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Abstract

Natural and synthetic estrogens and progestins are widely used in human and veterinary
medicine and are detected in waste and surface waters. Our previous studies have clearly shown
that a number of these substances targets the brain to induce the estrogen-regulated brain aromatase
expression but the consequences on brain development remain virtually unexplored. The aim of
the present study was therefore to investigate the effect of estradiol (E2), progesterone (P4) and
norethindrone (NOR), a 19-nortestosterone progestin, on zebrafish larval neurogenesis. We first
demonstrated using real-time quantitative PCR that nuclear estrogen and progesterone receptor
brain expression is impacted by E2, P4 and NOR. We brought evidence that brain proliferative and
apoptotic activities were differentially affected depending on the steroidal hormone studied, the
concentration of steroids and the region investigated. Our findings demonstrate for the first time
that steroid compounds released in aquatic environment have the capacity to disrupt key cellular
events involved in brain development in zebrafish embryos further questioning the short- and long-

term consequences of this disruption on the physiology and behavior of organisms.
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1. Introduction

Sex steroids are hormones mostly studied for their roles in reproduction. However, a wealth
of data also points out complex actions in the brain of vertebrates during development and in
adulthood (Duarte-Guterman et al., 2015b; Heberden, 2017). Many experimental results
highlighted the effects of estradiol (E2) and progesterone (P4) on neuronal plasticity through
different processes such as synaptogenesis (Fester et al., 2012; Sager et al., 2017; Sakamoto et al.,
2001, 2001) stem cell proliferation or differentiation, migration, and neuron survival (Azcoitia et
al., 2001; Brinton et al., 2008; Brock et al., 2010; Diotel et al., 2018; Mazzucco et al., 2006;
Murashov et al., 2004; Tsutsui, 2008; Wang et al., 2003; Zhang et al., 2010).

Pharmaceuticals derived from sex steroids have long been used in human and veterinary
medicine. Synthetic estrogens and progestins structurally related to either testosterone or
progesterone were developed and used in contraceptive pills but also in different therapeutic
applications such as hormone replacement in women undergoing menopause, endometriosis
treatment or cancer therapy. Natural and synthetic steroidal pharmaceuticals originating from
human and animal excretion and medical applications are now detected in wastewater and aquatic
environment at concentrations up to several hundred ng/l (Al-Odaini et al., 2010; Fent, 2015; Liu
et al., 2014). The impacts of synthetic estrogens on reproduction of aquatic organisms have been
thoroughly documented (Kidd et al., 2007; Mitra et al., 2003; Pawlowski et al., 2004; Runnalls et
al., 2015; Soffker and Tyler, 2012). However, synthetic progestins are less studied although several
authors pointed out the risks associated with their presence in surface waters (Fent, 2015;
Gunnarsson et al., 2019). Up to now, studies on the consequences of exposure to progestins on
aquatic organism physiology mainly focused on peripheral organs such as gonads or liver and
reproductive health of fish (Kumar et al., 2015) highlighting the fact that progestins can act at low
levels.

The brain of fish also represents a prime target for steroids as both nuclear progesterone
(PR) and estrogen receptors (ER) are widely expressed in different brain regions both in adult fish
and during early development (Forlano et al., 2005; Hanna et al., 2010; Menuet et al., 2002;
Mouriec et al., 2009). In the zebrafish brain, ER expression is closely associated to the distribution
of radial glial cells (RGC) expressing aromatase B (brain aromatase), the enzyme converting

testosterone to estradiol and encoded by the cypl9alb gene (Coumailleau et al., 2015; Menuet et



al., 2002). It is now recognized that aromatase B-RGC display progenitor properties in teleost and
support neurogenesis during development but also in adults (Adolf et al., 2006; Pellegrini et al.,
2007; Strobl-Mazzulla et al., 2010). A widespread distribution of PR has been also reported in the
brain of zebrafish at different developmental stages, both in neurons and RGC, suggesting that
progesterone and synthetic progestins could affect neurogenesis supported by RGC and neuronal
activity during the development but also later during life (Diotel et al., 2011; Hanna et al., 2010).
Estrogen and progesterone effects in the brain could also be mediated through membrane steroid
receptors (Hanna and Zhu, 2009; Liu et al., 2009; Mangiamele et al., 2017; Zhang et al., 2016; Zhu
et al., 2003). Membrane progesterone receptors (mPRs) are abundantly expressed in different areas
of the brain of fish including zebrafish (Hanna and Zhu, 2009; Zhang et al., 2016; Zhu et al., 2003)
and GPER is described in olfactory bulbs, telencephalon, optic tectum, hypothalamus, cerebellum
and medulla oblongata (Liu et al., 2009).

