Invitrogen)
was used to synthesize first strand cOMA with ollgo-dT18 primer
from 1 g of total RNA, at 50°C for 60 min.

The expression of the ER genes era, b and erbd was analyzed
by RT-PCR performed with an Eppendorf Mastercyele Gradient
Instrument (Eppendorf). Reaction mixtures were incubated for
2min at 85, followed by 35 cycles of 455 at 95-C, 455 at the spe-
cific annealing temperature for each gene {see Table 1), 1 min at
72+C, and Anally 10min at 72 °C. As an RT-PCR control, the expres-
sion of the housekeeping gene B-actin [acth) was used.

Real-time PCR performed with an ABI PRISM 7500 instrument
(Applied Biosystems] using 5YBR Green PCR Core Reagents ( Applied
Biosystems) was used to analyse the genes coding for (i) the pro-
inflammatory molecules interleukin-15 (IL-18). IL-6 and tumaor
necrosis factor o (TNFa ); (1} the anti-inflammatory molecule trans-
forming growth fackor {1 (TEF-31); {iii] the molecules related
to lewlocyte infilcratlon CC chemolkine llgand 4 (CCL-4), the CRC
chemokine [L-8 and the adhesion molecule E-selectin {SELEY; {iv)
the matrix metalloproteinases 9 and 2 [MMP9 and MMFP2); and [v)
the toll like receptors 5 membrane bound (mb}, 9 and 22 (TLRSmb,
TLRY and TLR22). Reaction mixtures were incubated for 10min at
95°C, followed by 40 cycles of 155 at 95°C, 1 min at 60°C, and
finally 155 at 85°C, T min 60°C and 155 at 95°C, For each mRMNA.
gene expression was comrected by the ribosomal protein 518 gene
(rps18) content in each sample [average Ct records 19.6=0.25]).
The gilthead seabream specific primers used are shown in Table 1.
In all cases, each PCR was performed with triplicate samples and
repeated at least twice, Less than 2% variadon in the rps?8 gene
expression was observed between samples.

2.5, Nitric oxide derermination

Nitric oxide [MNO) production was analyzed by the Griess assay,
which measures nitrite, the stable spontancous oxidation product
of MO (Maalouf et al., 2010), in the supernatants obtained from ECs
incubated for 24 b in sRPMI supplemented with 10% HES alone orin
the presence of 5 or 50 ng/ml of E; and EE; . Samples were assayed
in triplicate and data are represented as the average concentration
of MOz~ of three independent experiments = SEM (LM £ SEM).

26, Leukecyte migration assay

For the analysis of leukocyte migration, total head-kidney leulo-
cytes, AGs and 7~ cell fractons from independent fish were
exposed to conditioned media from control or Ex-treated ECs in
the presence or absence of VaDMA [Ex-ECM and E; +WaDNA-ECM)

E
Bra
erbi
weth
b B Umstimulated BC 5l VaDNA-stimulued BC
2
E
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=
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Fig. 1. RT-PCR analysis of era.erk ! and ackb genes in BC cultures untreated or treated
weith different PAMPs (10 g/ ml flagellin 50 pgiml VaDNAor 10 pgfml LPS) for 16h

[a1 MEMA levels of gre in BC cultures incubated with © [controll, § or 50 ngiml of

E; or EE; alome junstimulaed EC, light grey bars] or in the presence of S0peiml
VaDNA [VaDNA-stimulated EC, darle grey bars) for 3h, Data represent means £ SEM
of triplicate samples {b). RT-PCR analysis of erb! in EC cultures incubated with 0
[untreated} 5 or 50 ng/ml of Ex or EEz for 3 b (o). Belease of nitric oxide from EC
cultures treated with 0. 5 or 50 ng/mi E; or EE, for 24 h. Data represent means + SEM
oftriplicate samples from three enperiments (d 1. Differentletters denote statisticaliy
significant differences among the groups according ta-a Waller-Doncan gest. C—:
negative control

for 24 h. The migration assay was performed using a 10-well trans-
migration chamber (Neurpprobe) as previously described [Roca
et al, 2008} In brief, fresh medium {(sRPMI supplemented with
10% HFS), 10% autologous seabream serwm {as positive control)
or conditioned media from ECs were placed in the lower wells,
while the upperwells were filled with 2 = 100 isolated head kidney
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«comtrol grouping when different from “a".
2.8, Statistical enalysis

All data were analyzed by analysis of variance (ANOVA] and
a Waller—Duncan multiple range test to determine differences
between groups (F < 0.03).

3. Results

1. Gilthead seabream endathelial ceflls express constitutively era
and erhi genes

The mRNA of era and erb! was constitutively expressed by gilt-
head seabream ECs. PAMDP treatments (flagetlin, VaDMNA and LPS)
did not alter era expression. However, flagellin and VaDMNA appar-
ently increased erbl expression {(Fig. 1a) In contrast, erb? gene

mERMNA was not detected in any of the conditions studied (data not
shown).

3.2, Eyand EE; regulate the expression of ER genes in endothelial
celis

We used one physielogical (5ngfml] and one supraphysiologi-
cal (50ng/ml) dose of E; (Chaves-Pozo et al., 2008} and EE; in all
the experiments. The era gene expression was notahly induced in
nen-activated ECs at the highest concentration of E; wsed, while the
effect of EE; was negligible (Fig, 1), However, anly EE; induced the
expression of era gene in VaDMNA-activated ECs (Fig. 1b]. In contrast,
ertl gene exhibited a dual modulation pattern in response to both
Ez and EE; treatments; low doses reduced erb] expression while
high doses had no significant impact { Fig. 1c}. Neither E; nor EE; in
the ahsence or presence of VaDMNA was able to affect erb? expres-
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EC cultures incubared with 0, 5 or 50 ng/ml of Ex alone (unstisulared EC, light grey bars) or in the presence of 50 wg/ml YaDMNA (VaDWA-stimulated BC, dark grey bars) for
3 h, Data represent means +5EM of triplicate samples and are representative of three independent experiments. Slashed line denstes un-stimulated contrel expression level,
Different leters denote statistically significant differences anwmg the groups according to a Waller—Duncan test: "a” un-stimulated control grouping: “b™ YalXa stimulated

control grouping wien different from "a"

leukocytes in supplemented sRPMI. Filled transmigration cham-
bers were incubated at 23 °C with 5% CO; for 3 h. Transmigrated
cells were harvested from the lower wells and counted with a
Meubauer chamber. The percentage of different leukocyte popu-
lations that migrated in response o the different treatments was
analyzed by Aow cytometry (Sepulere et al, 2002). Treatments did
not affect leekocyte viability as no statlstically slgnificant differ-
ences between groups were ohserved,

27, Lenkocyte adhesion assay
The adhesion of leukocytes to ECs was determined as pre-

viously described (Roca et al. 2008). Briefly, seabream head
ladney levkocytes from independent fish were stimulated for

3h with 10 pgfml flagellin in supplemented sKPMI. Head kid-
ney leukocytes (activated or not) and leukocyte fractions [G7*
and G7°) were then labelled with the fluorescent dye 2°.7-
bis(2-carboxyethyl) 5(6-carboxyiiuorescein acetoxymethyl ester
{BCECF-AM) (Sigma-Aldrich) and added, in sRPM] medium sup-
plemented with 10% HFS, to EC monelayers pre-incubated with 0,
5, 50, 500ng/ml Ez In the presence or in the absence of VaDMA
for 24 h, BCECF-AM labelled and EC monolayer cells were incu-
bated at 23 °C for 20 min, after which unbound cells were removed
by washing twice with PBS and adhered cells were quantified
using a Fluostar Auorescence analyzer (BGM, LabTechnologies).
The values reported are the average of 3 readings from & differ-
ent samples, expressed as means £ SEM of fluorescence arbitrary
unirs:
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sion in gilthead seabream ECs [data not shown ). Unfortunately, we
were unable to confirm these results by real dme PCR, since no
primer pairs that fulfill the real time PCR requirements could be
obtained due to the high degree of similarity conserved between

the erh genes,

3.3, E: alters the production of nitric oxide by endothelial cells

To examine the influence of estrogen exposure on NO
production, gilthead seabream ECs were exposed to various con-
centrations of E; or EE; and the culture supernatants were collected
24 h later to measure the NO concentration. As shown in Fig. 1d, E;
exposure increased the NO production at the supraphysiological
dose of 50 ng/ml. In contrast, BE; exposure did not alter NO levels
in the supernatants from ECs.

3.4 E; mnd EE; alter the gene expression profile of endathelial
celis

As far as the immune-relevant genes are concerned, Ez [Fig. 2)
modulated the expression of most of the genes directly related
with the anti-inflammatory effect {tgfb1). the leukocyte chemo-
artraction [ccl4, i8], leukocyte adhesion (sele) and extravasation
(mmp8, mmp2] in cultured ECs. Depending on the individual gene
expression patterns of these genes, three groups can be distin-
sulshed: (1) those genes whose expression was stimulated by Ez
in a dose-dependent manner [ccl, sele and mmp2y {ii) those
whose induction was similar at both Ex cencentrations used [il8];
and (iii] those whoze expression was repressed by E, in a dose-
dependent manner ({gf! and mmp2). In contrast, Ez alone barely
altered the mENA levels of the pro-inflammatory (i16, i6, mfa)
and innate immunity receptor (frsmh, fry, fr22) genes analyzed.
When the cells were stimulated with VaDMNA, Ez treatment fur-
ther up-regulated the expression of i[1b, ccld, if8 and mmp? at one
Bz concentration at least, successfully recovered the Ez-induced
repression of [gfh] and mmp2? genes, and decreased the VaDMNA-
induced expression of tafo but had no effect over il6, sele and tir
genes (Fig. 2). Surprisingly, EE; modulation of EC gene expression
(Fig. 3} substantially differed from the results obtained with Ej.
Thus, four groups of genes could be diferentiated according to their
expression patrern after EE; treatment: [i] genes whose expression
was up-regulated in the presence of EE; at one dose at least {ilG,
tefb] and mmp2), (i) genes whose expression was down-regulated
b at least at one EEa dose (i1b), (iii) genes whose expression was
down o up-regulated, depending on the EEz dose used (tnfa, sele
and mmp9) and {iv] those genes whose expression was unaltered
by EFz treatment [cold, il8, tfrdmb, tir® and tlr 22). Interestingly,
when the cells were activated by VaDNA, EE, treatment further up-
regulaced the expression of tgfbl and mmp2, reduced the VaDNA
induction of i1k, tafa, ccld, il sele, mmpS and 22, and had no
effect on the expression of il6, drsmb and tlr9 (Fig. 3).

3.5, Condiioned media from Ex-treated endorheliol cells affects
lewkocyte migrution

The specific induction of the genes encoding the chemokines 118
and Ccld by E; in ECs but not by EE; prompted us to analyse the
functional relevance of this observation. Unexpectedly, no signifi-
cant differences were observed in the numbers of total head kidney
leukocytes migrating 1o Ez-ECM or Ex+VaDNA-ECH in any of the
experimental conditions tested [Fig, 4a). Similacly, flow cytometry
analysis showed tharthe numbersof transmigrated AGs to Ez-ECMs
or EZ+VaDNA-ECM was unaltered (Fig, 4b). Moreover, Ex+VaDlNA-
ECM showed no significant alteration numbers of transmigrated
M and Ly [G7~ cells) {Fig. dc).

3 {a] Leukocytes
a
a2
g
[¥]
==
£ 1
L]
o ] 50 0 3 30 ngiml
Ea-ECM EAVIDNA-ECM
b) AG
; )
% 2 s
2 2
=
- . -
E 1
L]
0 3 50 a 5 50 ng'mi
Ei-ECM Ex+vValNA-ECM
15 - (c) Me and Ly
ah
§ L - . I
(7]
=
= U5 4
=
1]

] 3 50 0 5

50 ngmld

E+-ECM Ex+VaDNA-ECM

Fig. 4 Migration of freshly isolated head-kidoey leukocybes towards. 10% of 0, 5.
SOngml E~ECK or Ex+VaOMA-ECH (a) and How cytometty analysis af transmi-
eratd acidophilic grannlocyies (AG) (b} and mammophage [Me) and lymphocyte {Ly)
{c)fractions. The results are preserted as mean-= SE of triplicate samples fromy six
experiments, Slashed line denetes un-shmulated contrl expression kevel, Different
letters denote stavistically significant differences ameng the proups according to a
Waller-Durican test,

3.6 Ez pramores leukocyte recridtment through the activation of
endothelial ceils

The stimulation of ECs with Ez resulted in a dose-dependent
enhanced adhesion of unstimulated head-lkidney leukocytes
(Fig. 5a). VaDMA stimulation of ECs resulted in increased leukocyte
adhesion but E; treatiments did not significantly alter this effect
(Fig. 5a). In contrast, neither E; alone nor co-stimulation with Ex
ane VaDNA together was able to modify the adhesion pattern of
leuwkocytes pre-activared with flagellin (Fig. 5bl. Surprisingly, the
adhesion of purified AG {G7' cells) to Ez-stimulated ECs barely
increased while Ma and Ly (G7- cells) showed clearly enhanced
adhesion (Fig. 5c), In contrast, stimulation of ECs with E; and VaDiNA
simultaneously was able to reduce the adhesion of both leukocyte
fractions compared with EC stimulated with VaDMNA alone {Fig. 5c).
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5,50 er 500 mna’ml of By alone | lizhi arey bars} or in the presence of S0 g fml YaD ks
{dlark grey bars) for 24 b, Data represent means + SEM offlooresoence acbitrany units
and are repr ative of six independent experiments. Slashed line denates un-
stimulated control expression level, Different lebters denote statistically significant
differences among the groups according to Waller-Duncan test,

4. Discussion

Leukocyte recruitment is an early and pivotal event in any
inflammataory response. The endothelivm, which is critically posi-
tioned at the interface between the inflammation site and the
blood stream, is recognized as playing a crucial role in the recruit-
ment process through the expression of adhesion molecules which
facilitate the extravasation of leukocytes. Accumulated evidence
on cardiovascular disease points to the prominent role of estro-
gens in the ability of ECs to signal inflammation and participate in
thee leulecyte infiltration process (Milsson, 2007; Straub, 2007 ). In

this trend, several pieces of evidence suggest a pro-inflammatory
role for Bz in the gilthead seabream, simce it is able to stimulate
leukocyte migration and, in vitro, up-regulate the genes encoding
cytokines, chemokines and molecules related to leukocyte infil-
tration {MMPs and cellular adhesion molecules [CAMs]) in these
cells (Liarte et al, 2011a). This evidence contrasts with observa-
tions made in mammals, in which Ez treatments primarily exhibit
immunaosuppressive and anti-inflammatory activities inleukocytes
and ECs {reviewed in HiarkBnen and Widndnen, 20006G; Milsson,
2007). However, mammals lack the physiological inflammatory
process partially triggered by Ex which eccurs during and after the
spawning stage of the gilthead seabream ponad [Chaves-Pozo etal.,
2003, Z005a, 2007; Liarte et al,, 20077,

ER isnforms show specific cell and tissue distribution patierns
of expression in mammals. Thus, the high expression of era is zen-
erally restricted to classical estrogen-responsive tissues such as
reproductive organs, while erb] is more widely distributed {Kuiper
et al, 1996, 1997). Mammalian ECs are reported to express hoth
era and erb] (Green et al., 1986, Mossclman et al., 1995, Cousc
and Korach, 1999: Andersson et al., 2001) the expression of which
is modulated by estrogen exposure: era and erhl expression is
up- and down-regulated, respectively, upon physiological expo-
sure to E; [Mardulli and Katzenellenbogen, 1986; Read et al., 1989;
Maileld et al., 1999; [hionkhan et al,, 2002). Similarly to mammals,
gilthead seabream ER isoforms show specific cell and rissue dis-
tribution expression patterns (Mnto et al, 2006). In our study, it
was found that ECs constitutively express both era and erbl genes,
but erh2 was not detected. Interestingly, while erbl expression
showerl a similar hehavior to that described for mammalian species
after both E; and EE; treatment, ern expression was sharply up-
regulated ar a supra-physiological E; concentration [50ngiml} but
it was not significantly induced by a physislogical E; concentration
[Gngfml) even when the cells were co-stimulated with VaDNA,
Taking into conslderation the fact that Ex can bind different ER Iso-
formswith a similar affinity { Kuiper et al., 1998}, the differential ER
expression profile modulated by Ez in gilthead seabream ECs may
represent a powerful system for local regulation of the endothe-
lial function and leukocyte recruitment. Moreover, as also Gocurs
in human endometrial cells, gilthead seabream ECs display differ-
ential behavior when exposed to E; or to EE;, a recognized ERun
selective agonist (Barkhem et al., 1998). However, while human
endometrial cells lack the ERee (Bredhulr er al, 2007}, silthead
seabream ECs express both ero and erbT genes, Interestingly, nei-
ther E; nor EE; in the absence or presence of YaDMNA was ahle
fo induce erf2 expression in gilthead seabream ECs, as oocuwrs in
gilthear seabream macrophages (Liarte et al. 2011a).

One of the hallmarks of the effects of estrogens on mammalian
ECs istheability of E; o induce NO synthesis through the induetion
of nitric oxlde synthase [Milsson, 2007), Surprisingly, exposure m
EE; did not alter MO production in human ECs {Arnal et al,, 1996),
As in mammals, our data in gilthead seabream ECs show that E;,
but not EE,, significantly enhances NO production, indicating that
estrogens regulate MO production by ECs from fish to mammals.

In mammals, accumulated evidence on cardiovascular disease
points to the prominent role of estrogens in the ability of ECs
signal and propagate inflammation (Nilsson, 2007; Straub, 2007},
As in mammals, gilthead seabream ECs have been demonstrated
to express several members of the TLR family of innate immunity
receprors and to respond to the TLR ligands, VaDMA and flag-
cllin {(Roca et al., 2008). Taking all the above inte account, we
studied the expression profile of several immune-relevant genes
in gilthead seabream ECs following estrogen [E; or EEg) treat-
ment and/or VaDNA co-stimulation. Our data show that E; induces
the expression genes encoding chemokines, adhesion molecules
and MMPs in gilthead seabream ECs, which agrees with previ-
ous studies that demonstrated that E; promotes AG infiltration
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into the testis and regulates the expression of these genes in
gilthead seabream macrophages (Chaves-Pozo et al, 2007 Liarte
et al., 2011a). These effects contrast with what eccurs in mam-
mals, where E; inhibits in vivo the migration of leukocytes into
inflamed areas and exerts tissue-protective activities through the
down-regulation of adhesion molecules and the proforms of MMPs
(Straub, 2007}, Mevertheless, it is important to mention that Ez
did not affect the expression in ECs of the genes encoding major
pro-inflammatory cytolines, such as IL-1f, IL-G and TNFa, which
may prevent the detrimental effects of Ex-induced inflammation
through leukocyte recruitment. Surprisingly, the gene expression
profile displayed by EE;-exposed BCs in the gilthead seabream var-
ied substantially from Ez-exposed cells. Thus, our data show that
EE; dramatically reduces the expression of most of the immune
markers studied in YaDNA-activated ECs in vitro, while showing a
variety of different modulatory effects on the expression profile of
inactivated celis. The differential expression profile of most of the
genes analyzed in stimulated EE;-treated ECs, compared with E; -
treated ECs, indicates that this compound would be able to impair
the recruitment and activation of fish leukoeytes. [nterestingly, in
mamimals the estrogenic ranscriptional repression of chemokines,
atlhesion molecules and MMPs is performed via the suppression
of MF-kB [Milsson, 2007}, while the stimulation of those genes
observed in gilthead seabream ECs might also be orchestrated by
MF-kB, as we have previously demonstrated in the case of the Ez
stimulation of several pro-inflammatory genes in Me (Liarte et al.,
2011ab).