In fish, the ability of synthetic progestins to activate progesterone receptors is not well
characterized and interferences with other nuclear steroid signaling pathways have been described
(Bain et al., 2015; Ellestad et al., 2014; Kumar et al., 2015). Using the EASZY assay, we showed
that most of the synthetic progestins derived from 19-nortestosterone can activate, in a similar way
to estradiol, the estrogen-sensitive cypl9alb gene in radial glial progenitors, as visualized in
cyp19alb-GFP transgenic zebrafish larvae (Brion et al., 2012; Cano-Nicolau et al., 2016). These
inductions are ER-dependent but require first their metabolization into estrogenic metabolites
(Brion et al., 2012; Cano-Nicolau et al., 2016). Given that ER and aromatase B are fully functional
at early stages of zebrafish development (Mouriec et al., 2009) and that estradiol affects zebrafish
neurogenesis (Diotel et al., 2013), an impairment of neurogenesis processes and brain development

through ER pathway can be hypothesized in fish exposed to testosterone-derived progestins.

In this context, we investigated on zebrafish larvae the neurodevelopmental effects of
norethindrone (NOR), a 19-nortestosterone synthetic progestin with estrogenic properties. We
compared these effects to those induced by the natural ER and PR ligands, estradiol (E2) and
progesterone (P4) respectively. We first evaluated the impact of these steroids on the expression of
ER and PR involved in brain development and then on the brain proliferative and apoptotic

activities of exposed larvae.



2. Material and Methods

2.1. Chemicals

17B-estradiol (E2), progesterone (P4), norethindrone (NOR) and 5-Bromo-2'-deoxyuridine
(BrdU) were purchased from Sigma-Aldrich Chemical Co (St.Louis, MO). Stock solutions of
steroids were prepared in dimethyl sulfoxide (DMSO) and stored at -20°C. Final dilutions were
prepared fresh before each experiment. BrdU was directly diluted in the water used for fish

incubation at a final concentration of 1mM.

2.2. Animals treatments

Zebrafish were handled and euthanized in agreement with the guidelines for the use and
care of laboratory animals and in compliance with French and European regulations on animal
welfare. The protocols used in this study were approved by the local animal care and ethics
committee (Comité Rennais d'Ethique en matiére d'Expérimentation Animale, Rennes, France,
under the number EEA B-35-040). Adults used for spawning were housed in our facilities (INRA
LPGP, BIOSIT, Rennes, France, agreement number: B 35-238-6) under standard conditions of
photoperiod (14 hours light and 10 hours dark) and temperature (28°C). Eggs obtained from
spawning zebrafish are collected immediately after laying and kept during 24 hours in glass petri
dishes containing water, in an incubator under standard conditions of temperature and photoperiod.
One day post-fertilization (dpf) embryos that had developed normally were randomly distributed
into 10 groups: E2 0.1 nM (27.2 ng/L), 1 nM and 10 nM, P4 0.1 nM (31.4 ng/L), ] nM and 10 nM,
NOR 0.1 nM (29.8 ng/L), 1 nM and 10 nM or control group with DMSO alone (0.01 % V/V).
Zebrafish were treated for 6 days and the medium was changed every day. The concentrations
chosen for NOR and E2 strongly up-regulate cypl9alb expression while P4 had no effect as we
showed previously (Cano-Nicolau et al., 2016; Diotel et al., 2013; Menuet et al., 2005; Tong et al.,
2009)

To evaluate transcriptional activity of genes and apoptosis, groups of 70 embryos were
placed in glass flask containing 50 ml of water. After exposure, 50 larvae (7 dpf) were terminally

anesthetized with MS222 (50 mg/L). Larvae were placed into ice-cold water. The heads were



separated from the rest of the body, immediately frozen in liquid nitrogen and stored at -80°C
before RNA extraction and quantitative real-time PCR. The remaining larvae were euthanized in
MS222 (50 mg/L) and immersed in 4% paraformaldhyde (PAF) in saline phosphate buffer (PBS,
pH 7.4) for apoptosis analysis. Six independent experiments were performed using the same
protocol.

To quantify the number of proliferative cells in the brain of treated fish, the same exposure
protocol as described above was applied but BrdU (1mM) was added to the water during the last
24 hours of steroid treatments. At the end of the experiments, larvae were euthanized in MS222

and immediately fixed on PAF4%-PBS. Again, six independent experiments were performed.

2.3. RNA extraction, Quantitative Real-Time PCR and data analysis

To monitor the expression level of genes encoding ER and PR, we performed quantitative
real-time PCR. Frozen heads were sonicated for 15 sec in 250 ul of Trizol Reagent (Invitrogen)
and the RNA extractions were then carried out using the Trizol-Chloroform method according to
the manufacturer’s protocol. Reverse transcription and quantitative Real-Time PCR were
performed as previously described (Diotel et al., 2013). Primers used for the analysis are shown in
Table 1. For each condition (E2, P4, NOR and DMSO), the RT-PCR quantification was run in
triplicate. Melting curve and PCR efficiency analyses were performed to confirm specific
amplification. The threshold cycle (Ct) was determined for each gene. The gene ef/ was used to
normalize the expression of other genes. The Delta-Delta CT method was then applied to calculate
the relative expression of each gene of interest. The fold induction/inhibition was determined and
expressed as a fold change compared to the normalized control condition (DMSO). Data are
represented as the mean +/- standard error of the mean (SEM). The difference between control and
treated groups were compared with a one-way analysis of variance (ANOVA) and the subsequent
mean comparison was carried out with a Fisher LSD post-hoc test. p < 0.05 was considered

statistically significant.



2.4. Brain sections preparation

To determine the number of proliferative and apoptotic cells in the brain, PAF-fixed larvae
were cryoprotected in PBS containing 30 % of sucrose during 24 hours and embedded in Tissue-
teck before freezing at -80°C. Thin serial sections (10 um) of larvae were prepared with a cryostat
and collected from the olfactory bulbs to the end of the hindbrain. If more than two brain sections
were lost or damaged in a region during cryostat sectioning, the sample was discarded from the
quantitative analysis. Brain sections were then processed for immunohistochemistry or TUNEL-

labeling.

2.5. Antibodies characteristics

The primary antibodies used for the study were previously characterized for their
specificity in zebrafish. Table 2 summarizes the characteristics of commercial primary and
secondary antibodies used in this study. The BrdU monoclonal antibody (RRID AB10013660,
Dako Agilent) was validated in previous studies showing expected staining in neurogenic zones
lining the ventricles in zebrafish brain (Chapouton et al., 2011; Diotel et al., 2013; Marz et al.,
2010; Pellegrini et al., 2007). Anti-acetylated tubulin monoclonal antibody (RRID AB 477585,
Sigma-Aldrich) was used to identify neurons. The staining is cytoplasmic as observed in others
studies and is never detected in radial glial cells (Chitnis and Kuwada, 1990; Huang and Sato, 1998;
Pellegrini et al., 2007). Radial glial cells were identified with a polyclonal rabbit antibody
generated in the laboratory and raised against zebrafish aromatase B. The specificity of this
antibody was assessed previously by pre-adsorption with the synthetic peptide used to generate the
antibody. The aromatase B staining observed with this antibody has also been validated by in situ
hybridization and co-staining with GFP in the cyp9alb-GFP transgenic zebrafish line (Menuet et
al., 2005; Pellegrini et al., 2007; Tong et al., 2009). The serotonin (5-HT) antibody is a rabbit
polyclonal antibody developed and kindly provided by Dr Y.Tillet (INRA, UMR6175, Nouzilly,
France) (Tillet et al., 1986). This antibody yielded results identical to those described previously
in zebrafish (Lillesaar, 2011; Perez et al., 2013).