Taking inte account that Ey up-regulates several genes involved
in the recruitment of lewkocytes, including chemokines, we next
analyzed whether conditioned media from Ez-treated ECs were
able 1o promote the chemetactic mobilization of head kidney
letikocyres, It was found thar Ex not only failed o promote the
chemotactic mobilization of total head kidney leukocytes and AG
but also inhiblted the migration of activated Me and Ly cell frac-
tions, which could suggests that some other factors or the release
of mediators that inhibit this activity, besides the chemokines IL-
8 and CCLA, are needed. Although, these data may suggest that
Ep-induced chemokine expression in ECs would not be sufficient
to promete an effective leukocyte migration into inflamed areas,
ECs might he critically involved in che regulation of leukocyte raf-
ficking by Ea, since we observed that E; increases the ability of
lenkocytes to achere to ECs.

in conclusion, this manuscript demonstrates that ECs express
two of the three ERs known in gilthead seabream and are able to
respond to estrogens through the induction of MO release, the up-
regufation of the penes encoding chemokines, adhesion molecules
and MMPs, and by their ability to adhere to leukocytes, These
results suggest a vole for ECs in the immune-modulatory role played
b Ez In this species, but they also show that the environmental
exposure of fish ta endecrine disruprors, such as EE;, may compro-
mise the immune response. Further research aimed at shedding
light inte the genetic regulation carried out by estrogens in this
model will provide useful information for aquaculture and the sus-
tainability of this species,
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Article iistory: [n mammals, estrogens regulate the immune system, either directly or indirectly via several leukocyte
Reccived § July 2010 types throagh autocrine/paracrine mechanisms, In the gilthead seabream (Spares ourato L) gonad, an
Reeeived in revised form 30 fuly 2010 intensive remodeling process accompanied by the massive infiltration of acidophilic granolocytes [AG)
Accepted 30 july 2010

1s pardally triggered by 17f-estradiol (Ez). Once AG Inflltrated the gonad, show impalred activites, In
this study we first demonstrate that neither testicular nor head-kidney AG express any of the three
estrogen receptor {ER| genes [ ERa, ERb1 and ERb2 | described inthe gilthead seabream, while head-kidney

Awailable online 12 Aungust 2010

ﬁﬁf;ﬁn; macrophages (Mc) and lymphocytes [Ly) consttutively exipress ERa gene. Moreover, Mc are imporeant
Gilthead sesbream in the immune-modulatory role of By, as suggested by its ability to induce BRbZ gene expression and
Phagocytes up-reguiate the expression of genes coding for ERa, ERb1, pro-inflamumatory cytokines, chemokines and
Macrophages tissue remodeling molecules. Furthenmaore, the soluble factors produced by Ex-treated Mc decreased In

head-kidney phasocytes, their phagocytic ability and capacity. while no effects were olserved an their
regctive oxygen intermediate [ROI] production or their migratony capabilicies Howeser, the role of Ly in
the regulation of AG migratlon and the madulation of phagocytec and RO production actiultles triggered

by Bz ¢an not be ruled out, so that further studies are necessary to clarify these issues.

1. intraduction

In mammals, the immune-modulating role of estrogens is
controversial due to the fact that the cffects of cstrogens dif-
fer, depending an: {i) the immune stimulus (foreign antigens ov
autoantigens) and subsequent antigen-specdific immune responses;
{ii) the cel]l types imvolved; (iii} the targetr organ and its spe-
clfic microenvironment; [iv) the concentratlon of estrogens: and
(¥} the variability in expression of estrogen receptor (ERa and
ERb} grnes depending on the microenvironment and the cell
type (Straub, 2007). This last issue is of outstanding importance
taking into account that the preponderance of one ER subtype
over the other might alters the effects that estrogens have on
the immune system responses [Straub, 2007) Estrogens regu-
late the differentiation, maturation and function of many cell
types ofthe monocyte-macrophage systemin a context-cependent
manner, either directly or indirectly via other cells by means of
autocrine/paracrine mechanisms, Most of these effects are medi-
ated by repression of the expression of cytokine genes and the
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muodulation of other inflammatory mediators by the ER-dependent
or by non-genomilc pathways [Harkonen and Vaananen, Z0DDGL
There is increasing evidence that estrogens indirectly modulates
other leuloeyte activities, such as the migration, degradation and
rearrangement of tissues and T and B cell responses [Harkonen and
Vaananen, 2006; Nilsson, 2007}, [n fish, there are a few studies on
the effects of estrogens on immune responses review inf wanowicz
and Dttinger, 2009) and among them none has dealt with the
regulation of ER gene expressions in immune cells by immune-
and harmone-related stimuli or with the ability of macrophages
(Mc) to response ta 17B-estradiol (Ez) and modulate the immune
responses of fish.

The gilthead seabream [Sparus aurota L] is a seasonally breed-
ing, protandrous hermaphrodite teleost with a bisexual gonad,
which, during the male phase, has a functional testicular area and a
non-functional owarian area. The testls undergoes abrupt morpho-
logical changes especially after spawning, including an intensive
remodeling of the testis and the massive infiltration of acidophilic
granulocytes [AG) [Chaves-Poro et al, 2005a; Liarte et al., 2007%
These immune cells are produced in the head-kidney, the main
hematopoietic organin fish, but when they infiltrate the testis show
heavily impaired reactive oxygen intermediate {ROI) production,
phagocytic activity and the constitutive produoction of interleukin-
1[5 {IL-1b}{Chaves-Pozo et al., 2003, 2005hb, 2008a). Interestingly.
It 15 the gonad ltself which actively regulates the presence of these
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immune cells inthe testis by stimulating their extravasations from
the blood { Chaves-Pozo et al., 2005b). Endogenous increases of Ez in
serum is correlared with AG migration into the gonad afier spawn-
ing {Chaves-Pozo et al., 2008k}, while exogenous E; accelerates the
final events of spermatogenesis and induces the infiltration of AG
Into the gonad {Chaves-Fozo et al., 2007} The Mc and bympho-
cytes (Ly) are also present in the interstidal tissue of the gilthead
seabream gonad; however, the number of testicular Mce is scarce
and no data related to Ly are available {Chaves-Pozo et al., 2008a).
All these observations in the gilthead seabream testis prompted 1o
us to examine the role of estrogens in the innate immune response
of this species.

For this, we studied the ER gene expressions in the three leuko-
cyte cell types of the head-kidney af gllithead seabream, namely AG,
M and Ly, as wellas in esticular AG, and determined the regulation
of these genes in Mc upon Ep and/or Vibrio anguillarum genomic
DHA (VaDMA] stimulation. Morcover, in order to determine the
role of Mc in the immune-modulatory effects of Bz, we analyzed:
(i} the expression of genes coding for key immune molecules,
including inflamnmatary and anti-inflammatory molecules, innate
immune receptors, molecules related to leukocyte infiliration,
matrix metalloproteinases (MMP) and the anti-viral molecule myx-
ovirus (influenza) reslstance protein {hMx) In Mc treated with E;
with or without co-stimulation with VaDNA, and {ii] the capability
of Ez-treated Mc to modulate the phagocytosis, ROl production and
migratory activities of the professional phagecytic cell types of the
gilthead seabream.

2. Materiak and methods
2.1, Animals and cefll suspensions

Healthy specimens {650 g mean welght) of glithead seabream
[5. aurata L., Actinopterygil, Perclformes, Sparkdae], were breed and
kept at the Centro Oceanogrifico de Murcia [1BO, Mazarrdn, Mur-
cia) in 14m?* running scawater aquaria {dissolved oxygen 6 ppm,
fow rate 20% aquarium volume/h) with natural temperature and
photoperiod, and fed twice a day with a commerdal pellet diet
[Skretting. Spain) at a feeding rate of 1.5% of fish biomass. Fish
were fasted for 24 h before sampling. Specimens were decapitated,
and the testes and head-kidneys were removed and dissociated, as
described elsewhere (Chaves-Pozo et al, 2003, 2005b). The experl-
ments described comply with the Guidelines of the European Union
Council (86/609{EU}, the Bicethical Committee of the University of
Murcia (Spain} and the Instituto Espaiiol de Ocecanografia (Spain}
for the use of labaratory animals.

22 Acidaphilic grenmdocyte, mocrophoge ond lymphocyte cell
enriched-fraoctions

The AG-enriched cell fractions were obtained from head-kidney
and testis by magnetic-activated cell sorting (MACS), as previously
described (Chaves-Pozo et al., 2005b; Roca et al. 2006). In brief,
head-kidney and testicular cell suspenslons were Incubated with
an 1:10 optimal dilution of a moneclonal antibody [MAb] specific
to gilthead scabream AG (G7) (Sepulcre et al. 2002], washed twice
with phosphate-buffered saline (PBS, pH 7.2-7.4) with 2 mM EDTA
[Sigma}and 5% fetal bowine serum{ Gibeo), and then incubated with
100 p] per 107 cells of micromagnetic bead-conjugated anti-mouse
immunoglobulin G antibody (Miltenyi Biotec). After washing, G7+
[enriched in AG) and G7— (depleted of AG) cell fractions were
collected by MACS following the manufacrurer's inscructions and
thelr purlty was anahyzed by flow cytometry (Roca et al, 2006]
The Ly-enriched cell fractions and NMc monolayers were obtained
as non-adherent and adherent cells, respectively, after incubat-

ing G7- cell fractions from head-kidney overnight in serum free
sRPMI medium [RPNI-1640 culture medium [Giboo] adjusted with
0.35% Wall to gilthead seabream serwm osmolarity and supple-
mented with 100iu/ml penicillin and 100 pg/ml streptomycin
{Biochrom)]. The Mc monolayers generated were then repeat-
edly washed with PBS {pH T7.2-7 4] to remove the non-adhering
cells, The identity of the obtained fractions was confirmed by the
specificity of the G7 mAb and the expression of the macrophage
colony stimulating factor receptor {MCSFR), the light chain of the
immuncglobulin (Ig) and the B subunit of T cell recepror [TCRD)
genes, as previously described (Roca et al., 2006; Sepulcre ef al.,
2002,

23, Cell culture, treatments and conditioned media

The Mc conditioned medium were obtained afterincubating Mc
in sRPME medium supplemented with 5% charcoal/dextran-treared
hormane-free fetal bovine serum (hi-FBS, Hyclone) alone {MCM)
orwith 5, 50 or 500 ng/inl Ez (Sigma) (Ez-MCM} for 24 h,

Allquots of 0.5 » 108 tetal head-kldney cells were incubated in
sRPMI medium with 5% hf-FBS and 0, 5, 50 or 300 ngfml E; or 10&
of MCM or 10% of 5. 50 or 500 ng/ml Ez-MCM in the presence or
ahsence of 50 pgimli VaDNA for 3 and 24 h. Afterwards, phagocy-
tosis, ROl production and migration assays were perfonmed [see
below) The Mc were also incubated in sRPMI medium with 5%
hE-FBS and 0, 5 or 50ngfm] E; both in the presence or absence of
50 pg/mlYaDMNA for 3 hand processed by gene analysis(see below).

24, Reactive oxygen intermediare production assay

Reactive oxygen intermediate production was measured as
the lominol-dependent chemiluminescence produced by 0.5 = 108
total head-kidney cells pre-incubated with 0, 5, 50 or 500 ng/ml
E; or 10% of MCM or 10% of 5, 50 or S00ng/ml Ex-MCM for 3
or 24h {Mulero er al, 2001}, This was brought about by adding
100 .M luminol {Sigma] and 1 pg/ml phorbol myristate acetate
(PMA, Sigma}, while the chemiluminescence was recorded every
127 s for 1 hin a FLUOstart luminometer (BCM, LabTechnologies].,
The values reported are the average of triple readings from 6 differ-
ent samples, expressed as the slope of the reaction curve from 127
ta 1016s, from which the apparatus background was subtracted.

2.5, Phogocytosis gssoy

Aliquots of 0.5 » 109 total head-kidney cells pre-incubated with
0. 5. 50 ar 500 ngiml E; or 106 of MCM or 10% of 5. 50 or 500 ng/ml
Ez-MCM were challenged with AITC-labelled V. anguillorum (strain
R-82,serotype 01) for 60 min as described (Esteban et al., 1998 The
number and the Intensity of green fluorescent cells were analyzed
by using flow cyrometry (Esteban et al,, 1998].

2.6, Migrotion assay

A migratlon assay was performed using a 10-well trans-
migration chamber (Neuroprobe) as previously described
[Gonezalez et al, 2007). 0, 5, 50 or 300 ng/ml Ez or 10% of MCM or
1% of 5, 50 or 5300 ng/ml Ez-hICM, 10% autologous scabream scrum
or sEPMI medium were placed in the lewer wells, while the upper
wells were filled with 2 « 10° freshly isolated head-lidney cells
or head-kidney cells pre-incubated for 24h with sRPMI medium
alane or containing 5. 50 or 500 ng/ml E; or 10% of MCM or 10% of
5, 50 or 500 ng/ml E;-MCM. Filled transmigration chambers were
Incubated at 25°C with 5% CO; for 3 h. Transmlgrated cells were
harvested from the lower wells, analyzed using flow cytometry
and counted with a Neubauer chamber.
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2.7, Viability assay

Aliquots of 0.5 x 10° total head-kidney cells pre-incubated for
24h with 0, 5, 50 or 500ng/m] Bz or 10% of MCM or 10% of
5, 50 or 500 ngfml E;-MCM were diluted in 200 w! PBES contain-
Ing 40pgfml propidium lodide. The nomber of red fluorescent
cells (dead cells) from duplicated samples was analyzed by flow
cytometry.

2.8 Analysis of gene expression

Total RNA from aliquots of freshly isolated AG, Mc and Ly
from the head-kidney as well as testicular AG and the testicular
cells of the AG-depleted fraction alone or pre-incubated for 2h
with 0, 5 or 50ngfml E; In the presence or absence of 50 |Lg/mil
VaDMNA were extracted with TRIzol Reagent {Invitrogen) following
the manufacturer's instructions and treated with DMase 1, ampli-
fication grade [1umitjpag BNA, Invitrogen), SuperScript [l RNase
H-Reverse Transcriptase {Invitrogen) was used to synthesize first
strand cDNA witholigo-dT13 primer from 1 pgoftotal RNA, at50°C
for 60 min.

The ERa, ERb1, ERb2, MCSFR, Ix and TCRE zenes were analyzed
by semi-quantitative PCR performed with an Eppendorf Master-
cycle Cradient Instrument [Eppendorf). Reaction mixtures were
incubated for 2 min at 95°C, followed by 35 ¢ycles of 455 at
95°C, 45 5 at the specific annealing temperature for each gene (see
Table 1), 1min at 72°C, and finally 10min at 72°C. As a RT-FCR
control, { actin (Acth) gene was used.

The following were analyzed by real-time PCR performed with
an ABI PRISM 7500 instrument (Applied Biosystems} using SYBR
Green PCR Core Reagents [(Applied Biosystems): (i} the expression
of the genes coding for the pro-inflammatory molecules 1L-1b, 1L-
G, tumor necrosis factor o (THFa) and cyclooxygenase 2 (Cox-2%
(ii] the anti-inflammatory molecules transforming growth factor
@1 [TGFb1) and the type [ interleukin-1 receptor (IL-1R2]; (iiil
the innate immune recepiors toll like receptor 9 [TLRS), soluble
and membrane-anchored TLRS (TLRSs and TERSmb ), TLR22, man-
nose receptors, C type 1 {MRCI1a and MRC1R); (1v] the molecules
related to leukocyte infiltration the OC chemokine ligand 4 {CCL4)
and the CXC chemokine 1L-8; {v) the MMP9 and MMP13; and {vi)
the amtl-viral melecule myxovirus (influenza) resistance protein
{Mx). Reaction mixtures were incubated for 10min at 95°C, fol-
lowred by 40 cycles of 155 at 95°C, 1 min at 60°C, and fnally 155
ar95°C, Tmin60°Cand 155 at95 "C. For each mRNA, pene expres-
siom was comrected by the ribosomal protein 518 {RP518) gene
content in each sample. The gilthead seabream specific primers
used are shown in Table 1. In all cases, each PCR was performed
with triplicate samples and repeated at least twice, Less than 2%
wvariation in the RPS18 genr expression was observed between
samples,

20 Statistical analysis

All data are representative of 3-6 independent samples or
experiments and were analyzed by analysis of variance {ANOVA)
and a Waller-Duncan multiple range test to determine differences
between groups (P = 0.05).

3. Results

31, Giltheod seabream acidophilic granulocytes do not express
ER genes. while macrophoages constitutively express the ERa gene

Melther testicular nor head-kidney AG expresses any of the
ER genes, while head-kidney Mc and Ly expresses the ERa gene,
However, the mEMNA of ERE] gene was detected in the testicular

3d

x1

4]
E. (ng/ml)

u

EHB1

ERh2

Acth

Fig 1. RT-PCR anabysis of Efa, ERb1, ERbZ and Actly penes in testicular cell frac-
tions (a7, head-kidney cell fractioos (b)) and Me monolayer incubated with O, 5 or
Sompimiof By alone orinthe presence of 50 pgiml YalbsA for 3 h{c) o567+ estiodar
acidophilic granmuilecyte-enriched fraction; 067 -1 testicular addophilic granulocyte-
depleted fractlon. Mc: macrophage cell fraction; #&G: addophillc granuiocyte cell
Iraction; Ly: iymphocyte cell fracilon; O— negative coniml; O+ postiive conirol; =
non-specific POR peochect. Data are representative of four independent experiments.

AG-depleted cell fraction, while ERb2 gene was not constitutively
expressed in any of these fractions (Fig. 1a and bl Those results
were confirmed by sequencing of the amplicons.

3.2, Estradiol alters the gene expression profile of macrophages

As regards theregulation of ER genes expression in M, it is inter-
esting to note that ERh1 gene is only induced by VaDNA, while B
up-regulated the VaDNA-stimulated ERb1 gene expression {Fig. 1c)
In contrast, both E; and YaDNA Induced the expression of ERb2
gene and co-incubation with E; and VaDNA triggered higher ERb2
mAMA levels than they did separately (Fig, 1c). Those results were
confirmed by sequencing analysis. Unfortunately, we were unahble
to confirm these results by real-time PCR, since no primer pairs
that fulfill the real-time PCR requirements were obtained due to
the high similarity conserved between the three ER genes.

In contrast, although the ERa mRMA levels could be stimu-
lared by either stimulus, they did not reach higher levels upon
co-sthimulation with both stmull {Fig. 2a). Notably, VaDNA stim-
ulation failed to induce the expression of ERa, ERb1 and ERb2 in
AL (data not shown), suggesting that the effects of Ex on these
cclls [(Chaves-Pozo ct al., 2007} were indirectly mediated by other
immune cells. Among them, Mc are good candidates since they
constitutively expressed ERa together with ERb1 and ERb2 upon
activation with E; and pathogens-associated molecular patterns
(PAMPs].