2.6. BrdU immunohistochemistry

To determine the effects of steroids on proliferative activity in the brain of treated larvae,
we implemented a BrdU-labeling protocol. Brain sections were first washed in PBS. An antigen
retrieval step was then carried out in a formamide solution (50% formamide/50% 2x SSC) at 65°C
during 120 min. Slides were rinsed successively in 2x SSC (10 min at room temperature), 2N HCI
buffer (30 min at 37 °C), 0.1 M sodium tetraborate decahydrate pH 8.5 (10 min at room
temperature) and PBS triton 0.2% (15 min at room temperature). Non-specific sites were blocked
with PBS 0.2% Triton solution containing 1% of milk powder (45 min at room temperature). The
mouse anti-BrdU primary antibody was diluted in PBS containing 0.5% of milk powder and
applied on sections overnight at room temperature. On the next day, slides were washed three times
in 0.2% Triton PBS and incubated with a goat anti-mouse Alexa Fluor 594 (see table 1 for details).
Tissue sections were rinsed several times in PBS 0.2% Triton, mounted with Vectashield medium

(Vector Laboratories, Inc. Burlingame, CA) and analyzed for BrdU-positives cells quantification.

2.7. TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling)

We quantified the number of apoptotic cells in the brain of treated zebrafish using the
TUNEL method. Frozen sections were fixed in 4% PBS-PAF for 20 min at room temperature. They
were rinsed 30 min in PBS, dipped in the permeabilization solution (0.1% Triton 100X, 0.1%
sodium citrate) for 30 min at 80°C and washed for 20 min in PBS. Sections were incubated with
the TUNEL labeling mixture (5 pl of Enzyme solution (TdT) + 45 pl of Label solution (fluorescein-
dUTP) overnight at 37°C, in a dark and humidified chamber. We performed a positive control by
incubating a slide in a solution containing 300 ul of 50 mM Tris-HC1 pH 7.5, BSA 1 mg/ml and 10
pl of RQ1 DNAse (1U/pl) (Promega) for 10 min at room temperature and a negative one by placing
on a slide 50 pl of Label solution without TdT. The slides were then rinsed for 30 min in PBS and
mounted in a Vectashield medium containing DAPI for microscopic observation and quantification

(Vector Laboratories, Inc. Burlingame, CA).



2.8. Double staining with TUNEL and neuronal or glial markers

In order to determine the phenotype (neuron or radial glial cells) of the apoptotic cells, a
double labeling was carried out as follow. Double staining was performed on 4 control brains and
4 NOR 10 nM treated brains. Sections were treated as previously described except that a primary
antibody was added to the TUNEL labeling mixture. We used a rabbit polyclonal antibody raised
against zebrafish aromatase B to identify radial glial cells (dilution 1:500). To characterize mature
neurons, we used a mouse monoclonal anti-acetylated tubulin or a rabbit polyclonal anti-SHT
(dilution 1:5000). The slides were incubated overnight at 37°C in a dark and humidified chamber
with the labeling solution containing the primary antibody. Sections were then rinsed twice in 0.1%
triton in PBS and neuronal and glial markers detection was performed with appropriate Alexa fluor
secondary antibodies (see table 1 for their characteristics). The secondary antibodies were left in
contact with the section for 90 min at room temperature. After several washes in PBS, tissues
sections were mounted in Vectashield medium with DAPI and visualized and analyzed under a

fluorescent microscope and a confocal microscope.

2.9. Microscopy and cell counting

Brain sections of control and treated larvae were examined with an epifluorescence
microscope (Olympus Provis, AX70-TRF equipped with de DP71 digital camera) and images were
processed with the Olympus Cell software. BrdU-positive cells (proliferative cells) and TUNEL-
positive cells (apoptotic cells) were manually quantified by an experimenter blind to the treatment
using photographs of all the brain sections (from the olfactory bulbs to the end of the caudal
hypothalamus). Six independent experiments were performed. First, we calculated the mean
number of BrdU-positive cells or the number of TUNEL-positive cells in the whole brain (total
mean number). Then, in order to know if steroids could exert effects in a region-dependent way,
we counted the mean number of labeled cells (BrdU or TUNEL) in specific brain areas according
to the nomenclature established in zebrafish by Mueller and Wullimann (Mueller and Wullimann,
2005). The regions of interest were located by neuroanatomical structures identification with DAPI

labeling.



To identify the phenotype (RGC or neuron) of apoptotic cells (TUNEL-positive cells),
observations were carried out with a confocal microscope (Leica, TCS SP8, DMI 6000).
Microphotographs were acquired in TIFF format with a Leica (LCS Lite) software and light and

contrast were adjusted using Photoshop CS4 before being assembled on plates.