Insofarasthe immune-relevant genes are concerned{ Flg 2b-r),
Ex up-regulated the expression of all the genes analyzed, except
IL-1R2 and MRC1b, whose mRNA levels were not modified by Eg.
Depending on individual gene cxpression patterns we can dis-
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Table 1
Gene accession mumbers and primer seqoences used (or gene expression anakysis.
Gana Arcesston number reame SequBNCe {53 Used
F3 CTCCCCTACAATCACAAL
MCSFR AMDS0253 t4 TCAGACATCAGACETTCC PR
F TTACTACTGTCAGALTTTIC
s ERSRaam B ACTCCACTETGAGCGGAAGE PRI
F1 GETTCTTCAATGLGACAG LA
T Al naY i1 LCC TACACACACLCCTIGAT e
F GCTTCCCCTCTTAGOAAGTG .
LR AFLAG879 i1 TGETCCTGATCTCTTTECTC PCRfreal-time PCR
FI CAGCTCCAGAAGLTGGACTC
ERB1 AF1356950 i1 COATTGLCATAGLTGAAAT PR
F3 TCATCATCTCACTCACCAACC
e Al 13 TICAGCTCATGAAACCGA rCR
Acth oo ; Mmr{ﬂ{:mcm et
AMCAGCACTCTE
-1k ALTI68 E '?Ef;mmgrmm Real-time PR
fial AHEI183 :Elz En‘rcucﬁmmi]m esib-tone PO
TITGAAGCTEA :
1% AR e F|'t11 ﬁmﬂmam Resk e PCR
F1 GAGTACTCGANCCLAGCAC L
Yol e i1 GATATCACTOLCOCCTOACT Real time PCR
el AR : ccnascmm EehCh PLR
L8 AMTE5E41 E %c']gmumlcl Gm"“:m‘:mmm“‘“ Real-time PCR
FI GETGIGTITGIRCTRATGET
e AMTEEE i CETECCTOCTETTTTECTAC Eeabtime PCR
e M0 e R TICTICCAATAAGGCCARGE Real-ne R
Fi GLOGTACCCTCTGTCGATTT .
i A0 1 CCRCCCCAGCAATATICAGA Feab e FOR
MMF13 AMI05935 : Egmmwﬂ Beal-time PCH
P COTGICTGCAMCTGTCACGA :
TiRsmb AMIIE0LE R TOTGEATCIOGTTCAAGCTG Real-Gime PCR
F CTTECTEACCCAAGTTGAGE .
TEE Al el R TCAGCTTGTGGAGGTCCTIT Beal-time PCR
TR wY71793 ’ e Real-t1 PO
F GLGAATCTGATTTOOCTCAA .
TiRi2 AMIZOGG0 it GGCTGCCACTGATTTGATTT Beal-time PR
F GIITIGACAGTTGLGCTGGT .
MACLa FG264020 " bl b e b Real-time PCR
F ATAARACTCATARACGTACATOG .
AHELH AlnsbRaty i GLTCACAATCARARGETGRD Eeabtimp PLH
IL-ir2 AMZIR02T ’; o ‘Emu":[mmﬁﬁ'm% Real-timie PCR
i - E ACGLTGTTGGCAGACGTTAD e il

criminate two zroups of genes. Those genes whose expression
was stimulated by E; in a dose dependent manner (IL-1b, THFa,
CCL4, My, MMPS, TLRSs, TLR9, TLE22) and those which expression
was similar at both Ea concentrations wsed (IL-G6, Cox-2, TGFb1,
IL-8, MMP13, TLRSmb and MCR1a). Furthermore, when the cells
were co-stimulated with VaDMA and E; most of the genes ana-
yzed (IL-1b, TMFa, IL-G, IL-8, CCL4, MMPS, MMP13, TLR3mb, TLRSs,

TLR22 and MRC1a) were up-regulated in a synergistic way at
one B concentration at least. In contrast, Bz did not modify the
VaDNA-Induced mRNA [evels of Cox-2 gene, while WYaDNA did not
modify the Ex-induced mRMNA levels of TGFb1 gene and decreased
those of Mx and TLRY. Interestingly, VaDNA alone decrased
the mRMA levels of TLRS and MRC1b compared with control
cells,
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E:::at::usionnwnhcls and primer sequences used for gene expression analysis,

Gena Rrcesston nomber Name Sequencs [5-17 Lisexd

- - - e o

. s : oo =

- o o cemercocen =

- et . seyemiavar —
1 AF13som R CORTTGECATAGCTGAAAT | PR

= - " Eraen -

Acth KB9520 A CTCCTTAATETCACGCACCATTTC P
= : COLCTMEAATTCTTE i
TNFa AjA1I1ES A e Resltime POR
Lo e i AGGEAGEACTITEANGCTEA i
Coe2 AM205029 b bt Real-time PCR
TG AFZATOE : Emmﬁ Real-time FCR
L8 AMTB5EA1 = b bt Real-tirne PR
s s ; ceroTTTGTGCTGATICT .
Mx BVL001 007284 2 et b e e Real-time IR
- i £ GECCTACCCICTCTCGATTY bk
MMPI3 AMBO53935 : ;ﬁﬁmﬁ Real-time FCR
TLRSmb AMIDEOZE : %m Real-time PCK
TLRSS AMO51352 : wﬁﬁ&%ﬂn—mﬁ Real-time 'CR
s el . il e
L 920560 R CGETCCACTCATITCATIT Resk e R
WRC1a FG264028 . e L eal-time PCR
MRC1E AMOGESER : ‘Emmwc Real-time PCR
ez AM29B027 ot Pl o e R Real-time FER
EFS1E ANMATDOE] : mﬂ Rea-time PCE

criminate twe groups of genes. Those genes whose expression
was stimulated by E; in a dose dependent manner (IL-1b, THFa,
CCL4, My, MMFPS, TLHSs, TLES, TLREZ2] and those which expression
was similar at both E; concentrations used [IL-6, Cox-2, TGFb1,
IL-8, MMP13, TLR5mb and MCR1al Furthermore, when the cells
were co-stimulated with VaDNA and Ex most of the genes ana-
lyzed (IL-1b, TNFa, IL-6, IL-8, OCL4, MMPS, MMP13, TLRSmb, TLRSS,

TLR22 and MRC1a) were up-regulated in a synerzistic way at
one E; concentration at least. In contrast, By did not modify the
WVaDNA-induced mENA levels of Cox-2 gene, while VaDNA did not
modify the Ex-induced mBRHA levels of TGFh1 gene and decreased
those of Mx and TLR9. Interestingly, VaDMNA alone decreased
the mENA levels of TLRS and MRCIb compared with control
cells,
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Table 1
Gene accession mumbers and primer seqoences used (or gene expression anakysis.
Gana Arcesston number reame SequBNCe {53 Used
F3 CTCCCCTACAATCACAAL
MCSFR AMDS0253 t4 TCAGACATCAGACETTCC PR
F TTACTACTGTCAGALTTTIC
s ERSRaam B ACTCCACTETGAGCGGAAGE PRI
F1 GETTCTTCAATGLGACAG LA
T Al naY i1 LCC TACACACACLCCTIGAT e
F GCTTCCCCTCTTAGOAAGTG .
LR AFLAG879 i1 TGETCCTGATCTCTTTECTC PCRfreal-time PCR
FI CAGCTCCAGAAGLTGGACTC
ERB1 AF1356950 i1 COATTGLCATAGLTGAAAT PR
F3 TCATCATCTCACTCACCAACC
e Al 13 TICAGCTCATGAAACCGA rCR
Acth oo ; Mmr{ﬂ{:mcm et
AMCAGCACTCTE
-1k ALTI68 E '?Ef;mmgrmm Real-time PR
fial AHEI183 :Elz En‘rcucﬁmmi]m esib-tone PO
TITGAAGCTEA :
1% AR e F|'t11 ﬁmﬂmam Resk e PCR
F1 GAGTACTCGANCCLAGCAC L
Yol e i1 GATATCACTOLCOCCTOACT Real time PCR
el AR : ccnascmm EehCh PLR
L8 AMTE5E41 E %c']gmumlcl Gm"“:m‘:mmm“‘“ Real-time PCR
FI GETGIGTITGIRCTRATGET
e AMTEEE i CETECCTOCTETTTTECTAC Eeabtime PCR
e M0 e R TICTICCAATAAGGCCARGE Real-ne R
Fi GLOGTACCCTCTGTCGATTT .
i A0 1 CCRCCCCAGCAATATICAGA Feab e FOR
MMF13 AMI05935 : Egmmwﬂ Beal-time PCH
P COTGICTGCAMCTGTCACGA :
TiRsmb AMIIE0LE R TOTGEATCIOGTTCAAGCTG Real-Gime PCR
F CTTECTEACCCAAGTTGAGE .
TEE Al el R TCAGCTTGTGGAGGTCCTIT Beal-time PCR
TR wY71793 ’ e Real-t1 PO
F GLGAATCTGATTTOOCTCAA .
TiRi2 AMIZOGG0 it GGCTGCCACTGATTTGATTT Beal-time PR
F GIITIGACAGTTGLGCTGGT .
MACLa FG264020 " bl b e b Real-time PCR
F ATAARACTCATARACGTACATOG .
AHELH AlnsbRaty i GLTCACAATCARARGETGRD Eeabtimp PLH
IL-ir2 AMZIR02T ’; o ‘Emu":[mmﬁﬁ'm% Real-timie PCR
i - E ACGLTGTTGGCAGACGTTAD e il

criminate two zroups of genes. Those genes whose expression
was stimulated by E; in a dose dependent manner (IL-1b, THFa,
CCL4, My, MMPS, TLRSs, TLR9, TLE22) and those which expression
was similar at both Ea concentrations wsed (IL-G6, Cox-2, TGFb1,
IL-8, MMP13, TLRSmb and MCR1a). Furthermore, when the cells
were co-stimulated with VaDMA and E; most of the genes ana-
yzed (IL-1b, TMFa, IL-G, IL-8, CCL4, MMPS, MMP13, TLR3mb, TLRSs,

TLR22 and MRC1a) were up-regulated in a synergistic way at
one B concentration at least. In contrast, Bz did not modify the
VaDNA-Induced mRNA [evels of Cox-2 gene, while WYaDNA did not
modify the Ex-induced mRMNA levels of TGFb1 gene and decreased
those of Mx and TLRY. Interestingly, VaDNA alone decrased
the mRMA levels of TLRS and MRC1b compared with control
cells,
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Fig. 3. Migration of head-kdney leukocytes: freshly isplated {2 and b ooveards G, 5. 50-ar 500ngiml Ez {a} or 106 of O, 5, 50, 500 ngimi E;-MCM [B); or pre-inoubated for 24 b
{cand dj with 0, 5,50 or 500 ngiml E; {c)or 10E of 0, 5, 50, 500ng/ml E;-MCM {d) towards 10% of autelogous gilthead seabream serum was assayed by cell counting and
o cytometTy, C: cells pra-incubated with medium Jone. The resulls are presented a5 mean £ SE In mripllcate of 6 Indepandent sarples, DIferent letters denote statisticatly
significant differences between the moups according to 2 Waller-Duncan best [P < 0005).

Ex (Fig. 3cy and Ez-MCM (Fig. 3d), their migratory capability 1o
gilthead seabream serwm was not significantly modified. The per-
centage of different head-kidney cell populations that migrated in
response to the different treatments was analyzed by flow cytom-
etry as described by [Sepulere et al |, 2002 ) and no differences were
observed [ data not shown L

34. Estradiof reduces the phagecytic oetivity of leukocytes

The percentage of head-kidney phagocytes remained constant
after E; treatments (Fig. 4a) while their phagocytic capacity
decreased when the cells were treated with 50 or 500ng/mi
E; (Fig. 4b). We then analyzred whether the soluble molecules
produced by Mc upon Ez treatment modulate head-kidney phago-
cyte {mainly AG) activity. Our data demonsirated that E; -MCM
decreased the phagocytic ability and capacity of head-kidney cells
when 500 ng/ml B; were used to stimulave Nc (Fig. 4c and d),

3.5, Estroudiol modulfates the VaDNA-induced RO! production of
hend-kidney feukocytes

The ability of E; to modulate in vitre the ROI prodiction of head-
kidney leukocytes, both in the presence or absence of YaDMNA, was
analyzed. Independently of the concentratlon used, E; alone was
unable to alter the ROl production of head-kidney cells after 3 h
[Fig. 5a] and 24 h (Fig. 5b) of incubation. Surprisingly, E> was able
o partially decrease the RO production induced by VaDNA after
3 h(Fig. 5a}, while it showed the opposite effect after 24 h [(Fig. 5b).
Similar results were obtained with flagellin {data not shown).

In order to determine whether Mc are involved in the E; effect
on ROI preduction, which is mainly mediated by AG, we incubated
head-kidney leuknoytes with E;-MCM and observed that the ROI
production of head-lddney lenkoeytes was not modified at any
of the E; concentrations or incubation times assayed (Fig. 5¢ and
dl. However, MCK inhibited VaDNA-stimulated ROI production in

the same manner as E;-MCM did afrer 3 h of incubation (Fig. 5c).
Interestingly, MCM slightly increased the ROl production activity
of head-kidney leukocytes after 24 h while Ex-MCM did not signif-
icantly modify this effect (Fig. 5d}.

3.6. Neither E2 nor MCM affect leukocyte vinbility

Treatment with MCM, Ez. or B;-MCM did not affect gilthead
seabream head-kidney leukocyte viability as no statistically sig-
nificant differences hetween groups were observed (data not
shown).

4. Discussian

In the gilthead seabream, the gonad ltself acthvely regulates
the presence of AG by stimulating their extravasations from the
blocd {Chaves-Pozo et al, 2005b). This infiltration resembles an
inflammatory process triggered by physiological stimuli, in which
the main activities of AG are strongly inhibited by the testicu-
lar microenvironment in order to preserve reproductive functions
[Chaves-Pozo et al., 2005h ). Previous data showed that Ey is relared
with the mobilization of AG from the head-kidney to the gonad and
probably with the magnitude of this infiltration { Chaves-Pozoet al.,
2007, 2008a), However, our present data show that neither testle-
ular mor head-kidney AG expresses any of the known ER, namehy
ERa, ERb1 or ERb2, while head-kidney Mc and Ly constitutivehy
cxpress the ERa gene. In mammals, however, Mc and B Ly cxpress
both ERa and ERb genes, while there is a debate on whether or not
T cells contain classical nuclear ER (Benten et al, 1998; Harkonen
and Yaananen, 2006). Interestingly, in different mammalian mod-
els, the preponderance of ERa gene over the ERb gene is accepted
to be a mechanlsm controlling the effects of E; on the Immune
system (Straub, 2007 ). In glithead seabream Me, VaDNA drastically
up-regulates the expression of ERa, ERb1 and ERb2 genes, suggest-
ing that the immune system is able to increase its sensitivity to
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etry as described by [Sepulere et al |, 2002 ) and no differences were
observed [ data not shown L

34. Estradiof reduces the phagecytic oetivity of leukocytes

The percentage of head-kidney phagocytes remained constant
after E; treatments (Fig. 4a) while their phagocytic capacity
decreased when the cells were treated with 50 or 500ng/mi
E; (Fig. 4b). We then analyzred whether the soluble molecules
produced by Mc upon Ez treatment modulate head-kidney phago-
cyte {mainly AG) activity. Our data demonsirated that E; -MCM
decreased the phagocytic ability and capacity of head-kidney cells
when 500 ng/ml B; were used to stimulave Nc (Fig. 4c and d),

3.5, Estroudiol modulfates the VaDNA-induced RO! production of
hend-kidney feukocytes

The ability of E; to modulate in vitre the ROI prodiction of head-
kidney leukocytes, both in the presence or absence of YaDMNA, was
analyzed. Independently of the concentratlon used, E; alone was
unable to alter the ROl production of head-kidney cells after 3 h
[Fig. 5a] and 24 h (Fig. 5b) of incubation. Surprisingly, E> was able
o partially decrease the RO production induced by VaDNA after
3 h(Fig. 5a}, while it showed the opposite effect after 24 h [(Fig. 5b).
Similar results were obtained with flagellin {data not shown).

In order to determine whether Mc are involved in the E; effect
on ROI preduction, which is mainly mediated by AG, we incubated
head-kidney leuknoytes with E;-MCM and observed that the ROI
production of head-lddney lenkoeytes was not modified at any
of the E; concentrations or incubation times assayed (Fig. 5¢ and
dl. However, MCK inhibited VaDNA-stimulated ROI production in

the same manner as E;-MCM did afrer 3 h of incubation (Fig. 5c).
Interestingly, MCM slightly increased the ROl production activity
of head-kidney leukocytes after 24 h while Ex-MCM did not signif-
icantly modify this effect (Fig. 5d}.

3.6. Neither E2 nor MCM affect leukocyte vinbility

Treatment with MCM, Ez. or B;-MCM did not affect gilthead
seabream head-kidney leukocyte viability as no statistically sig-
nificant differences hetween groups were observed (data not
shown).

4. Discussian

In the gilthead seabream, the gonad ltself acthvely regulates
the presence of AG by stimulating their extravasations from the
blocd {Chaves-Pozo et al, 2005b). This infiltration resembles an
inflammatory process triggered by physiological stimuli, in which
the main activities of AG are strongly inhibited by the testicu-
lar microenvironment in order to preserve reproductive functions
[Chaves-Pozo et al., 2005h ). Previous data showed that Ey is relared
with the mobilization of AG from the head-kidney to the gonad and
probably with the magnitude of this infiltration { Chaves-Pozoet al.,
2007, 2008a), However, our present data show that neither testle-
ular mor head-kidney AG expresses any of the known ER, namehy
ERa, ERb1 or ERb2, while head-kidney Mc and Ly constitutivehy
cxpress the ERa gene. In mammals, however, Mc and B Ly cxpress
both ERa and ERb genes, while there is a debate on whether or not
T cells contain classical nuclear ER (Benten et al, 1998; Harkonen
and Yaananen, 2006). Interestingly, in different mammalian mod-
els, the preponderance of ERa gene over the ERb gene is accepted
to be a mechanlsm controlling the effects of E; on the Immune
system (Straub, 2007 ). In glithead seabream Me, VaDNA drastically
up-regulates the expression of ERa, ERb1 and ERb2 genes, suggest-
ing that the immune system is able to increase its sensitivity to
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3.3 Neither Ez nor Ea-MCM affects in vitre lenkocyte migration

Tao test the ability of E; todirectly promote lenkocyte migration,
transmigration chamber assays were performed. Mo significant

differences were observed between the cell numbers migrating
to the culture medium containing Ea or Ez-MCK at any of the
Ea concentrations wsed (Fig. 3a and b). Interestingly, when the
cells were pre-incubated for 24 h with different concentrations of
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E; during the development of the lmmune respanse. Although evi-
dence conclusively demonstrates that fish leukocytes express ER
genes, the literature in this respect does not deal with the possible
differential rokes of the twa ERb genes (ERb1 and ERb2) present in
fish. Our data demonstrate for the firsttime that ERb1 and ERb2 are
differentially regulated in Mc. Thus, ERb1 gene expression is enly
induced by VaONA and its VaDNA-induced expression is slightly
increased Iy E;, in contrast t ERD? gene whose expression is
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Induced by bath stimull, which, moreover, have a synergic effect
on ERB2 gene expression,

Taking all the above into account, we explored the pattern of
several immune-relevant genes of gilthead seabream Me following
Ez andjor VaDNA stimulation. In mammals, the strongest action
mechanism of estrogen in the monocyte-macrophage system is
the transcriptional repression of cytokine genes [Harkonen and
Vaananen, 2006). In contrast to findings in mammals, we found
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that Ez is able to stimulate most of the genes analyzed. promoting
a higher activation status in both naive and YaDNA co-stimulated
bc. The up-regulation of chemokines, pro-inflammatory cytokines
and MMPs might promote the mobilization of leukocytes from the
head-kidney to the gonad. The Mc are present in the interstitial tis-
sue of the gonad and we cannot exciude the possibility that they
might orchestrate head-kidney AG infiltration into the testis, In
particular, TNFa up-regulation might be involved in the recruit-
ment of AG, a possibility also supported by the Fact that TMFa gene
expression is up-regulaved in the gonad prior to the infiltration of
AG during the first bwo reproductive cycles {RCs) when the spec-
imens are males {Chaves-Pozo et al, 20053, 2008a; Liarte et al.,
2007] and the observation that gilthead seabream Tnfa recombi-
nant proteln pramaotes the mobilization of AG from the head-kldney
to the injection site {Garcia-Castillo et al., 2004)] through the up-
regulation of E-selectin and chemwokines in endothelial cells [Roca
et al. 2008}, In mammals, Ez inhibits in vive the migration of keuko-
cytes into inflamed areas and exerts tissue-protective effects by
up-regulation of TIMPs and by down-regulation of the proforms of
MMPs (Strawp, 2007). In contrast, in fish, our data shaw a stimula-
tary effect of E; on AMMPS and MMFP13 gene expressions, correlating
with previous studies in which E; promotes AG infiltration into the
testis and regulates MMPs, which are probably involved in this pro-
cess (Chaves-Pozo et al., 2007, 2008c). In fact, the immune system
of the gilthcad scabream is able to respond after tissue injury or
remedeling, as occurs in the gonad., through a spedfic signal pro-
moted by MMP-derived collagen fragments that induces a specific
set of immune-related molecules and extracellular matrix remaod-
eling enzymes that are substantially different from those induced
by PAMPs {Castillo-Bricefio et al, 2009} Despite the fact that E;
up-regulates several genes related with the mobilization of leulko-
cytes, including those coding for MMPs and chemokines, nelther
Ez nor Ez-MCM promotes chemotactic mobilization of head-kidney
leukocytes toveards them or towards serum. All these data suggest
that head-kidney Mc are not involved in the mobilization of AG
and identify Ly as the cell type that might orchestrate the mobi-
lization of AG from the head-kidney to the gonad in response to E;.
However, Mc might be involved In the modulation of the immune
system response to Ez treatment, In fact, the up-regulation of TLR
genes by Ex observed in both naive and VaDMNA co-stimulated Mc
suggest that Ey is involved in increasing the response capacity of the
immune system against future infections and explains the synergis-
tic effect of Ez and WaDMA, since the gene coding for VaDMA recephor
[TLR®] is also up-regulated by Ez. Furthermore, gilthead seabream
hic have been demonstraved to be involved in the negative feedback
that prevents the harmful effects of the Inflammatory response by
blocking the action of IL-1b through up-regulating the expression
of IL-1R2 gene, a decoy receptor for [L-1h (Lopez-Castejin et al.,
2007]. However, aur data show that E; does not modify basal or
VaDMNA-stimulated IL-1E2 gene expression. Similarly, Ez induces,
rather than inhibits, the expression of MRC1 genes, which are clas-
sical markers of anti-inflarnmatery Mc (Pelegrin and Surprenant,
2009]. All these data suggest that E; acts an gilthead seabream
Mic, in which it promotes an acute inflammatory process, These
data contrast with observations made In mammals, in which Mc
exhibit immunosuppressive activities [Harkonen and Vaananen,
2006]. However, in the mammalian gonad there is no physioloz-
ical inflammatory process partially triggered by Eq, as occurs in the
gonad of the gilthead seabream during and afrer the spawning stage
of the first two RCs (Chaves-Pozo et al, 2003, 2005k, 2007).

In arder to test whether Mc are able to modulate the main
activities of AG, which does not express ER genes, we compared
the effects of E; and Ex-MCM on the phagacytic, ROl production
and migration activities of head-kldney leukocytes. Surprisingly
AG inAltrates the gonad in a process regulated as if there was
inflammation; however, its main functions are suppressed by

the microenvironment of the gonad ar the same time that sev-
eral pro-inflammatory molecules are up-regulated in the gonad
[Chaves-Pozo et al., 2008a). Similarly, although E; promotes the
up-regulation of several relevant-immune genes in Mc, both E;
and E;-MCM impair the phagocoytic activity of head-kidney leuko-
cytes, suggesting that the soluble factors produced by testicular
Me in response to Es contribute to blocking the phagocytic activ-
ity of testicular AG. In goldfish Mc, Ep inhibits the percentage of
phagocytic cells (Wang and Belosevic, 1995). In contrast, in the
gilthead seabream, E; reduces the phagocytic capacity of head-
kidney phagocytic cells, while the percentage of these cells remains
steady. As regards ROl production activity, Mc ROL production in
goldfish and carp is not modified by E; treatment (Wang and
Belosevic, 1995; Yamaguchi et al., 2001). Howewver, in the gilt-
head seabream, PAMP-stimulated ROI production of head-kidney
leulacytes decreased after 3 h of E; treatment and increased after
Z4'h, Interestingly, and in contrast to the phagocytic activity, this
effect is not promoted by an Ez-triggered soluble factor produced
by Mic, since E;-MCM and MCM similarly decreased the leve] of
VaDMNA-stimulated ROD production after 3h and showed no sta-
tistical differences hetween both groups after 24 h of incubation.
Further studies are necessary to determine whether Ly, which also
expresses the era gene, are involved in the modulation of phago-
cytic and ROI production activities triggered by Es.

5. Concluosions

[n conclusion this manuscript demonstrates that{i} only Me and
Ly constitutively express one of the three ER known in gilthead
seabream [Pinto et ak, 2006) and {ii) the Mc are key cells in the
immune-modulatory role played by E;, as suzgested by their pat-
tern of gene expression upon E; treatment. Strildingly, the soluble
factors produced by Ex-treated Mc decrease the phagocytic ahil-
ity and capacdity of professional phagocytes, while no effects were
obsérved on ROI production and migratory capabilities of head-
kidney leukocytes,
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The mole of sex steroids in the modulation of fish immune responses has received little attention. Previ-
ous studies have demonsirated that 17R-estradiol (Ez ) is able o alter the response of gilthead seabream
leukocytes to infectious agents, We have used suppression subtractive hybridization to identify genes
upregulated by Ex [30ng/ml) in macrophage cultures from gilthead seabream. We isolated 393 up-
regulabed cDNA fragments that led to the identification of 162 candidate estrogen-responsive genes,

Functional analyses revealed the presence of several enriched] immune processes and molecular path-

Keywords:
Estrogens
Macrophages
Transcriptomic
Gilthead seabream

ways. The Ey up-regulation of some immune-relevant genes was further confirmed by real time RT-PCR.
Bininformatics analysis revealed the ahility of E; to orchestrate profound alterations in the macrophage
expression profile, especially immune-related processes and pathways This is the first report on Ea-
dependent madifications of fish macrephage transcriptome and lends weight to a suggested rale for

estrogen in the immune system, the possible significance of which is discussed,

1. Introduction

In mammals, estrogens regulate the differentiation, maturation
and function of many cell types of the monocyte-macrophage sys-
tem in a context-dependent manner, either directly or indirectly
via other cells by means of autocrine [paracrine mechanisms. Most
of these effects are mediated by modulation of the expression of
cytokine genes andjor of other inflammatory mediators by the clas-
sic estrogen receptor (ER) or by non-genomic pathways (Harlkonen
and Vaindnen, 2006). Among the actions indirectly modulated by
estrogens are several leukocyte activities (Hirkonen and Yaananer,
2006; Nilsson, 2007} However, this immune-modulating role of
estrogens remains controversial due to the fact that these effects
differ, depending on: (i] the immune stimulus [foreign anti-
gens o auto-antlgens) and subsequent antigen-specific Immune
responses; (ii} the cell types invelved; (iii} the target organ and
its specific microenvironment; (iv] the concentration of estrozens;
and {v} the variahility in expression of ER isoforms according to the
microenvironment and the cell type (Scraub, 2007).

Fishrepresent the earliest class of vertebrates with a completely
developed immune response, a fully functional complement sys-
tern, unigue receptors that recognize pathopens andfor danger
signals, soluble mediators that can regulate the inflammatory pro-
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cesses, and immune cell populations characteristic of the innate or
the adaptative immune system { Plouffe et al., 2005; Randelli et al..
2008%. [n fish, few studies have addressed the effects of estrogens
on immune responses [reviewed in lwanowicez and Ottinger, 2009)
and none has applied “omic” approaches to characterize the effect
of the main estrogen 17f-estradiol [Ez) on the transcriptome of
macrophages.

The gilthead seabream (Sparies aurata L) 15 a seasonal breed-
ing, protandrous hermaphrodite teleost with a bisexual gonad,
which, during the male phase, has a functional testicular area and
a non-functional ovarian area. The testis undergoes abrupt mor-
pholegical changes especially after spawning (Chaves-Pozo et al.,
2005a), including an extensive remodeling of the testis and a mas-
sive infiltration of aridophilic granulocytes (AG); interestingly, it
Is the gonad liself that actlvely regulates the presence of these
immune cells in the testis by stimulating their extravasation from
the blood {Chaves-Pozo et al., 2005b). Moreover, macrophages
(M&) and lymphocytes have also been observed in the interstitial
tissue of the gonad [Chaves-Fozo et al., 2008a; Liarte et al., 2007).
Howewver, the number of testicular M@ remains steady through-
out the reproductive cycle (RC) and no data related to lymphocytes
are available (Chaves-Pozo et al., 2008a). All these immune cells are
produced inthe head-kKidney, the main hematopoietic organ in fish.
Endogenous increases of E; in serum are correlated with AG migra-
tion into the gonad after spawning {Chaves-Poro et al, 2008b),
while exogenous E; brings forward the final events of spermatoge-
nesisand induces the infiltration of AG into the gonad (Chaves-Pozo
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et al., 2007}, Surprisingly, M8 and lymphocytes express ERe: while
no ER isoforms are expressed by AG. Moreover, E; modulates ER
expression in M@, increases their response to an immune chal-
lenge and up-regulates the expression of several pro-inflammatory
cytokines (il1h, il6, mfa). chemokines (ccld, i18) and immune recep-
tors (tIrs, g, tir22) (Liarte et al, 2011) All these observations
on this immune-reproductive systems interaction prompted us to
examine the ability of E; to modulate the transcriptome of ME in
gilthead seabream males and its ability to affect the innate immene
response of this species.

For this purpose, we performed a suppression subtractive
hybridizarion [S5H)} analysis to identify expressed sequence tags
[E5Ts) of physiclogical relevance, mainly from an imimune point
of view, in gilthead seabream M© treated with E;. Functional
and computational genomic analyses to determine the partic-
ular enrichment of cellular processes and molecular pathways
reveal the ability of Ez to orchestrate profound alterations in the
macmphage transcriptome, affecting its whole physiology, ecpe-
clally immune-related processes and pathways.

2. Material and methods
2.1. Animals and cell suspensions

Healthy specimens (650 mean weight) of gilthead seabream
(5 aurama L., Actinepterygii. Perciformes, Sparidae] were bred and
kept at the Centro Oceanogrifico de Murcia, Instituto Espafiol de
Oceanografia {IEQ) {Mazarrdn, Murciaj in 14m? running seawater
aguaria (dissolved oxygen 6 ppim, flow rate 20% aquariom vol-
ume/h] with natural temperature and photoperiod, and fed twice
a day with a commercial peliet dier (Skretting, Spain) ar a feed-
ing rare of 1.5% of fish biomass. Fish were fasted for 24h before
sampling. Specimens were decapitated, and head-kidneys were
removed and dissociated, as described elsewhere [Chaves-Pozo
et al., 2003, 2005b). The experiments described comply with the
Guidelines of the European Union Council {B&6/609/ELN, the Bipeth-
ical Conunittee of the University of Murcia {Spain} and the 1EO for
the use of laboratory animals.

22 Isoplation of macraphages and reatment

Macrophage (MA) monolayers were obtained as adherent cefls
froum head-kidney cellular suspensions [Chaves-Pozo et al., 2008a).
In brief, head-kidney cellular suspensions from 6 individuals were
seecled at 10° cells/ml, and incubated overnight in serum-free
sRPMI mediom [EPMI-1640 culture medium {Gibeo) adjusted with
0.35% MaCl to gilthead seabream serum osmolarity and supple-
mented with 1006u/ml penicillin and 100 pg/ml streptomycin
(Blochrom)]In 25 em? culture flasks. The MO monolayers generated
were then repeatedly washed with PBS (pH 7.2-7.4) to remove the
non-adhering cells, The identity of the monolaver was confirmed
by the expression of the macrophage colony stimulating factor
receptor (mosfi) {Roca etal, 2006). Once MO monolayers had been
obtained, they were incubated in sRPM! medium supplemented
with 5% charcoaljdextran-treated hormone-free fetal bovine serum
[HF-FBS, Hyclone] alone [control) or containing 5 or 50 ng/ml of
17p-estradiol (Ez, Sigma) for 3h, as previously described (Liarte
etal, 2011}

2.3, RNA isolation ond cBNA synthesis

Total RMA was extracted using TRizol Reagent [Invitrogen] fol-
lowing the manufacturer's instructions. To perforim cDMA synthesis
the Super SMART PCR cDMA Synthesis Kit (Takara Clontech, USA)
was used: 500 ng of total RNA pocled from 6 M2 monolayers sam-
ples was placed into 50l MilliQy water, adding 7l of 12 pM
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I'SMART CDS Primer A, and 7pl of 12 pM template switch-
ing SKMART HA oligonucleotide. The mixture was heated 1o 65°C
for 2min and then incubated at 42°C for 2 min. The following
reagents were then added: 20 pl of 5x first-strand buffer, Z pl of
DTT (100mM), 10l of ANTP {10 mM), 4.5 pl of RNase Inhibitor
(20U]d), and 5 1l of Powerscript Beverse Transcriptase (Takara-
Clontech, USAL The cDMA synthesizing reaction was performed at
42°C for 90min, and stopped by adding 2 pl of EDTA {0.5M). To
purify the cDMA generated, NucleoSpin Extract Il (Macherey-Magel,
USA) was used according to the manufacturer's instructions. cOMNA
was recovered in 35 pl MilliQ water and subsequently used for PCR
amplificarion: 30! of 10x Advantage? PCR buffer, 6 pl of dNTP
(10mM },6 plof12 pM Primer A, and 6 il of 530 = Advantage2 Poly-
merase Mix [Takara-Clontech, USA} were added to the PCR solution.
The reaction profile was 1 min at 95°C; 28 cycles of 55 at 95 °C, 55
at65°C, 3 min at G&=C,

24 Suppression subtractive fybridization and cloning

The PCR-Select™ ¢DNA Subtraction Kit (Clontech, Palo Alto)
was used to generate the subtractive library between 50 ng/ml Ez-
treated (tester) and control M@ monolayers (driver), following the
manufacturer’s instructions. In brief, both cDNA populations were
digested with Rsal and specific adaptors were ligated 1o the tester
before the tester and driver were hybridized to exclude common
sequences; the resultant cODMA was subjected to two rounds of PCR
for the selective amplification of differentially expressed sequences
using adaptor specific primers. A fraction of the adaptor ligated
tester cDMA was not hybridized to serve as unsubtracted con-
trol. Subtracted and unsubtracted secondary PCR products samiples
were run an 2% agarose gel to check for differential band patterns.
To isolate the differentdally expressed sequences, 0.5 mi of the sub-
tracted secondary PCR product were directly cloned into pGEM-T
Easy vector [Promega, Madison, USA) and transfected into DHS«
bacteria.

2.5, Spquencing and clustering

Coelonies were randomly piclked and cloned. Inserts were ampli-
fied by PCR using the T7 primer pair in 958 well plates and after
amplification check on a 2% agarose gel, PCR products were sent
for purification and direct sequencing to Macregen Inc. [Seoul,
Korea). After removal of the vector and adaptor sequences, the
resultant sequence tags (ESTs) were clustered using UCLUST soft-
ware {http: [fwww.driveS.com/) with default parameters {Edgar,
2010). Clustered ESTs were submitted to contiguous sequence
{contig) assembly using a web interface of the CAP3 software
{hetp:/ [ phil.univ-lyon 1.fr/cap3.php){Huang and Madan, 1999} and
redundancy within the library was calculated as the ratlo between
sequences belonging to a contig and the total number of sequences
considered.

2.6, Homolegy search and annoetation

All the unigenes generated in the assembly process, whether
singlets or contigs, were annotated by querying against 5P, TR, MR,
MCBI non-human non-mouse E5Ts (EST_others) and NT databases
using the BLAST algorithm (BLASTX and BLASTN) {Altschul et al..
19977 and Blaststation software (Th Soffware Inc., USA].

For each putative transcript the ten most similar entries were
recorded, The assignment of putative transcripts required an e-
value lower than 1e-'W for protein database entries and 1e~%
for nucleatide database entries. Sequences failing to match the
SP database entries were successively searched with the TR and
MR databases. Sequences that failed to match entries in any of
the protein databases were then searched with the EST athers
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Fe= 1. Principal steps followed during the BLAST search process, Cutaffe-values for
protatn {ELASTX] and nucleatide [BELASTN] daahases were setat e~ and 18—,
respectively. Sequences failing to match the Swiss-Prot {SP) database were succes-
sively queried in the TrEMBL{ TR} and MCBI non-redundant protein {NR] databases.
Sequences not matching entries in any of the protein databases were queried in
the NCBI non-human non-mouse ESTs [EST.others] database. Retrieved gilthead
seabream ESTs were successively queried in 8P, TR and MR databases Sequences
friling bo nuatbeh entries in the protein databases were queried to the MCBL nucleatide
collection [NT) darabase.

database; sequences corresponding to matches of previously
known gilthead seabream ESTs were obtained from CenBank
(http ) wrare.ncbionlnunih.gov)genbank(), clustered and succes-
sively queried in the 5P, TR and MR databases. Sequences failing
to match entries in the protein databases were then searched with
the NT database (Fig. 1).

Once the correspending orthologs had been determined, genes
were annotated as putative houseleeping genes or ERG by
searching in lists of genes showing constitutive expression or
responsiveness to estrogen treatments (Eisenberg and Levanon,
2003; Hsiaoetal., 2001 ; Tanget al., 2007, Genes were classified and
mapped according to GO consortium rules and KEGG (Ashburner
ct al., 2000; Kanchisa ct al,, 2006). Functional analysis in terms of
GO and KEGG annotations was based on the Genecodis software
using those unigenes marching known genes with existing human
orthologs. Using individual reference Uniprot gene names, the
Cenecodis software (hirp: [/genecodis.dacyaucm.es/) determines
biological annotations and combinations of annotations that are
significantly associated in alist of genes [Carmona-5aez et al, 2007,
Mogales-Cadenas et al., 2009),
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Table 1

Sumnmary of the BLAST results obtainad for the 367 isolated BESTs.
BLAST result Mumber of hits Percentage
Unidentified E5Ts s 56
ldentified E5Ts 162 A4
Unamed protein{EST 4 1
Known gencs 158 A3
Redundant 3 08
Housckerping genes L 25
Estrozen responsive 1 035

2.7. Real-time PCR analysis

Quantitative real-time PCR experiments were carried out to test
the ability of E; to alter the macrophage gene expression profile
at low doses as well as to validate some of the genes isolated
by 55H and characterized by GO, Among the whole dataset of
sequences, one reported housekeeping gene and [our sequences
belonging to key immune relevant markers were selected: acth,
mesfi, nenpl3, mhcla, marca and nircd. Specific primer pairs for
each of the sequences were designed [Table 2}, The gRT-PCR was
performed using a SuperScript 1l ReverseTranseriptase Kit {nvit-
rogen) w synthesize Arst strand cONA from 1 g of total RMA,
and SYBR Creen PCR Core Reagents (Applied Biosystems) with an
AEB1 PRISM 7500 instrument { Applied Biosystems} according to the
respective manuals, For each mRNA, gene expression was normal-
ized to the ribosomal protein 518 (rpsl8) content of each sample
using the comparative Ce) method (272209 In all caces, each PCR
was performed in triplicate. Less than 2% variation in the rps 1§ gene
expression was observed between samples.