2.10. Statistical analysis

Data are represented as the means +/- standard error of the mean (SEM). For biological
reasons (E2 acting on ER, not on PR and P4 acting on PR, not ER), the difference between the
control group and each molecule (at the different concentrations) separately was compared with a
one-way analysis of variance (ANOVA). The subsequent between-group comparison was carried

out with a Fisher LSD post-hoc test. *p < 0.05 was considered statistically significant.

3. Results

3.1. Steroid receptor genes expression in the brain of P4, E2 and NOR exposed larvae

We first quantified the mRNA changes induced by the 3 compounds on nPR, esrl, esr2b
and esr2a. Data on gene expression are summarized in Table 3. We observed a significant effect
of P4 treatment on nPR (F, 17y = 65.55) with a significant increase of nPR gene expression when
larvae were exposed to P4 0.1 nM and 10 nM compared to control group. P4 also affected
significantly esr2a expression (Fg, 15y = 133.05) but only at the highest concentration. E2
significantly affected nPR expression (F3 29) = 110.40), with a significant increase of nPR mRNA
level when larvae were treated with 1 nM and 10 nM. No significant change was detected on nPR
at the lowest concentration (0.1 nM). E2 also significantly induced the transcriptional activity of
esrl (Fi, 20 = 77.39), esr2b (F3, 20) = 268.87) and esr2a (F3,20) = 281.65) genes. This effect of E2
was only observed 1 nM compared to the control group. NOR significantly affected nPR gene
expression (F3 21y = 59.25), where exposure at 10 nM significantly increased nPR compared to

control group. The expression of ERs was not modified.



3.2. Proliferative activity in the brain of zebrafish larvae exposed to P4, E2 and NOR

To assess the impact of steroids on the proliferative activity of the developing brain, we
quantified the number of cells that incorporated BrdU during the last 24h of treatment. We first
carried out the quantification on the whole brain, from the olfactory bulbs to the end of the
hindbrain. The total number of BrdU-positive cells in the whole brain tends to decrease in P4 0.1
nM (P =0.094), E2 1 nM (P=0.093) and E2 10 nM (P=0.068) conditions but the decrease did not
reach statistical significance (date not shown). This number is not affected in other experimental
groups (data not shown). We then further analyzed three specific regions of the forebrain: the first
one included the most anterior part the forebrain (olfactory bulbs, telencephalon and preoptic area,
OB-Tel-PO), the second one corresponded to the thalamus and the last one to the mediobasal and
caudal hypothalamus.

Exposure to NOR had no effect on brain proliferation (Figure 1). In contrast, significant
effects of P4 and E2 on the number proliferating cells were observed in the most anterior part of
the brain (OB-Tel-PO, F(9 116 = 1360.72) and in the thalamus (F, 123y = 707.22 (Figure 1). P4 0.1
nM significantly decreased the number of BrdU-labeled cells in the anterior part of the brain (OB-
Tel-PO) (Figure 1). In the thalamus and the mediobasal and caudal hypothalamus, P4 did not affect
proliferation (Figure 1). E2 1 nM treatment reduced the number of BrdU-labeled cells in OB-Tel-
PO region (Figure 1). This inhibitory effect of E2 is illustrated in the Figure 2 showing
representative microphotographs of BrdU staining in the telencephalon of a control animal (Figure
2A) and an E2-treated larva (1 nM, Figure 2B). In the thalamus, a clear and significant inhibition
of the proliferation was observed at E2 1 nM and 10 nM (Figure 1). The decrease in the number of
proliferating cells is illustrated in representative microphotographs of the dorsal thalamus in a
control animal (Figure 2C) and in E2-treated larva (Figure 2D). We did not observe any change in
the proliferative activity within the hypothalamus (mediobasal and caudal part) independently of

E2 concentrations (Figure 1).

3.3. Apoptosis in the brain of zebrafish larvae exposed to P4, E2 and NOR

In order to evaluate the potential impact of E2, P4 and NOR on apoptosis we investigated

the number of apoptotic nuclei positively labeled with the TUNEL method in the different



conditions. While proliferative activity occurred very close to the ventricular surface, apoptotic
cells were observed throughout the brain, in periventricular areas but also more deeply in the brain
parenchyma in control and treated zebrafish. Apoptotic-cells were observed in many regions such
as the olfactory bulbs, the telencephalon, the preoptic area, the mediobasal and caudal
hypothalamus, the thalamus, the tegmentum and the optic tectum. We first quantified the number
of apoptotic cells in the whole brain. As shown in the Figure 3A, neither P4 nor E2 had any effect
on apoptosis even if E2 tended to increase the total number of TUNEL-positive cells. In contrast,
treatment of embryos with NOR 10 nM and 0.1 nM had a significant effect on the number of
TUNEL-labeled nuclei with an increase of 50% for both concentration compared to control group
(Fo, 70) = 464.17). To evaluate possible region/territory-specific effect of the different steroids, a
quantification was realized in the 3 extended territories: the first one included the olfactory bulbs,
the telencephalon and the preoptic area (OB-Tel-PO, Figure 3B), the second one corresponded to
the thalamus and the tegmentum of the midbrain (Figure 3C) and the last one was composed with
the mediobasal and caudal hypothalamus (Figure 3D). Quantification of the signal showed a
significant effect of NOR treatment in the most anterior part of the brain (F 75y = 284.32) and in
the mediobasal and caudal hypothalamus (F 9, 77) = 302.84).

At the highest concentration (10nM), P4 seemed to increase the number of TUNEL positive
cells in the three investigated regions, but the difference with control fish was not significant
(Figure 3B-D). A similar trend toward an increase was observed when larvae were incubated with
10 nM E2 (Figure 3B-D). When zebrafish embryos were treated with NOR 0.1 nM, the number of
TUNEL-Ilabeled nuclei was significantly increased by 74% in the most anterior part of the brain
(Figure 3B). NOR treatments at 1 nM and 10 nM tended to increase the number of apoptotic cells
in this region albeit the effect was not significant (Figure 3B and Figures 4A-D). No significant
effect of NOR was quantified in the thalamus and tegmentum (Figure 3C). More posteriorly, a
significant impact of NOR 0.1 nM and 10 nM was observed in the hypothalamus with an increase
in the number of apoptotic cells reaching 58% and 68% respectively as compared to control fish

(Figure 3D and Figures 4E-H).



3.4. Characterization of apoptotic cells in the hypothalamus of control and NOR treated
zebrafish

To characterize apoptotic cells, we applied the TUNEL-staining in combination with
antibodies directed against different markers. We focused our investigation in the hypothalamus
because a significant increase in the number of apoptotic cells was clearly highlighted in this brain
region in NOR-treated animals (10 nM) (Figure 3D). We did not observe aromatase B-positive
radial glial cells labeled with TUNEL in control and NOR-treated fish (Figure SA-B). Many CSF-
contacting neurons were labelled with the 5-HT-antibody but no colocalization with TUNEL-
labeled nuclei could be highlighted in DMSO or NOR-treated larvae (Figure 5C-D). Finally, we
investigated whether apoptotic cells could correspond to mature neurons other than 5-HT neurons.
Using acetylated-tubulin antibody, we showed that apoptotic neurons were clearly identified in
NOR-exposed zebrafish (Figures SF-G and corresponding orthogonal projections). In contrast, in
our conditions, we did not observe acetylated-tubulin and TUNEL colocalization in DMSO-treated

zebrafish (Figure S5E).

4. Discussion

To our knowledge, our study is the first to address the question of the comparative impact
of NOR, P4 and E2 on molecular and cellular mechanisms required for the brain development of
an aquatic species. We provide data showing that ER and PR expressions, proliferation and

apoptosis were differentially affected in the developing brain of exposed zebrafish.