2.8. Statistical anafysis

QRT-PCR results from selected candidate genes were analyzed
by analysis of variance (ANOVA) and a Waller-Duncan multiple
range test to determine differences between groups [p<0.05},
using the 3PS5 software package (SPES [nc., Chicago, IL).

3. Resulis
31, Submractive library expressed sequence tags statistics

A 5SH library was constructed to isolate and identify mRNA
specles up-regulated by a supraphysiologlcal dose of Ex (50 ng/ml)
in gilthead seabreamn M@ cultures. A total of 393 sequences were
obtained by cloning randomly selected colonies, with an average
length of 450 base pairs (bp), ranging between 56 and 935 bp.

After clustering and assembling, the library was arranged into
20 contigs and 347 singletons (11.7% redundancy). The number of
EST per contig ranged from 2 to 5, with a median of 2. The length
of the contigs ranged from 285 to 762 bp, with an average length of
461 bp. All sequences were submitted to the expressed sequence
tag database [dbEST] at the European Bioinformatics Institute [EBI)
with consecutive accession numbers from FR? 19326 to FRY 19692,

3.2. Gene annotation

Out of 367 putative unigenes. 162 [44%] were identified as
orthologs to known: genes or ESTs, while 205 (56%) could not be
identified by similarity searches in the databases (Table 1).

Each of the 367 purative unigenes was compared sequentially
against Swiss-Prot (5P), TIEMEL (TR} and NCEI non-redundant pro-
tein {MR) databases. OF these, 160 [43.6%) matched at least one
significantly similar sequence. The remaining 207 sequences that
matched no protein sequence were then compared against the
MNCBI nucleatide collection (NT} database, identifying two more
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Tahie 2
Summary of unigue enriched GO terms found by computational analysis [p< L05)
GO berm Term description M G0 berm Term description N
Ceflilor compomeni
CO-0000502 Probteasome complex 4 CO:-:0003585 Arpd/3 protein complex 3
GOA005634 hecleus 30 GO0 5620 Actin cytoslkeleton 4
GO005737 Cytoplasm 58 C{e0016020 Membrans 33
GO0057I8 Mitachomdrien 23 G001 6458 Mypsin complex ¥
GOAO005743 Mitachondrial inner membrane G GOL00] 465 Proton-transparting bwo-sector ATMase 2
complex
GOp0G05756 Mitochondrial matrix T G 0773 Proteasomie cote complex; alpha-subunit xd
complex
GL0005T64 Lyspsame 4 CLE0030862 Cortical cytoskeleron z
GLO005783 Endloplasmic reticubum 13 CLC0032587 Ruffle membrane 2
GO:0005829 Cytosol 25 CO:0042470 Melanasame 5
GOO005839 Proteasome core comples 2 Chrdh44451 huclenplasm part 1
GO0005840 Rinsome 5 CO0G7 469 Respiratory chain 3
Malecwdar fimction
GOa00onds 1RM M binding 2 COE0005515 Provein binding 73
GOO0001665 Nucleatide binding 19 CLEO008233 Peptidase activity 11
GOAO0003EG Second spliceosomal transesterification 1 GO:0008553 Hydrogen-exporting ATPase activity 2
activiiy
GOO003TA% RMA hinding 5] Cof001 5HT Adening transmembrans ransporter 1
activity
GOR003TIS Structural constituent of ribosame 4 CL:0016441 Oxidoreductase activity -]
GLa003778 Actin binding 7 G001 6655 Monodehydroascarbate reductass (MADH] 1
activi
GOO003924 GTPase acthrity 5 G000 BEOS Dlpeptgl:l.ase activicy z
GO003054 NADH dehydrogenase activity 2 GO0 6937 Short-branched-chain-acyl-Cod 1
dehydrogenase activity
GO0004163 Diphosphomevalonate decarboxylase 1 GO0 5002 GMF binding 1
activity
GOO004197 Cystene-type endopeptidase activity 3 GO0 9588 Enzyrme binding 4
GOO0004298 Threunine-type endopeptidase activilty L CO-00303498 Syntanin-3 [xoding 1
GOO004364 Glutathione cransferase activity 2 CO0030625 Pre-mBANA 3'-splice site binding 1
GOo004365 Glyceraldehyde-3-phasphate 1 CO:0030791 Arsenite methyltransferase activity 1
dehydrogenase (phosphorilating activity])
GO:0004335 Alphaalpha-trehalase activity 1 CO:0030792 Methylarsonite methyliransferase activity 1
GOOODE LS Chitamate—tRAA ligase activity 1 CO:0034450 Ubigjuitin-ubiguitin ligase activity 2
GOAO0D4E24 Lysine-tRNA ligase activity 1 CO:004258E Peptide deformylase activity 1
GOO005011 Macrephage colarny stimulating factor 1 COrd42 502 ldentical profein hinding T
Tecephor activity
GO0005200 Siructural constituent of cytaskeleton 4 Cl:00-46961 Proton-transporting ATPase activity. 3
rotational mechanism
GOA005506 Tron ion binding 3 COROn51082 Unfolded protein binding 4
Hiological process
GO0005091 Trehatese meabolic process 1 GO0 o747 Rezulation of ispprencid metabolic process 1
GO0005993 Trehabose catabolic process 1 CO0022800 Electron transport chain d
GO00063 64 A proceseing 4 CO0030574 Callagen catabelic process 3
GO:0006414 Translational elengation 4 C0:0030833 Regulation of actin flament 2
polymerization
00008430 Lysyl-tRNA aminoscylation 1 CO:0030845 Inhibition of phoéphalipase C activity 1
imualved in G-protein compled
GO000645T Pratein folding 5 CO:0031145 Anaphase-promoting compler-dependent 1}
proteasomal ubiguitin-dependent
GO000G0E Protenlysis 9 CO:003231660 Intraceliular steml transport 1
GOO006511 Ubiguitin-dependent protein catabolic 4 G028 Regulation of stress-activated hAPE 1
PrOCEss casradle
GOOGOERIS snlithP protein impart into nudens 1 COn0023157 Raegulation of intracellular protein 1
transport
GOO00EESZ Past-Golgi vedcle-mediated transport 3 Gir0da5166 Past-embryonic hemapoieds 1
GO000R92E Cellular component marvement 3 C:00420659 Repulation of catecholamine metabolic 1
PrOCELs
GOCO00R0E0 Lynaptic target recognition 1 o005 1426 Hegative regulation of obiquitin-protein 1
ligase activity during mitosis
GOOG0aT99 Mitrogen fixation 1 COp0G51437 Pasitive reguiation of ubiquitin-protein ]
ligase activaty during mitosis
GO:0010920 Mepative repulation of inositel phosphate 1 G0:0051603 Proteatysis invelved in cellular protein 4
bosmihetic process cataballc process
GOA10825 Pasitive regulatian of 1 COA055114 Oidation reduction ]
irsitol-polyphosphate S5-phosphatase
activity
GO0 5868 Purine ribanucleotide transport 1 CO0E0305 Regulation of cell diameter 1
GO:O016192 Vesicle-mediated transport 5] CO:0070560 Protein seaetion by platelet 1
GO-0018E72 Arsonoacetate metabolic process 1

M, number of genes per tenm asseciation.
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membrane { 195) were the most represented cellular compartmwents. In (B} the most represented categories was binding {59%), followed by cavalytic activities (29%) In (€]
cellular phyysiclegy (395 ) biological regulation | 8% and establishment of becalization {1 15) were the most represented processes. GO subcategories immune system process
{4i), response to stimubus [65%) and physiological interaction begween organisms (0.5 are probably irvolved in the interaction of immuone cells with pachogens or danger
signals, [t should be emphasised that the second most represented category, biclogical regulaton, could contain genes whose functions may alber the cellular physiology,
thus affecting the ability of gilthead seabream macrophiges to respond ta an immunological challenge,

additional sequences (0.5%) that significantly matched at least one
similar EST (Fig. 1].

Of the 162 unigenes identified, 158 {43%) matched known gene
products, while 4{1%) matched proteins or ESTs for which no anno-
tation is yet available. Surprisingly, only 3 unigenes corresponding
to non-overlapping regions of three different genes were found.
Detailed annotations and descriptions are available in Additional
file 1.

Arountd 57.5% of the BLAST highest homology hirs in the
library were homologs with coding sequences present in pla-
cental mammal genome (17% human, 16% mouse, 9% rat), while
the second homologous group was teleost fish with approxi-
mately 31.5% of hirs (13% zebrafish]. Other metazoan groups
were also represented: birds [5%), amphibians [4%), monotrema
(0.5%), elasmobranches (0.5%) and arthropods {1%) {Additional
file 2, Searches in reference databases identified 9 sequences of
the housekeeping genes [3-actin {actlh), ADP-ribosylation factor 1
(arf1), actin-related proteln 2/3 complex subunits 3 and 4 {arpc3,
arped), dolichyl-diphespheoligesaccharide-protein glycosyhrans-
ferase subunit DAD (dd 1), isocitrate dehydrogenase subunit beta
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{idh3b), perodiredoxin-1 gene (prdx1), 265 proteasome regulatory
subunit® [psmd#) and WD repeat-containing protein 1 gene {wdri ).
One sequence, previously known as estrogen responsive geng
(ERG), was identified as the matrix metalloproteinase 13 (mmp13).

3.3. Functional annaotation analysis

EST unigenes matching known gene products were classified
according to binlogical process, malecular function and cellular
component, according to Gene Untology (GO) consertium rules.
A total of 368 different GO terms were assigned. Fig. 2 shows a
more detailed assipnment of sequences corresponding to the third
{hiological process |BP] and maolecular function [MFE]] and fourth
{cellular component [CC]) hierarchical levels of the associated GO
functional categories, According e CC rerms, mostof the annetated
genes were internal to cell {70%) or related to the membrane (19%).
MF terms were mainly represented by binding and catalytic activity
with 59% and 29% of hits, respectively. Of the BP terms, a signifi-
cant proportion of the genes were involved incell physiology (39% ),
regulation (18X) or the establishment of lacalization (11%).
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Tahie 3
Gene accession numbers and primer sequences wsed {07 gene expressitn analysis.
Gene Accession mumber Mame Sequence (5'-3')
acth FRTEO326 F ATCGTGOGLOGCCCCAGGCALT
E CTOCTTAATCTCACCOACCATITE
mezfi2 FRTEA584 F3 CTGOCCTACAATCACRAS
B4 TCAGACATCAGAGCTTIC
mmpld  FRTE9337 F COGTCATTCCTACCCATTTG
[ TGALCGCAAAGTLAALGTCT
hmrl FRTEOG46 F ACCTGTTCACTOTOCCATCC
B CACCCACAGTCAGACOCAGT
mdren FRTE9667 F CTGGOCTACATCACAGETTC
B TTCCAGARTTAGGGCAGTCG
nlrcd FRTEa637 F GLCAGCTCICCTCTCCTTCT
B CAGCAGAATCATCTOOCACA

Computarional analysis allowed the detection of significantly
enriched GO terms within the whole category set. MF related terms
were seen to be mainly enriched for protein binding, with 73 genes
involved in that category. Enrichment analysis for CC established
a more detailed relationship of genes mainly related to the cyto-
plasm (58 genes), the nucleus {39 genes )and the plasma membrane
[33). It should be noted the presence of up to three enriched cat-
egories related with the proteasome, involving 5 different genes,
For BP enriched terms, the most represented categories were
oxidation—reduction and proteolysis with 9 genes. and the rezu-
lation of ubiquitin-protein ligase activity with 12 genes divided
into positive/negative regulation categories (Table 2),

Kyoto Encyclopedia of Cenes and Genomes (KECG] orthology is
a pathway-based classification of orthologous gene groups. Com-
putational enrichiment analysis also provided by Cenecodis showed
that while several KEGG pathways involring different aspects of
the cellular physiology were enriched, a high number of pathways
can be directly relared to the immune processes, with 5 out of 18
entiched pathways (Fig. 3] Moreaver, while the remaining can-
nat be quatified as immune pathways, many of them are probalily
involved in the immune response.

9 oFactin cy
Oniclative phosphorilation
Huntingbon's disseasa
Parhinson's dissaasa
Prrerbis s oo

Ubiguitin medisied projeckhysis
* Pathagenic E. cali infection
Lyt cuities

v V. choleras infection

Splicesome

Tight junation
Riosmma

* Viral myocadilie
Adhemns jumction
Ranal cell carcinema
Pragesterans-medinted aocyte maturation

= Antigen pr g and pr

0 2 4 G B

Fp. 3. Classification of enriched pathways (p<0.05] based on the Eyoto Encycle-
pedia of Genes and Genomics according 1o the genes teported in the subtractive
hybridization library belonging to each pathway, MNote the high proportion of
enriched pathways on known immune processes {5 out of 18}, while the remaining
pathways, although not directly related to the immane system are probably teaccur
during the immune response. {*} Known immone pathways,
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Quantitative real-time PCR {gRT-PCR) experiments were per-
formed to validate the 55H results. For that purpose, one gene
identified as a hiousekeeping gene and five immunologically
relevant genes were amplified using specific primers. The expres-
sion patterns of PB-actin (octh), metalloproteinase 13 {mimpl3),
macrophage colony-stimulating factor receptor 2 [mesfr2), MHC
class I alpha antigen {mbcla), macrophage receptor with collage-
nous striecture {marce) and NOD-like receptor <3 [nirc3) were
clearly induced upon 50ng/ml E; treatment [Fiz. 4), validating
the results obtained by 358H. Moreover, a physiological dose of Ey
{5 ngfml, Chaves-Pozo et al, 2008b} was also found to be able to
modulate the expression of all the selected genes (Fig. 4), confirm-
ing the experimental approach used in this study and the biological
relevance of the genes identified by S5H.

4. Discussion

A funcrional genomics approach was followed to examine the
response of gilthead seabream M@ to E; treatment i vitro, in order
toidentifiy genes involved in the modulation of M@ functions. This
showed the ability of this estrogen to orchestrate profound alter-
ations in the M@ transcriprome, alterations that may affect its
whole physiology, especially immune-related processes and path-
Ways.

Previous functional studies suggest a pro-inflammatory role for
Ea ingilthead seabream M@. Thus, Es isable to increase the expres-
sion of cytokine, chemokine and toll like receptor (TLR) genes
in vitro in both naive and YaDNA-stimulated M@ (Liarte et al.,
2011]. These results conrrast with observations made in mammals,
where E; exhibits immunosuppressive activities (Hirkdnen and
Vainanen, 2006). However, it 15 not surprising that some differ-
ences may exist between mammals and the gilthead seabream. For
example, this teleost species shows a physiclogical inflammatory
process in the testis partially triggered by Ez (Chaves-Pozo et al.,
2007] not present in mammals,

S%H is a powerful method for large-scale gene transcription
analysis, and has been nsed o invesrigare various aspects of fish
biolozy (reviewed in Larkin et al., 2003} as well to identify genes
invalved in the response of several fish species to pathogens, tox-
icants, hormones and endocrine disruptors {Bayne et al., 2001;
Brown et al., 2004, Chapman et al., 2004; Moens et al., 2007; Pinto
et al., 2006; Prieto-Alamo et al, 2009; Tsoi et al., 2004; Wang
and Wu, 2007; ¥ia and Yue, 2010). After analysis of the library,
363 unique transcripts were obtained, of which 162 were similar
to 155 known penes and 4 unannotated ESTs available in public
dartabases. The remalning 205 unique ranscripts may represent
novel sequences or UTRs of known genes, Some of these genes
might play important roles in reproductive-immune interactions
or in the innate immune response of fish. Future studies focusing on
their functional characterization would improve our understand-
ing of the effects of estrogenic factors on immune cell physiology
and perhaps pravide suitable biomarkers to assess the exposure to
endocrine disruptors affecting the immune system. It is not sur-
prising that most of the differentially expressed genes identified
have orthologs in mammalian species, while only 2 matched previ-
ously know gilthead seabream sequences, demonstrating the little
knowledge accumulated on fish immune transcriptomics com-
pared with human or mammalian medels,

Expression analysis of selected Ez-enriched candidate genes by
qRT-PCR further confirmed the up-regulation of all the selected
genes and validated the S5H results presented here. Searches in
reference databases retrieved 9 hits as housekeeping genes {acth,
arfl, arped, arped, dadl, idh3b, prae!, psmd8, wdrl} and one hit as
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Fig.4 Ouantitative real-tine PCR analyses of selected candidate genes identified in the subbractive hybridization library: (a) B-actin [petb) { bl metalloproteingse 13 {mmp13],
{r] macrophage colommy-stimulating factor receptor 2 {mesfr2), (d) MHC class 1 alpha antizen { mhefa), (2] macrophage receptor with collagenons structure [meenoay, and {1
NOD-like recepror 3 [ninc?], Data represent means <= SEM of triplicate samples. Different letters denote statistically significant differences between the groaps according to

aWaller-Duncan test.

ERG {mmp13). The discovery in M@ of housekeeping genes that
are responsive to estrogens make those markers unsuitable to be
used as reference genes in future functional genomics assays (e.g.
microarrays for E;-treated samples). Furthermore, results regard-
ing ERG are quite surprising since previeus S5H analysis of gilthead
seabream males exposed to E; revealed the presence of multiple
differentially expressed ERG (Pinto et al., 2006), however, these dif-
ferences might be explained by the different nature of the samples
used; that is, testis as opposed to M@

Available bioinformatic databases such as GDvand KEGC provide
useful information for analyzing the functional profile of anno-
tated genes. GO annotation retrieved 368 terms, which, following
computational analysis, allowed the establishiment of 95 enriched
terms (22 CC, 38 MF, 35 BEP). Enrichment analysis for CC and MF
showed that the main enriched terms for these categorics were
“cytoplasm” and “nuclevs"” together with “protein binding™, which
is in accordance with the existence of a very complex regulation
of intracellular networks to control the pro-inflammatory pro-
cesses triggered by Ex. BP annotation and envichment showed the
dysregulation of a variety of processes, affecting several fields of
the cell physiology. Genes in the GO subcategories "immune sys-
termn process”, "response to stimulus” and "physiological interaction
berween organisms” are likely to be involved in the interaction
of immune cells with immune stmulus. The number of identi-
fied genes within these categories was relatively low (Xia and
Yue, 2010). However, other well-represented subcategories such as
“biolegical regulation” could contain genes whose funcrions may
influence the behavior of M@ and thus affecting their ability to
respond to an immunological challenge upon estrogens exposure.
KEGG functional pathway analysis also revealed the eorichment
of a variety of processes of M@ physiclogy represented mostly by
immune pathways. However, as was the case with GO terms, some
of the remaining enriched pathways very likely take place during
the events following immuone challenge or in the naive immune cell
physiology. This further supports a role for E; in the regulation of
the gilthead seabream M@ physiology and in the orchestration of
an immune response.
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As previously mentioned, E; treatments have been shown
to have a pro-inflammatory effect both in naive and VaDNA-
stimulated gilthead seabream M@, through modulation of the
expression of cytokines, chemokines and pattern recognition
receprars (PRR) (Liarte et al., 2011 ), The nuclectide-binding demain
leucine-rich repeat-containing {MLR) family of intracellular sensors
is a critical component of the innate immune system. Among PER,
TLR anel NLR are capable of recognizing highly conserved markers
that are specific to microbes [PAMP) as well as danger-assaciated
molecular patterns (DAMP) released in conditions of cellular dam-
age or stress. Considered a basal member of the NLR family, nfrc3
has been detected in hoth myeloid and lymphoid mammalian
cell lines as well as in 2ebrafish and channel catfish leukocytes.
Moreover, upon challenge, nlre3 has been shown to promote the
down-regulation of NF-kB activation by inhibiting the degrada-
tion of the MF-«B inhibitor lkBa {Chen et al., 2009: Conti et al.,
2005; 5ha et al., 2009]. Upon PAMPor DAMP recognition, conforma-
tional changes andfor PRR translocation activate the downstream
signaling, that leads to the formation of the inflammasome and the
release of pro-inflammatery cytokines(Pedra et al., 2009; Trinchieri
and Sher, 2007). Recently, the chaperone heat-shocl: protein 90
(hsp9@h) has been shown to play a role in MLE function and inflam-
masome formation by mediating conformational changes (Pedra
et al., 2009]. Interestingly, hspSQh seems to be necessary for the
proper assemhbly and functioning of steroid receptor complexes
{Taherian et al., 20081, The pro-inflaimmatory role of E> treatments
on gilthead seabream M@ is further supported by the identifica-
tion of both nirc? and hsp&0h genesin our library, since they would
probably participate in the establishment of the inflammasome and
the development of an inflammatory state.

The macrophage receptor with collagenous structure [marco)
represents anather important element, since expression of this
scavenger receptor, which is able to exert PRR activities, is
induced upon lipopolysaccharide{ LPS)challenge or exposure io the
macrophage colony-stimulating factor (MCSF) of myeloid-derived
cell lines and mammalian M@, thereby participating in the pro-
found cell rearrangement that takes place upon cellular activation
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[Chen et al, 2010: Granucci et al, 2003). MCSF regulates the
survival, proliferation and differentiation of mononuclear phago-
cytic cells via MCSFR, which have been shown to be specifically
cxpressed by purified M@ in the gilthead scabream (Roca et al.,
20061, The up-regulation of mesfr2 by E; treatment would thus con-
tribute to the conselidation of an inflammatory state in the gilthead
seabream M,

Expansion of the immune cellular responise leads to expression
of the acute-phase proteins, among which, tegether with cytokines
and chemokines, antimicrobial peptides (AMPs) and ion home-
ostasis proteins [IHPs) are the most representative. The ability
of E; treatrnents to promote cytokine and chemokine expression
has already been demonstrated {Liarte et al., 2011), while here
we show that E; treatment also induces the expression of AMPs
and [HPs. Genes that encode for AMPs (bpi, perf} and proteins that
are involved in ion homeostacis (fifml}) are commaonly responsive
in fish following stimulation with stressors or bacterial challenge
[Chang et al, 2005 Feng et al, 2009: Goetz et al, 2004: Maier
ctal, 2008; Pricto-Alamo ct al., 2009). While AMFPs lyse bacterial
cells by disrupting their cellular walls, IHP reduce the availability
of ions that are essential for microbe development. The resulting
accumulation of free intracellular iron is toxic, as it reacts with
oxygen and creates Ha 0w as a byproduct (Theil, 2003}, Although
in such situations ferritin captures free iron, thus limiting cell
damage, the up-regulation of other anti-oxidative pathways iz a
cominon response to the oxidative stress generated. We also found
that E; up-regulates guanine nucleotide-binding proteins {ghg0),
gluthatione transferases (gsta, gstol ) and NADH-ubiquinone oxido-
reductases [(ndua®, ndubf), all of them endogenous antioxidants
that protect intracellular membranes from lipid peroxidation and
are up-regulated following envirenmental stress orimmunological
challenge [Colombo et al., 2006; Li and Brouwer, 2009: Prieto-
Alamo et al, 2009). Despite the anti-oxidative system described,
the peroxides generated can cause DNA damage and ulimately
lead to cell death (Bertram and Hass, 2008). B-cell lymphoma
Family members [bcl7h) provide anti-apoptotic regulation as well
as tumor suppressing activity by protecting DNA from oxidative
damage (Kratz et al., 2006; Morton et al., 2009; Powter et al.,
2008, Moreover, 14-3-3 protein family members (14301} posi-
rively regulate proteins with survival prometing functions, such
as telomerase, and negatively regulate the proteins, including p53
and p27, that induce cell apoptosis and senescence (Tzivion et al.,
2006). Also related to the immune response, 14-3-3 proteins have
been shown to collaborate in the events following activation of
the tumor necrosis factor « [TNF-oyNF-sB signal transduction
pathway (Bouwmeester et al, 2004}, even though recent wark
by Medina and Ghahary (2010] also demonstrated that exosomes
containing 14-3-3 beta are released by rransdifferentiating mono-
cytes, triggering the expresslon of marrls metalloprotelnases by
the surrounding cells. The accumulated evidence in fish regarding
14-3-3 protein also demonstrates its important role during stress
responses: its expression is up-regulated following handling stress
in the rainbow trout (Koskinen et al., 2004; Fiol and Kiiltz, 2007;
Kiiltz et al., 2001 ). The identification in our 55H library of elements
relatecd with all the processes described further demonstrates the
ability of E; to promote an inflammatorny state and thus an oxidative
sessingilthead seabream M@. Moreover, although the presence of
14-3-3 members also supgests a pro-survival effect of E; on M@, the
imrolvement of M8 expressec factors like 143b1 in the infAltration
of leukocytes and the remodeling processes can not be discarded if
we bear in mind the physiclogical inflammatory process that takes
place in the gilthead seabreamn gonad during and after the spawn-
ing stages. In addition, the presence in our library of two matrix
metalloproteinase genes [(mmps, mmnpi3), which have previously
been reported to be involved in these seasonal processes and to be
up-regulated by DAMP signals (collagen protealytic fragments] in
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the gilthead seabream (Castillo-Bricefin et al, 2009: Chaves-Pozo
et al., 2008c¢), also confirms the pro-inflammatory activicy of Ez.

The expression of ubiguitin (ubig), ubigquitin transferases{ubedh,
121} and 265 proteasemal subunits (psmd&) is up-regulated upon
viral infection or viral challenge both in humans and fish (Dios
et al., 2007; Feng et al., 2009; Huang et al, 2006; Rise et al.,
20087 by the trigzering of interferon (IFN) signaling pathways,
which results in improved processing of major histocompatibility
complex class | antigens {mhcla, b2m) as a result of the adapta-
tion of the ubicuitin/265 proteasome system proteolytic properties
to the requirements of the immune system [Kriger et al., 2003;
Klpetzel, 2004 Kloetzel and Ossendarp, 2004). The conjugation of
small ubiguitin-related modifiers (semo2) has also been found to
play a role in the signaling events that take place after viral chal-
lenge. In contrast to ubiguitination, SUMOylation, which depends
on ubiguitin-conjugating enzyme 9 {(ubecd), i a reversible post-
translational modification that regulates the function of labeled
proteins rather than targeting them to the proteasome, ceemingly
to be crucial for IFM-I signaling {Chang ct al., 2009; Fuct al., 201 1;
Kubota et al.. 2008), Moreover, the ability of the ubc9/sumao2 sys-
tem to regulate [«Bo and NF-kB interactions, thus affecting the
humoral response, is well established (Anckar and Sistonen, 2007;
Chiu et al., 2005; Salizman et al., 1998; Tashiro et al., 1957). The
ubiguitin/ 265 proteasome system and SUMOvlation have also been
found to play important roles in ER physiology since the activity
of the 265 proteasome is essential for the turnover of ERo and
its cofactors (Lonard et al., 2000 Moreover, SUMOylation of the
co-repressors that interact with ERs increases their activity, while
direct SUMOylation of ERx has also been reported {Gill, 2005;
Rytinki and Palvimo, 2008; Sentis et al.. 2005). Interestingly, ER
expression has been detecred in human monocyres and B lympho-
CyTes in a similar fashion to gilthead seabream. in which ERs are
expressed by M@ and hymphocytes {Liarte et al_, 2011 Malbandian
and Kovats, 2005). surprisingly, the expression of ERx by den-
dritic cells (DC) seems to be crucial for their differentiation, while
Ez treatment on activated DC is able to increase IFN production
{Douin-Echinard et al., 2008; Siracusa et al., 2008), suggesting the
existence of shared estrogenic regulation mechanisms between
gilthead seabream M@ and mamimalian DC.

Immune cells are known to develop complex mechanisms o
455255 the magnitude of their responses, and even slight alterations
in signal strengths result in different cellular outcomes. Taking into
account all the above and the fact that gilthead seabream M@ have
been show to drastically up-regulate the expression of ERs fol-
lowing immune challenge, increasing their sensitivity to By during
the development of the immune response (Liarte et al, 2011), the
idea that E; may play a critical role in the regulation of impor-
tant immune processes like the onset of the inflammasome or the
presentacion of antigens through the direct regulation of NE-kB
activity is guite tempting, Further research into this possibility will
eluridate the importance of this regulation.

In conclusion, our study shows that E; is able to regulate
the expression of many genes asseciated with both cellular and
immune physiology in gilthead seabream M@, Although qRT-PCR
confirmation analysis was limited to a2 small subset of genes, the
great consistency achieved in these analyses lead us to conclude
that most of the identified genes should behave similarly. We
have also identified MF-xB as a common element up-stream in the
molecular pathways, as revealed by the presence of the identified
genes, GO and KEGG enrichment. This conclusion, which agrees
with existing evidence, and further substantiates the involvement
of E; in the innate immunity of the gilthead seabream, in a model
that is of great interest for studying the mocdulation of immunity
by hormones. For this, the exact mechanism of the interaction
between Ez and NF-xB should be addressed. Finally, further work
with the genes seen to be up-regulated by E; may identify suit-
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able markers for assessing innate immune alterations following
exposure to estragenic endocrine disruptors, which are widely dis-
tributed in the environment.
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1 INTRODUCCION

En un mundo poblado por, aproximadamente, 7000 millones de personas, la
demanda de alimentos de origen maring, en concreto pescado, ha elevado |a
presion pesguera sobre los caladeros hasta el punto de poner en peligro su
capacidad de renovacion. La pesca extractiva dificimente cubre el 70% del volumen
pesouero total anual [FAO 2008], situacidon ante la cual la acuicultura se perfila como
la Unica posibilidad de cubrir la demanda en un futuro proximo. En Espafia, situada
en &l puesto 14 del ranking mundial de productores acuicolas v en el puesto 7 del
ranking mundial de exportadores de pescado, |a acuicultura representa el 3% de la
produccion mundial v el 25% de la europea, perfilandosse como un area de actividad

economica de gran relevancia estratégica.

La practica de la acuicultura supone el confinamiento de un gran ndmero de
gjemplares en espacios limitados v su sometimiento & una manipulacion mas o
menos periddica, desencadenandose situaciones de estrés en los animales gue
afectan tanto a los ejemplares adultos coma a larvas v juveniles. Estas condiciones
favorecen el desarrdllo de enfermedades infecciosas que son responsables de
cuantiosas pérdidas econdmicas. Por ello, & conocimiento del sisterma inmunitario
de los peces, en general, ¥y de las especies objeto de cultivo, en paricular, se ha

convertido en uno de los objetivos primarios en la investigacion acuicola

Por otra parte, los peces representan &l primer grupo animal gue poses un
sigtermna inmunitario innato v adaptativo bien estructurados, por 1o gue &l estudio de
l2 inmunclogia de este grupo de vertebrados tiene un interés cientifico basico. AsT,
el sistema inmunitario de vertebrados presenta un patrén comon aungue esto no
excluye la existencia de dferencias importantes entre gjemplares de una misma
egpecie 0 entre diferentes egpecies de vertebrados. El predominio de la respuesta
inmunitaria innata en peces frente al predominio de la respuesta adaptativa en

vertebrados supenores es la mas importante de estas diferencias [Anderson 1252].

El grupo de investigacitn "Sistema Inmunitario Innato de Peces Teledsteos”
en &l gue se ha desarrcllado la presente Tesis Doctoral, tiene una larga trayectoria
en &l estudio del sistema inmunitario de especies medteraneas de interés acuicola,

tales como la dorada (Sparus auvrata L) v |a lubina {(Dicentrarchus fabrax L),
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egpecies gue son de gran interés comercial para la economia de la Comunidad

Autdnoma de la Regidn de Murcia asi como para la economia nacional.

Ubicada en &l marco de referencia expuesto, |8 presente Tesis Doctoral se
centra en &l estudio del sistema inmunitario de dorada, con especial interés en la
comprension de las relaciones existentes entre |los sistemas inmunitario y
reproductor v en como las hormonas sexuales producidas por &ste Oltimo pusden

afectar el desarrollo de los procesos inmunitarios.

1.1 EL SISTEMA INMUNITARIO

La respuesta inmunitaria constituye un mecanismo de defensa frente a
agentes (p.e virus, bacterias, hongos, protozoos v parasitos multicelulares) o
sustancias (p.e. acidos nucleicos, proteinas vy polisacaridos) gue resultan ajenas al
organismo, sin implicar la consecusncia patoldgica de tal reaccidn [Abbas v col.
2001]. El sisterna inmunitario de mamiferos esta formado por células v moléculas
capaces de generar una gran variedad de respuestas inmunitarias acordes con la
diversidad de agentes infecciosos v, en general, |a respuesta inmunitaria se pueds
dividir en dos ramas: innata (natural o inespecdifica) y adaptativa (adguirida o
egpecifica) [Male v Roitt 1296].

La respuesta innata incluye barreras fisicas, células fagociticas, células
citctéxicas naturales y varias moléculas de la sangre (complemento v proteinas de
la fase aguda, etc) gue actian como una primera defensa ante infecciones o dafios
[Male ¥ Roitt 1996, Abbas v col. 2001; Mollen y col. 2008]. La respuesta adaptativa
incluye a linfocitos v los anticuerpos gue secretan v aparece exclusivamente en |los
vertebrados [Abbas v col 2001]. Los linfocitos son capaces de reconocer patbgencs
individuales, para lo que existen dos categorias principales de células: los linfocitos
B (c&lulas B) y los linfocitos T (células T). Las c&lulas B se encargan de reconocer y
combatir patdgencs extracelulares v sus productos mediante anticuerpos gue se
unen especificamente a una molécula diana o antigeno mientras gue las células T
reglizan actividades complementarias como la regulacidn de la produccion de

anticuerpos o la destruccidn de patdgenos fagocitados.
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1.1.1 El sistema inmunitario en peces teledsteos

En peces teledstecs, < sistema inmunitario muestra caracteristicas
similares al de aves ¥y mamiferos, con respuestas celulares ¥ humorales gue posesn
las caracteristicas de especificidad ¥y memoria [Van Muiswinkel 1295] Su respuesta
innata consta de barreras fisicas (epitelios v mucosas), efectores celulares (células
fagociticas y citctdxicas no especificas) y factores humorales (complemento v otras
proteinas de |la fase aguda) v su respuesta adaptativa engloba un components
celular (linfocitos) v ctro humoral {anticuerpos) Sin embargo, pese a3 sus
semejanzas con el sistema inmunitario de otros vertebrados, existen diferencias
claras como por ejemplo gue logs peces dependen en mayor grado de los
mecanismos de defensa innatos, principalments, en condiciones ambientales de
baja temperatura (los peces son animales poiguilctermos) yva gue la respuesta
inmunitaria adaptativa es dependente de la temperatura [Cuchens vy Clem 1977,
Avtalion 1981; Abruzzini y col 1882 Clem v col 1984, 12971 Miller y Clem 1284].

Los Organos v tejidos del sisterna inmunitario en teledsteocs se han
clasificado, como en mamiferos, en drganos primarios ¥y secundarios [Zapata v col.
1998]. Entre los drganos primarios, el rifidn constituye su drgano hematopoyético
por excelencia vy consta de dos partes la anterior o cefalica, con funcidn
fundamentalmente hematopoyética, v 1a posterior, con funcidn  basicamente
excretora. El bazo es el drganc linfoide secundarnio mas importante aungue presenta
pocos linfocitos gue pueden incrementar en nimero mediante la administracion de

un antigenc [Roca 20049

Después de las escamas, |la piel ¥ el mucus actian como la primera barrera
defensiva La respuesta celular innata de los peces incluye una gran variedad de
leucocitos, entre ellos s incluyen los fagocitos (monocitos/macréfagos vy
granulocitos) v las células citotdxicas no especificas [Secombes 19968]) Los
fagocitos tienen una mayor importancia en la inmunidad innata por su capacidad de
eliminar virus, bacterias y parasitos [Rowley v ool 1988, Secombes v Fletcher 1992,
Sepulcre v col 2002 v, ademas, pueden ser los iniciadores de la activacion y
regulacidon de la respuesta inmunitaria egpecifica [Clem vy ool 1985, 1221; Vallejo v
col 1992, El proceso de fagocitosis en peces presenta las mismas etapas descritas
para los leucocitos de mamiferos, finalizando con dos mecanismos responsables de

la muerte de los microorganismos fagocitados: la produccidn de intermediarios
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reactivos de oxigeno (ROIs) v la produccidn de dxido nitrico (OMY v ofros
intermediarios reactivos de nitrdbgeno (RNIs) Ademas se conoce que los ROIs
producidos por los fagodtos de peces tienen actividad bactericida [Sharp vy

Secombes 1993, Skarmeta vy col. 1995].

Junto g los efectores celulares existe una gran variedad de sustancias gue
actlan en la defensa innata de los peces [Alexander e Ingram 1992, Estas se
pueden clasificar funcionalmente en: (1) inhibidores del crecimiento bacteriano como
la transferring, antiproteasas y ceruloplasming, (2) inhibidores de la replicacién viral
como el interferdn, (3) inhibidores de toxinas bacterianas, (4) lisinas como la
lisozima o la quitinasa, (%) aglutininas y precipitinas como las lectinas v la proteina C
reactiva, y por Gltimo (8) los componentes del complemento gue desempefian una
gran cantidad de funciones, entre las gue destaca la actividad guimictactica para
leucocitos [Lamas v Ellis 1994, |a gpsonizacion [Sakai 12848, b), |a inactivacidn ds
determinadas toxinas [von Eschen y Rudbach 1974 Ellis 1980, Sakai, 19840] |a

actividad bactericida [Sakai 1283], |a citctoxicidad y 1a inactivacién viral [Sakai 1222].