4.1. ER and PR gene expressions are modulated by P4, E2 and NOR

P4 and NOR did not affect ER mRNA levels, except esr2a expression which was stimulated
by P4 at 10 nM. A significant increase of esr/, esr2a and esr2b transcripts occurred when zebrafish
were exposed to E2 at 1 nM but no significant effects were observed with the lowest or highest
concentrations. Changes in ER mRNA levels have been reported in the brain of mammals
according to the stage of the estrous cycle or following E2-treatment, suggesting that circulating

E2 can modulate the expression of its own receptor (Bohacek and Daniel, 2009; Foster, 2012;



Martins et al., 2015; Mitterling et al., 2010; Simerly and Young, 1991). Different effects of E2 on
ER expression (stimulatory or inhibitory) have been documented depending on the age, the dose
used for the treatment and the region analyzed (Bohacek and Daniel, 2009; Foster, 2012). In fish,
a wealth of studies were dedicated to the ER auto-regulation in peripheral tissue such as the liver
and the gonads (Bowman et al., 2002; Flouriot et al., 1997; Menuet et al., 2004; Nelson and Habibi,
2013; Pakdel et al., 1991). There are few studies related to the regulation of brain ER expression
by estrogens or xeno-estrogens. A study performed in adult male goldfish showed that in vivo E2
treatments exert time and region-differential effects on the ER expression at the level of the brain
(Marlatt et al., 2008). The impact of E2 treatment on ER expression observed in this work seemed
to display a nonmonotonic concentration-response curve within the range of concentrations tested
similar to those often reported in response to endocrine disruptors (Birnbaum, 2012; Genovese et
al., 2014; Vandenberg et al., 2012; Weber et al., 2015). In our case, the curve obtained was an
inverted U-shape with the intermediate E2 concentration inducing an effect which is not
highlighted at either 10 nM and 0.1 nM. This biphasic dose-response curve, often reported for the
action of hormones or endocrine disruptors (Birnbaum, 2012; Genovese et al., 2014; Vandenberg
etal., 2012; Weber et al., 2015), must be confirmed by additional experiments covering wider dose
ranges.

Our gqPCR data also demonstrated that P4, E2 and NOR stimulate PR expression. The
stimulatory effect of E2 on PR has previously been reported in the brain of mammals (Guerra-
Araiza et al., 2003; Kudwa et al., 2009, 2004; Mendoza-Garcés et al., 2013; Quadros and Wagner,
2008) and we have shown in a previous study that E2 can induce PR expression at different
developmental stages in zebrafish (Diotel et al., 2011). The significant increase in PR transcript
levels in response to P4 demonstrated in this work reinforces the observations from Zucchi et al.
in the zebrafish larvae (Zucchi et al., 2012). As shown in table 3, PR mRNA responses to E2 or P4
do not show a dose-effect relationship. Similarly, no concentration-response effect has already been
described for PR expression regulation by P4 (Zucchi et al., 2012). Several mechanisms can be
proposed to explain the lack of relationship between the dose and the response, including activation
of multiple versus single signaling pathways (for high concentrations), down-regulation of
receptors (for high doses), differential recruitment of co-activators or co-repressors depending on
the concentration of the hormone (Vandenberg et al., 2012). In addition, the actual serum and organ

concentration of each exogenous steroid and their bioavailability (free or bound to transport protein



such as SHBQG) will significantly influence the molecule’s biological activity. Finally, there is no
information on enzymatic metabolization of natural and synthetic steroids within exposed larvae.
Zebrafish embryos are metabolically competent and therefore it is likely that the natural steroids
and the synthetic progestin used in our study are subjected to intensive metabolic activities (Le Fol
et al., 2017; Verbueken et al., 2018). The metabolic pathways for E2, P4 and NOR are not known
for zebrafish embryos and specific experiments should be conducted to determine the actual
concentration of the 3 steroids within the brain of zebrafish embryos. The absence of dose-response
observed for E2 and P4 on PR transcripts could therefore be the consequence of one or more of
these mechanisms.

In the present work, PR transcript levels were also significantly up-regulated in larvae
exposed to NOR at 10 nM. In a previous study, NOR was shown to modulate the expression of PR
in a concentration and time-dependent manner in zebrafish embryos (Zucchi et al., 2012). The
mechanisms leading to the up-regulation of PR by NOR could rely on the capacity of NOR or its
estrogenic metabolites to strongly stimulate the aromatase B expression in radial glial cells (present
study Brion et al., 2012; Cano-Nicolau et al., 2016), likely leading to local increase of E2 synthesis.
Since PR are expressed in aromatase B-positive radial glial cells (Diotel et al., 2011; Hanna et al.,
2010), such an increase in E2 could trigger the up-regulation of PR through ER pathway. Another
potential signaling pathway could involve estrogenic metabolites generated from NOR directly
interacting with ER.