El sistema inmunitario innato utiliza un amplio espectro de receptores gue
reconocen patrones moleculares asociados a patdgenos (PAMPS) v gue han sido
denominados receptores de reconocmiento de patrones (PRRAs). Estos receptores
pueden estar presentes en |la superficie celular, en compartimentos intracelulares,
en el citosol 0 pueden estar solubles en la sangre © en los fluidos tisulares
[Medzhitoy v Janeway 2000 Las principales funciones de estos receptores incluyen
l2 opsonizacion, la activacion de las cascadas del complemento v la coagulacion, la
fagocitosis, 1a activacidon de vias de sefiales pro-inflamatorias v 18 induccidn de 1a

apoptosis [Medzhitoy v Janeway 2000,

Asimismo, en la regulacidon de |la respuesta inmunitaria de teledsteos
participan las citoquinas [Vileek 1297], moléculas gue medan gran parte de las
fases efectoras de la inmunidad innata vy |a adaptativa [Abbas v col. 2001]. Las
citoguinas gercen multiples funciones entre las gue s2 incluyen |a regulacion de la
proliferacion vy la diferenciacion de poblaciones linfocitarias asi como la activacion y
la regulacion de las c&lulas inflamatorias (fagocitos mononucleares, neutrdfilos v
eosindfilos). La secrecidon de citoguinas es breve y autolimitada vy su sintesis se
inicia por una nueva transcripcidn génica. En general, las citoguinas inician su

accion uniéndose a receptores de superficie presentes en la célula diana, los cuales
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tienen una elevada afinidad v su expresidon es regulada por sefiales especificas (otra

citoguina o incluso la misma citoguina) [Roca 2009]

Finalmente, el sistema inmunitario adaptativo de teledsteos, al igual que &l
de mamiferos, presenta memora [Wan Muiswinkel 19295] Tras un primer contacto
con el antigeno (respuesta primarna) se produce un menor titulo de anticuerpos
especificos en el suero, gue &l producido en posteriores contactos (respuesta
secundaria), siendo esta respuesta dependiente de la temperatura. La iniciacidn de
la respuesta inmunitaria adaptativa estd controlada por los macrdfagos gue
funcionan como cilulas presentadoras de antigenos para los linfocitos [Clem y col,
1985, Vallgjo v col. 1992, Los linfocitos, a su vez, producen citoguinas gue activan a
los macréfagos tras ser estimulados con un antigeno [Graham v Secombes 1288].
De esta manera se mantiene una coordinacion vy regulacidon mutuas entre |3

respuesta inmunitaria innata v la adaptativa

En dstintos trabajos sobre inmunidad innata en dorada, realizados en el
seno de nuestro grupo de investigacion, se ha descrito un tipo de leucocito, el
granulocito aciddfilo, gue constituye el tipo de fagocito mas activo y abundante v que
desarrclla funciones similares tanto a las de los neutréfilos como a las de los
macrofagos humanos [Abbas v col. 2001, Sepulcre y col. 2002, Chaves-Pozo v col.
2004, 20053, b].

1.2 EL SISTEMA REPRODUCTOR

En wertebrados existe una gran diversidad de estrategias de reproduccion
gue hacen que la actividad gametogénica sea constante a lo largo del afio o ciclica,
en e caso de vertebrados de puesta estacional [Johnson v Mguyen 1986 Sinha-
Hikim v col. 1988]). En este Ultimo caso, la gbnada sufre importantes fluctuaciones
en la actividad gametogénica asi como procesos de remodelacion fisular. La
regulacion de estos procesos depends, en gran medida, de las gonadctropinas
((5THs), sintetizadas y secretadas por la hipdfisis, las cuales inducen la secrecion de
esteroides y/o factores de crecimiento en distintos tipos celulares de la gdnada.
Entre los esteroides destacan las hormonas sexuales, con especial relevancia del
andrbgeno testostercna (1) vy del estrogeno 173-estradiol (E2) [Johnson v MNguyen
1986, Sinha-Hikim v col. 1988].
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1.2.1 El sistemareproductor en peces teledsteos

Los peces constituyen el grupo de vertebrados con mayor diversidad de
estrateqias reproductivas. Asi existen especies gue desarrollan un Onico sexo
funcional a o largo de su vida (gonocoristas) vy especies gue presentan ambos
sex0s funcionales a lo largo de su vida (hermafroditas). Las especies gonocoristas
pueden ser i) primarios o diferenciados si Onicamente desarrollan un tipo gonadal,
i) indiferenciados si todos los individuos inicialmentse desarrcllan un ovario
indiferenciado, el cual degenera en la mitad de la poblacién para desarrcllar un
testiculo funcional o i) secundarics s desarrcllan una gonada hermafrodita que
posteriormente evoluciona hacia un sexo Onico. Las especies hermafroditas pusden
ser secuenciales, hablando entonces de especies protoginicas o protandricas en
funcion  del sexo gue desarrcllen antes, & femening o &l masculing,
respectivamente, © puedsen ser especies ambisexuales s desarrollan ambas

gonadas simultaneamente [Devlin y Magahama 2002]

De forma similar a 1o gue ocurre con las estrategias reproductivas, los ciclos
reproductivos presentan una gran diversidad dependiendo de abundantes factores
ambientales tales como fotoperiodo, temperatura, osmolaridad, disponibilidad de
alimento, etc. y se pueden clasificar en funcidon de la longitud del periodo de puesta.
Asi hay i) especies como log salmdnidos, caracteristicas de clima frio, gue ponen
durante varias semanas al afio, i) especies como |la dorada v la carpa comn,
caracteristicas de clima templado, que ponen durante varios meses al afio y i)
egpecies caracteristicas de clima tropical, gue ponen durante todo el afic. Este
comportamiento se ve reflejado en el ciclo gonadal ya que en las especies de
puesta estacional este ciclo se puede dividir en cuatro efapas gametogénesis,
puesta, post-puesta y quiescencia, mientras que las especies que ponen durants
todo el afic carecen de las fases de post-puesta y quiescencia [Scott 1987, Miura
1929, 5in embargo, a pesar de esta gran diversidad de estrategias v ciclos
reproductivos, las caracteristicas morfoldgicas vy funcionales de la gonada de
teledsteos estan muy conservadas incluso en las especies hermafroditas [Le Gac y
Loir 1994].

La dorada es una especie hermafrodita protandrica de puesta estacional gue
presenta una gonada bisexual compuesta por un area ovarica, mediodorsal, ¥ un

area ftesticular, lateroventral Los ejemplares de dorada se  desarrollan,
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funcionalmente, como machos durante los dos primercs ciclos reproductivos,
pudiendo postericrmente pasar a hembras [D°Ancona 1841, Pascuali 1241, Zohar y
col 1978]. Como se ha descrito en esta especie, el primer ciclo reproductivo consta
de las cuatro etapas mencionadas: gametogénesis, puesta, postpuesta v
quiescencia. Durante las etapas de post-puesta ¥y quiescencia, la gdnada de la
dorada sufre importantes cambios morfoldgicos, fruto de una remodelacion tisular,
conducente a la eliminacidn de los espermatozoides remanentes del ciclo anterior v
a la recrganizacion del tejido germinal [Chaves-Pozo v col. 2005c]. Estos procescs
se correlacionan con un marcado aumento en los niveles séricos de Ex ¥ de la
disminucidon de los androgenos, T vy 11-cetotestosterona (11-KT),  principal

androgeno en esta especie [Chaves-Pozo v col. 2008g]

1.3 INTERACCION INMUNO-REPRODUCTORA

En mamiferos existen diferentes poblaciones de leucocitos en la gonada
(linfocitos, granulocitos, células cebadas v macrdfagos) cuya presencia v
funcionalidad asi como su capacidad de activacién y la intensidad de la misma
estan fuertemente reguladas por factores solubles Estos factores solubles
(citoquinas y hormonas) son producidos por las células gonadales a fin de impedir &l
desarrollo de reacciones inflamatorias cronicas gue den lugar a2 reacciones
autocinmunes v esterilidad funcional. A su vez, faciores solubles (citoguinas,
quimioguinas, etc) liberados por las poblaciones de leucocitos gonadales, participan
en la regulacion de funciones testiculares y ovaricas tales como |a esteroidogénesis,
la espermatogénesis vy la foliculogenesis [Hedger 1997 Hunt v Johnson 1999,
Bukulmez v Arici 2000,

Fuera de la gbnada, |las hormonas sexuales estercideas son capaces de
regular las funciones de los leucocitos circulantes en sangre o presentes en ofros
tejidos. Diversos estudios han demostrado gue diferentes poblaciones de leucocitos
presentan receptores intracelulares vy de membrana tanto para Ex: como para T,
siendo estas hormonas capaces de modular sus actividades [Benten v col. 1998,
20071, Zhang vy col. 2007, Guo y col. 2002]. Sin embargo, los efectos mas estudiados
en mamiferos son los relacionados con las variaciones fisioldgicas de los niveles de
E- v su influencia en la respuesta inmunitaria [Straub 2007). Asi, las variaciones en
los niveles de E: se han correlacionado con alteraciones del comportamiento

migratoric vy de la expresion génica de citoguinas v otros mediadores de |3
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inflamacion en linfocitos ¥y en macrdfagos [Yoshida v ocol 1926 Harkdnen v
Vaananen 2006] Ademas |la evidencia acumulada en dferentes modelos de
mamiferos v en humanos demuestra la capacidad de los estrbgenos y, en concreto,
del Eyx para alterar las actividades de las células endoteliales promoviendo (i)
vasodilatacion, (i) incremento de la permeabilidad capilar, (i) alteracion de |a
expresion géenica de citoguinas y otros mediadores de la inflamacion y (v) alteracidon
de la adhesion de plaguetas v leucocitos, representando estos efectos un gran
impacto en el desarrollo de las enfermedades cardiovasculares mediante |z
reduccion de los procescs de inflamacion y extravasacion de leucocitos de las
zonas estenosadas [Milsson 2007, Straub 2007

1.3.1 Interaccidn inmuno-reproductora en pecesteledsteos

En la gbnada de teledsteos hay leucodtos cuyo fipo (granulocitos,
macrdfagos v linfocitos), abundancia v localizacidn varian en funcidon de la época del
ciclo reproductor v de la especie [Billard v Takashima 1983; Scoft v Sumpter 1989,
Besseau v Faliex 1994, Bruslé-Sicard v Fourcault 1997, Lo Mostro vy ool 2004].
Estos leucocitos gonadales de peces, al contrario de lo que ocurre en mamiferos, no
eran considerados como una poblacidn propia de la gdnada, sino que infiltraban &l
Organgc, en mayor o mencr medida, dependiendo de la época del ciclo reproductor,
Sin embargo, trabajos realizados en nuestro laboratorio han demostrado gue en la
dorada, al menos un tipo de leucocito, el granulocito aciddfilo, es reclutado mediants
factores solubles secretados por la gbnada v, aparentemente, forma parte activa de
los procesos de reorganizacidn tisular gque ocurren tras la puesta [Chaves-Pozo y
col 20053). Ademas, estudios in vitre han demostrado que una vez infiltrados, éstos
se especializan funcionalmente vy constituyen una subpoblacion especifica del
testiculo de forma similar a lo gue ocurre en mamiferos con los macrdfagos
testiculares [Hedger 2002, Chaves-Pozo vy col. 20053] Asi, estos granulocitos
acidéfilos muestran una alteracion de sus principales funciones: produccion de
ROls, capacidad fagocitica v produccion de interleuquina-10 (11D [ChavesPozo v
col 2003, 20053). Ademas, esta infiltracion de granulocitos  acidéfilos se
correlaciona con aumentos fisioldgicos de los niveles séricos de B [Chaves-Pozo y
col 2008a], mientras que la administracidon exdgena de B, es capaz de inducir su

movilizacidn desde el rifidn cefalico hasta |a gdnada [Chaves-Pozo vy col. 2007].

Al igual gque ocurre en mamifercs, en teledstecs las hormonas sexuales
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regulan las funciones de los leucocitos. Asi, inyecciones intraperitoneales de Ex o
11-KT inhiben de forma dosis dependiente |a fagocitosis, la explosion respiratoria y
la produccion de ON en macrdfagos de rifidn cefalico de carpa [Yamaguchi y col.
20071, Watanuki v col. 2002]. Ademas se ha comprobado gue la T, al igual gue &l
cortisol, inhibe la activacion de células B en salmdnidos [Slater v Schreck 1923], &l
E: deprime el sistema inmunitario ¥ aumenta su susceptibilidad a infecciones por
tripanosomas en el pez dorado [Wang v Belosevic 1924] v disminuye la sintesis de
péptidos antimicrobiancs como las hepcidinas en la perca americana [Robertson
col 20021 En la dorada, un estudio reciente [Cuesta v col. 2007] demuestra gue
inyecciones intraperitoneales de T v E: alteran los valores de algunos parametros
inmunclogicos. Asl, la T incrementa las actividades del complemento v peroxidasa
mientras que el E: reduce |a actividad del complemento v los valores plasmaticos de

inmunoglobuling M.

Todas estas observacionss nos han conducido, en primer lugar, a examinar
el papel de log granulocitos aciddfilos de dorada en el correcto funcionamiento de la
gonada durante &l segundo ciclo reproductor de los machos, previo al cambio de
sex0 v, en segundo lugar, a estudiar los efectos de los estrdgencs schre |a
respuesta inflamatoria en esta especie En conjunto, esta investigacion representa
un esfuerzo por intentar comprender como las actividades del sistemna reproductor
pueden comprometer las actividades del sistema inmunitaric. Sin duda se trata de
investigacion basica, de gran interés, que resulta de mayor relevancia si tensmos en
cuenta la creciente presencia en &l ambiente acuatico de contaminantes, producidos
por & hombre, con capacidad para actuar como disruptores endocrinoes, 1a mayoria

de ellos con capacidad estrogénica. Entre ellos destaca e 17 e-stinilestradiol (EE.),

compuesto farmacoldgico, que forma parte de la casi totalidad de las pildoras o
anticonceptivos orales mas modemos, con una actividad estrogénica de 10-50
vecses la actividad del estrogeno natural Es. Bl EE. 58 caracteriza por su vida media
amplia en &l medio v su capacidad de bicacumularse, alcanzando aumentos de 650
veces en el total del organismo con respecto a la concentracion de exposicion [Lai y
col 2002; Gibson y col. 2005 Fenlon vy col. 2010]. Bl EE. esta presente en aguas
superficiales vy efluentes eurcpeas en concentraciones de 05 a 62 ng/ [Kuch vy
Ballschmiter 2000 Johnson vy col. 2005 Hinteman v col. 2008], concentraciones
capaces de alterar |a fisiclogia de los peces [Ternes v col. 1999, Johnson v col,
2005, Hinteman v col. 2006; Garda-Reyero y col. 20117
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2 OBJETIVOS

21.

22

2.3,

2.4

2.0

Caracterizar |la gbnada durante el segundo ciclo reproductor de dorada

mostrando una especial atencidn a los leucocitos presentes en ella

Estudiar el efecto de log estrdgenos, naturales vy sintéticos sobre las
células endoteliales vy como éstos puedsn alterar el reclutamiento v

extravasacion de los leucocitos de dorada,

Estudiar el efecto del 1708-estradiol scbre las principales actividades de los

leucocitos de rifidn cefalico de dorada.

Analizar el papel de los macrifagos como mediadores de los efectos del

17B-estradiol en los leucocitos de dorada.

Estudiar mediante t&cnicas transcriptdmicas la modulacion de la expresion

génica de los macrdfagos de dorada expuestos a 17R-estradiol.
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3 PRINCIPALES RESULTADOS Y DISCUSION

31 Los leucocitos de dorada infiltran la godonada y participan en el

procesode regeneracion tisular que precede al cambio de sexo

Aungue |la presencia de leucocitos en la gdnada de mamiferos, donds
realizan tareas de vigilancia inmunolbgica y participan en 1a regulacion de diferentes
aspectos reproductivos, esta establecida [Hedger 1297 Hunt v Johnson 1999
Bukulmez v Arici 2000], el estudio de leucocitos en la gdnada de peces ha recibido,
hasta ahora, poca atencidon, v la mayoria de los estudios tienen un enfogue,
principalmente, morfoldgico debido a la carencia de marcadores especificos [Billard
y Takashima 19683, Scott v Stumper 1289, Besseau v Faliex 1294 Bruslé-Sicard y
Fourcault 1997, Lo Mostro v col. 2004 Asl, aungue varios trabajos habian abordado
el cambio de sexo de la dorada desde un punto de vista eminentemente reproductor
[O’Ancona 1841, Pascuali 1941 Zohar v col 1978], ninguno lo hakia hecho
considerando el papel de los leucocitos en este proceso. La gdnada de la dorada, al
tratarse de una especie de puesta estacional v hermafrodita protandrica, presenta
un interés especial debido a los procesos de involucidn v remodelacion tisular gue
ocurren en ella tras la puesta v en el periodo de tiempo previo al cambio de sexo. En
el primer ciclo reproductor de los machos de dorada destaca, entre ofros procesos,
la infiltracion de numercsos granulocitos aciddfilos en el area testicular de la gonada
en la &poca de post-puesta. Los granulocitos acidéfilos muestran caracteristicas
funcionales especificas, una vez gue infiltran el testiculo [Chaves-Pozo v col. 20053,
b, c].

En este trabajo [Liarte v col. 2007] estudiamos la morfologia de la gbnada
durante el segundo ciclo reproductor de la dorada, previo al posible cambio de sexo,
prestando especial atencién a |los procesos degenerativos gque ocurren en el
testiculo en las etapas que tienen lugar tras |la puesta, asi como 2 la presencia de
leucocitos. Tras |las fases de espermatogeneasis v puesta, en el area testicular de la
gonada se observa un proceso degenerativo caracterizado por la gparicion de
amplias areas necrdticas v 1a presencia de espermatogonias primarias en apoptosis,
procesos gue son mas intensos y estan mas extendidos gue en el primer ciclo
reproductor [Chaves-Pozo vy col. 2005c]). Paralelaments a estas observaciones se

detectd una caida en los niveles de expresion del marcador de actividad testicular
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dmritd, acompafiado de una leve actividad proliferativa en la porcidon ovarica v &l
inicio de la maduracidn de los codtos inmaduros presentes en ella, alcanzando los
primeros estadios vitelogénicos al final del segundo ciclo reproductor. Todos estos
fendmenos gue comienzan durante la stapa de post-puesta ¥ aumentan en
intensidad durante una etapa posterior no descrita en el primer ciclo reproductor,
que sustituye a la etapa de guifescencia v que denominamos etapa de invelucion
testictifar, parecen preparar a la gonada para el cambio de sexo. 5in embargo, los
cambios observados no son restrictivos ni irreversibles, como indica la deteccidn de

tan solo un 4070 de hembras en el siguients ciclo reproductor,

La presencia de leucocitos en la gonada a lo largo del segundo ciclo
reproductor guedd confirmada medante la deteccidn inmunocitoquimica de los
granulocitos aciddfilos v de |la expresion de los siguientes genes marcadores: i) &l
receptor del factor estimulante de colonias de macrdfagos (mesfr) (macrofagos), i)
la cadena 3 del receptor de células T (feri (células T y i) 1a cadena pesada de |a
inmunoglobulina M (igmfn (células B). Si bien la participacién de macréfagos v
linfocitos en los procesos de remodelacion descritos no pudo ser confirmada, =l
patron de infiliracién gue muestran los granulocitos aciddfilos, con un claro aumento
de su presencia al inicio de |la etapa de post-puesta v un posterior repunte durante la
de involucion testicular, confirmaria la hipdtesis de que estas c&lulas participan en
dichos procesos. Esta supcosicion estaria ademas apovada por la deteccion,
alrededor de las areas necrdticas, de grupos grandes de granulocitos aciddfilos gue
presentan una ultraestructura alterada y caracterizada por la presencia de granulos
de contenido heterogénec fusiocnados unos a ofros ¥ con la membrana plasmatica.
FPosteriormente, estas chservaciones fueron corrcboradas al comprobarse gue los
granulocitos aciddfilos presentes en el testiculo muestran actividad metaloproteass,
la cual estd involucrada en los procescs de infiltracidn leucocitaria y recrganizacion

de la matriz extracelular [Chaves-Pozo y col. 2008k

Datos obtenidos por nuestro grupo de investigacidn en dorada relativos a (i)
los niveles plasmaticos de E; a lo largo de los dos primercs ciclos reproductores, (i)
l2 infiltracion de granulocitos aciddfilos en |a gbnada tras la inyeccion intraperitoneal
de Eg, (i) la capacidad de la gdnada de alterar |3 actividad metaloproteasa de los
granulocitos acidéfilos procedentes del rifidn cefalico, afectando por tanto su
capacidad de movilizacion y (iv) la variacion de los niveles de expresion de diversos

genes de relevancia inmunoldgica [sefectina-E (sefe), quimicquing CC figando 4
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(ccid), factor de necrosis tumaral a (infa), factor de crecimienio transformante b
(tgfh), receptor def factor de crecimiento transformante b (tgfor)] [Chaves-Pozo v cal.
2007, 2008z, b, c] nos llevaron a plantearnos & conocer los mecanismos medante
los cuales las hormonas estercideas v, en concreto, |os estrdgencs podrian estar
implicados en e comportamiento de los leucocitos dentro vy fuera de los drgancs

reproductores.

3.2 Los estrogenos modulan la respuesta inflamatoria de las células

endoteliales de dorada

La evidencia acumulada en humanos v en dversos modelos de
enfermedad cardiovascular ha demostrado la capacidad que tienen los estrogencs
para regular la fisiologia de las células endoteliales, alterando su capacidad de
sefializar la inflamacion v de mediar en el proceso de infiltracion leucocitaria [Milsson
2007, Straub 2007). En esta linea, los resultados obtenidos en dorada sugieren |a
capacidad del E: para modular los procesos de infiltracidn leucocitaria en esta
especie, ya gue como se ha expuesto, el E; es capaz de promover la migracidn de
granulocitos aciddfilos i vive hacia la gbnada [Chaves-Pozo vy col 2007] asi como
de modular la actividad metaloproteasa de estas células vy, por tanto, alterar su

capacidad de infiltracion [Chaves-Pozo v col. 200840].

Para comprobar si las observaciones hechas en mamiferos tienen su
correlato en teledsteos, en el siguiente trabajo [Liarte v col. 2011a] investigamos |os
efectos de dos estrogenos: i) la forma natural presente en dorada, el Ex v i) una
forma sint&tica con gran actividad estrogénica, el EE., sobre las capacidades
inflamatorias de las células endcteliales de dorada El EEs esta presente en la
mayoria de lag plldoras anticonceptivas v en los tratamientos hormonales
sustitutorios y es un contaminante habitual en los ecosistemas acuaticos. El andlisis
de expresidn de los tres genes, conocidos en dorada [Pinto y col. 2005, 2008], del
receptor intracelular de estrogencs (era, erB?, erbZ) en células endoteliales,
demostrd la presencia de era v erb? en estas células v que los estrogenos modulan
SU  expresion. Asi observamos aumentos o disminuciones de su expresion
dependiendo del estrdgeno utilizado, Ex o EE:, vy de la concentracion utilizada (5 o
50 ngimly) Ademas, la expresion de estos receptores se altera en respuesta a

diversos PAMPs. Estos datos demuestran gque en peces, al igual gue en mamiferos,
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las c&lulas endcoteliales responden a estrdgencs y modulan su respuesta a

estrogencs a lo largo de una respussta inflamatoria [Milsson 2007,

Una de las manifestaciones mejor caracterizadas de log tratamientos de Ex
en c&lulas endoteliales de mamifercs es &l aumento de los niveles del vasodilatador
oM [Milsson 2007], fendmeno gue no ocurre cuando las células endcteliales son
tratadas con EE; [Arnal y col 1996]. A este respecto, los resultados cbtenidos en
células endoteliales de dorada se correspondsn con [o descrito en mamiferos,
demostrando la proximidad existente en la regulacidn de la fisiclogia de las células

endcteliales entre teledsteos v vertebrados superiores.

El andlisis de la expresidon génica de moléculas importantes para 1a
respuesta inmunitaria de las células endoteliales tratadas con Ex o EEx armojd
patrones de expresion distintos. Asi, el B, parece tener un efecto pro-inflamatorio ya
Jue es capaz de inducir la expresidn de quimioguinas (f 8 v cofd) v moléculas de
adhesitn (sefe) en las células endoteliales e incrementa, ademas, la expresion de
citoquinas (#1h, {8, tnfa) v PRRs [receptor simifar a Tolf (tlr) 5 anclada a membrana
(Hiramb), thr2 ¥ #r22)] cuando las células son co-estimuladas con ADM-bacteriano
(ADM-) 5in embargo, e EE: parece actuar en sentido contrario, ya que mientras
sus efectos en solitario sobre |a expresion génica son leves, el EE: reprime de forma
dosis dependiente |a expresion de citoguinas (if18 v tnfa), guimioguinas (18 y ocfd) v
sefe en las células endcteliales co-expuestas a ADM-b. Este comportamiento tan
distinto, aln tratandose de dos compuestos estrogénicos, podria ser debido a gue
en dorada, de forma semejante a o gue ocurre en mamiferos, las células
endcoteliales presentan una mayor afinidad del EE: por era que por erb? mientras
que la afinidad del Ex es similar por ambos receptores [Barkhem v col. 1998; Kuiper
y col 1998]

Los citados efectos del E: schbre la expresion génica de las células
endcteliales parecen traducirsse en una alteracion de sus capacidades funcionales.
Asi las células endoteliales expuestas a Eo presentaron una mayor capacidad para
adherir leucodtos que las células no tratadas. Sin embargo, a pesar de la alta
induccidn detectads en la expresion génica de factores pro-inflamatorios
quimioguinas, =l medio condicionado de las células endoteliales tratadas con Ex no
incujo la migracion de los leucocitos de rifidn cefalico. Si bien estos datos sugieren

gue la induccidon de guimioguinas en células endoteliales expuestas a Ex no seria
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suficiente para promover la infiltracion de leucocitos, probablemente debido a la
ausencia de factores guimictacticos liberados por &l tejido subyacente in vive [Ebnet
y col. 1996], todo lo antericrmente expuesto viens a confirmar que las células
endcteliales vy los estrogenos juegan un papel fundamental en la regulacidn del

trafico de leucocitos en la dorada.

3.3 El 17 B-estradiol modula la respuesta inflamatoria de los leucocitos de

dorada

Ademas de sus funciones reproductoras, los datos obtenidos en mamifercs
demuestran como log esteroides gonadales pueden interactuar con receptores
intracelulares v de membrana presentes en las células efectoras del sistema
inmunitario modulando su actividad [Benten y col. 1298, 2001; Zhang v col. 20071,
Guo y col 2002 Aungue la bibliografia existente sobre la expresion de receptores
de estercides en leucocitos de peces es e3casa vy poco concreta [Slater v col. 1995,
Law v col. 2001], ciertos datos obtenidos en dorada [Chaves-Pozo v col. 20053,
2007, Cuesta y col. 2007] sugieren que los estercides gonadales y en concreto el Es

modulan directamente el comportamiento de los leucocitos.

Para confirmar dicha hipdtesis, en este trabajo [Liarte v col 201160
analizamos la expresion de los tres genes que codifican para los receptores
intracelulares de estrogenos (era, erb?, erb?) conocidos en dorada [Pinto y col.
2005, 2008], en aguellos tipos de leucocitos presentes en la gdnada de dorada.
Sorprendentemente, mientras los granulocitos aciddfilos tanto de rifidn cefalico
como testiculares carecen de la expresion de algin receptor intracelular de
estrogencs, los macrdfagos v linfocitos de rifidn cefalico expresan constitutivaments
gra Estos datos contrastan con los resultados descritos en mamiferos, en los gue
macrofagos v linfocitos expresan constitutivamente los dos genes conocidos del ER
{era ¥ erf?) ¥ en los que se detecta un mayor nivel de expresion basal de era frente a
erly o gue se considera un mecanismo de control de los efectos del Es [Straub
2007]. Sin embargo hay gue resaltar que en macrdfagos v linfodtos de dorada
estimulados con ADM-b se induce |a expresion de era, et y erB2 indicando |z
capacidad del sisterna inmunitario de modular su sensibilidad a estrogenos en &l

transcurso de la respuesta inmunitaria.
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Ensayos funcionales in vitre con leucocitos de rifidon cefalico demaostraron
gue distintas concentraciones de E; eran incapaces de alterar significativamente su
comportamiento migratorio, Sin embargo, la mayor concentracidon ensayada inhibid
ligeramente |a fagocitosis v diversas concentraciones modficaron la produccion de
ROls de los leucocitos cuando éstos fueron co-estimulados con ADM-b. Todos estos
datos sugieren la existencia de una regulacion indrecta del E» sobre los granulocitos
aciddfilos a través de su efecto sobre macrdfagos v/o linfocitos, ya que, a pesar de
no expresar receptores intracelulares de estrogenos, sus funciones se ven alteradas

en presencia de Ex.

Analizando el efecto del E; sobre la expresidn génica de macrbfagos
demostramos que el Es, solo o acompafiado de ADM-b, induce |la expresion de erb2
y estimula la expresion de era asl como de la mayoria de los genes de relevancia
inmunitaria estudiades: citoquinas pro-inflamatorias (#18, #6, tnfa), quimioguinas
{ccid, #8), metaloproteasas de |la matriz exdracslular (mmg) {mmpd mmpid),
receptores inmunitarics (tiramb, receptor simifar a Toll & salubfe (tr58), 8, th22) y
moléculas  efectoras [proteina de resistencia de myxovirus  influenza  (mx),
ciciooxigenasa 2 fcoxZ)]. En este sentido, 1a uilizacidn de medio condicionado de
macrofagos expuestos a E. nos permitid comprobar como los efectos del B sobre la
expresion genica de macrdbfagos se traducen en |la capacidad de estos medios para
inhikir 1a hakilidad vy la capacidad fagocitica de los leucocitos de dorada asi como su
produccion de ROIs a tiempo corto, tal v como ocurre al tratar leucocitos totales con
E. Sorprendentements, estos medos no fueron  efectivos  para  alterar
significativaments el comportamiento migratorio in vitre o la produccion de ROIs &

largo plazo de los leucocitos de dorada.

34 El 17B-estradiol altera la expresidon génica y la fisiologia de los

macréfagos de dorada

La gran habilidad demostrada por el Es para estimular la expresion de
multitud de genes involucrados en la respuesta inflamatoria en macrdfagos (punto
3.3) sugiere la capacidad de esta hormona para modular un amplic espectro de
rutas moleculares en este tipo celular. Para comprobar esta hipdtesis, en este ltimo
trabajo [Liarte y col 2011¢] decidimos realizar un analisis transcripcional en
macrofagos expuestos a Ex empleando para ello la técnica de supresion mediante

hibridacion substractiva (S5H), téconica gue permite &l analisis 2 gran escala de |la
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expresion dferencial existente entre muestras control (macréfagos) v muestras
sometidas a tratamiento (macrdfagos tratados con Ex) Asi, empleando SSH
consegquimos aislar 363 secuencias Onicas (Uni-gen) candidatas a ser elementos de
respuesta a estrogenos. De estos uni-genes, tras realizar un analisis comparativo
con las bases de datos de secuencias existentes encontramos dos grupos: (17 205
uni-genes son huérfanos de ortdlogo significativo y gue representan elementos,
potencialmente, desconocidos de la fisiologia de los macrdfagos v (21 162 uni-genes
se identificaron significativamente con 158 secuencias previamente descritas,
algunas de las cuales fueron analizadas medante reaccidn en cadena de la
polimerasa (PCR) a tiempo real para comprobar la validez de los resultados

obtenidos.

El analisis del conjunto de ortdlogos identificados siguiendo las reglas del
Gene Onthelogies Consorivm (GO) v de la Kyoto Enciclopedia of Genes and
Genomics (KEGGE) permitid |2 cdasificacion funcional de éstos, proporcionandoncs
una vision integral del efecto que &l E: tiene sobre la modulacitn transcripcional en
macrofagos. Mediante &l analisis GO, gue s2 centra en las capacidades funcionales
de cada uni-gen, se identificaron 25 términos estadisticamente representativos gue
se agruparon en 3 categorias (compartimiento celular, funcidn molecular ¥ procescs
bicldgicos)  Asi, en |la categoria  Compartimente Cefular se  agruparcn
maycoritariamente en los términos offopasma v nticfea, en la categorfa Funcion
Mofecufar |0 hicieron mayoritariamente en &l té&rmino union a prefeinas v en la
categoria Procese Bioldgico los términos mas representados fueron regiifacion
bioldgica, procesc del sistema inmunitario, respuesta a estimulo e interaccion
fisiofogica. Es de destacar que todos 1os procesos bioldgicos mencionados tienen
una elevada relacidn con la respuesta ante un estimulo inmunitario, cbhservacion gue
refuerza € papel previamente sugerido del Ex como actor relevante en la regulacion
de la respuesta inmunitaria de la dorada. Para comprobar la veracidad de estas
observaciones se estudid mediante el analisis KEGG |2 participacion de cada uni-
gen en rutas moleculares caracterizadas, revelando la activacion de diversas rutas
de marcado caracter inmunitario como pracesade y presentacion de antigencs o
infeccion por bacterias enferofoxigénicas, asl como ofras rutas de caracter
fisioldgico relacionadas con la inmunidad como profecsoma o regulacion del

citoesqgueleto
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El escrutinio de los ontdlogos identificados permitid identificar la activacion
de elementos involucrados en diversos procesos due escapan al anilisis
computacional vy entre los gue destacan los procesos relacionados con i)
supervivencia [genes de proteinas anti-apoptdticas como profeina de fa famifia
“veftfa B CClAinfoma 77, miembra B (bolrl) v proteina 14-3-3 Al (14381])), i la
deteccion de estimulos inmunitarios [genes codficantes de PRRs como receptor
simifar a NOO C-2 (nirc2) v heficasa especifica de tefide linfoide (heffs]], i el
procesamiento v la presentacion de antigenos [genes codificantes de proteinas gue
participan del proteasoma inmunitario v de los complejos de histo-compatibilidad
como  subtmidad 26s del profeasoma (psmds), ubiquiting  (ubg), proteina
modificadora de bajo tamafio simifar a ubiquiting (sumeo), proteina del complejo
principal de histocompatibifidad 1a (mheta) v microglobulina B2 (B2m)] o iv) 1a
respuesta inmunitaria e inflamacion [genes codificantes para proteinas de la fase
aguda como prateina hactericida incrementadaota de fa permeabifidad (bpi), perforing

1 (perf] y la iscforma hepéatica de 1a subunidad media de la ferritina (frimf]].

Por Glitimo, &l estudio pormencrizado de los distintos uni-genes identificados
¥y de sus interacciones transcriptdmicas nos permitid la identificacidon del factor
nuclear kB (NF-kB), considerado uno de los principales factores de transcripcidn
involucrados en la regulacidn de la respuesta inmunitaria, como elemento coman en
la regulacion inicial de la mayoria de procesos v factores identificados. El sistema
inmunitario se vale de complejos mecanismos para =l control de la magnitud de las
respuestas celulares vy peguefias vanaciones en la intensidad de las sefiales que las
células perciben resultan en comportamientos distintos [Abbas v ool 2001] En
dorada hemos demostrado gue un reto inmunoldgico produce la scbre-expresion
drastica de era v la inducciin de la expresion de erfd vy erBl2? en macrifagos,
incrementando asi su sensibilidad al Ex durante |la respuesta inmunitaria [Larte v
col 20110). Ademas los datos cbtenidos en el analisis transcriptdmico sugieren gue
el Ex pueds jugar un papel critico en la regulacidon de procesos inmunoldgicos de
relevancia, como la activacion del inflamasoma o la presentacion de antigenos, por
medio de una regulacidon directs de la actividad del MNF-kB en macrdfagos. Todos
estos datos concuerdan con la evidencia existente en mamifercs [Straukb 2007 v
aporta, ain mas si cabe, un mayor peso al B ¥ a su capacidad para modular 13
regspuesta inmunitaria de la dorada v sefialan a los macrdfagos como un tipo celular

relevante en la modulacidén de la respuesta inmunitaria por estrdgenos.
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En conjunto, los resultados presentados en esta Tesis Doctoral demuestran
la existencia de una estrecha interaccidn entre los sistemas reproductor e
inmunitario de dorada. Asi hemos comprobado gue los leucocitos participan en los
procesos gue tienen lugar en la ginada a la vez gue factores humorales secretados
por ésta, tales como el B, son capaces de modular de manera efectiva las

capacidades de las células que participan en la respuesta inmunitaria innata.

La presencia de granulocitos adddfilos, macréfagos v linfocitos en la gbnada
de dorada a o largo de los ciclos reproductores en los gue los gemplares son
machos gueda demostrada. Estas células tienen una relevancia especial durante las
etapas de post-puesta e involucion testicular en las gue los granulocitos aciddfilos
en respuesta a factores liberados por la gdnada, paricipan activamente en los

procesos de remodelacion tisular gue ocurren de forma previa al cambio de sexo.

Tomando como punto de partida los resultados anteriormente descritos asi
como datos scbre los niveles plasmaticos de Ex v la capacidad de esta hormona
para provocar la migracion de leucocitos in vive, analizamos la habilidad de dos
compuestos estrogénicos, E. v EE., para modular lafisiclogia, 12 expresion génica y
la capacidad de adherir leucocitos de las células endoteliales de dorada. Asi hemos
demostrado gue los estrogenos modulan el trafico de leucocitos a travées de las
células endoteliales durante el desarrollo de los procesos inflamatorios, procescs
Jue se pueden ver comprometidos por la exposicidon a contaminantes ambientales
estrogénicos tales como el EE. con el consecuente riesgo gue ello representa para

el mantenimiento de las especies.

Confirmada la capacidad de los estrogenos para modular |a fisiologia de las
células endoteliales proseguimos nuestro analisis comprobando la capacidad del
estrogeno enddgeno, E., para alterar la fisiologia de los leucocitos de dorada. Asi
hemos sido los primeros en comprobar gue estos tipos celulares expresan
receptores intracelulares de estrogenos. Ademas, demostramos gue &l E: altera las
actividades propias de los leucocitos en esta especie asi como la expresion génica
de los macrdfagos, tipo celular gue juega un papel iImportante en la regulacidn de la

modulacién de las funciones de los leucocitos gjercida por el Ee.

Por Qltimo, el analisis de los efectos que la exposicion a E: tiene scbre &l
transcriptoma de los macrdfagos ha permitido constatar gue los estrogenos modulan

la expresion génica de esta poblacion celular, afectando globalmente su fisiclogia
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pero de forma especial a aguellos procesos relacionados con & desarrollo de la
respuesta inmunitaria. En este sentido, debido a su papel fundamental en la
regulacion inmunitaria, 1a identificacion de MF-kKB, como elemento involucrado en 1a
mediacidn de los efectos del Ex otorga relevancia a estos resultados v desvela &l
potencial cientifico gue, &l estudio de la interaccidn inmunc-reproductora en

teletsteos, puede tener,
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4.2

4.3

4.4

4.5

4.8

4.7.

CONCLUSIONES

Granulocitos aciddfilos, macrdfagos v linfocitos estan presentes en la

gonada de dorada a lo largo del segundo ciclo reproductor.

Los granulocitos aciddfilos infiltran &l testiculo de dorada e intervienen en

los procescos de regeneracion tisular que ocurren tras la puesta

Macrdfagos, linfocitos v células endoteliales de dorada expresan alguno de
los tres recegtores intracelulares de estrogenos descritos mientras gue su

expresion no se detecta en los granulocitos aciddfilos.

Los estrogenos, naturales y sintéticos, modulan, de forma diferencial, 1a
expresion génica de moléculas relevantes en |la respuesta inmunitaria y el
efecto inflamatoric de la exposicion a ADM bacteriano de las células

endoteliales v la capacidad de &stas para adherir leucocitos

El 17R-estradicl modula la fagocitoss v la produccion de especies reactivas

de oxigeno de los leucocitos de dorada.

El 1703-estradiol modula la expresidn génica v pctencia los efectos pro-
inflamatorios de la exposicion a ADMN bacteriano de los macrdfagos de

dorada.

El 17R-estradiol provoca una alteracion del transcriptoma en macrdfagos de
dorada que potencia la activacion de diversas rutas moleculares con

COMEromiso inmunitano.
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