All together, these results showed that P4, E2 and NOR modulate ER and PR transcripts in
the brain of zebrafish larvae. Considering that ER and PR are expressed in radial glial progenitor
cells in zebrafish (Diotel et al., 2011; Pellegrini et al., 2015) and that E2 and P4 could affect
neurogenesis (see the introduction part of the manuscript), an alteration of ER and PR receptor

expression was likely to impair the neurogenic activity of these progenitor cells.

4.2. Cell proliferation in the developing brain of zebrafish was affected by E2 and P4
but not by NOR

Studies investigating the impact of P4, E2 or synthetic progestins in the developing brain
in fish are scarce. Our data reveals that P4 inhibited cell proliferation in the most anterior region

when larvae were treated at the lowest concentration while only a tendency was reported for the



two highest concentrations. Our study thus confirms that P4 target the brain and can affect
proliferation of cells which agrees with the down-regulation of expression of two cell cycle
regulators, i.e. cdc20 and ccnb in the brain of female zebrafish exposed to P4 (Zucchi et al., 2013).
In contrast to P4, the synthetic progestin NOR does not affect proliferative activity in our
conditions. P4 inhibitory effect on proliferation could be mediated trough PR and mPR. Indeed, it
has been shown that P4 is able to regulate the proliferation of human glioblastoma cells not only
by PR interaction but also through mPRa (Atif et al., 2015, 2015; Gonzalez-Orozco et al., 2018;
Gonzalez-Orozco and Camacho-Arroyo, 2019). To date, there is very few data on binding
properties of synthetic progestins on mPR but experiments using human breast cancer cells stably
transfected with human mPRa showed no detectable binding with NOR suggesting that 19-
nortestosterone-derived progestins do not recognize mPR (Kelder et al., 2010; Thomas et al., 2007).
The marked difference observed in our study between P4 and NOR on brain proliferative activity
could be partially explained by different signaling pathways involving or not mPR.

The most notable effects were observed in embryos exposed to E2 in which impairment of
proliferation in the most anterior part of the forebrain and in the thalamus was observed. A wealth
of data in vertebrates demonstrated that E2 exerts complex stimulatory and/or inhibitory effects on
the brain proliferation, through nuclear or membrane estrogen receptors, depending on many
factors such as the species, the timing, the concentration and the region investigated (Bowers et al.,
2010; Brock et al., 2010; Diotel et al., 2018; Duarte-Guterman et al., 2015a; Heberden, 2017;
Mazzucco et al., 2006; Ormerod et al., 2003; Pawluski et al., 2009; Rossetti et al., 2016; Tanapat
et al., 1999). In fish, the data are sparse but it was previously shown that E2 inhibited the
proliferation and prevented the migration of new-born cells in male and female adult zebrafish
(Diotel et al., 2013; Makantasi and Dermon, 2014). The results obtained herein in embryos exposed
to E2 are in line with those acquired in adult zebrafish although the area affected in the larvae are
not necessarily the same as in adults (Diotel et al., 2013; Makantasi and Dermon, 2014). While a
clear inhibitory effect of E2 on proliferative activity was observed in the hypothalamus of both
male and female adults (Diotel et al., 2013; Makantasi and Dermon, 2014), no effect was detected
in larvae (this study). One explanation for this difference could rely on the differential expression
of ERs in brain in adulthood and during development (Mouriec et al., 2009). An alternative
hypothesis relies on the capacity of the different brain regions to metabolize E2. Sulfotransferases

(SULT) are enzymes that were shown to display sulfating activity, increasing the water solubility



of compounds and their removal from the body. Many SULT have been characterized in fish, some
of them involved in the sulfation of steroid hormone, including E2 (James, 2011; Kurogi et al.,
2013). In preliminary unpublished results, we have shown that several SULT are expressed in the
brain of zebrafish but further investigations in this field could contribute to determine when and
where these enzymes are expressed in the brain and if a region-specific pattern of expression could

explain a different biological activity of E2.

4.3. Cell apoptosis in the developing brain of zebrafish was affected by NOR but not by
P4 and E2

It is commonly accepted that E2 and P4 promote neuronal survival and prevent cell loss
(Deutsch et al., 2013; Sasaki et al., 2006; Wang et al., 2003, 2001; Yao et al., 2005) but apoptotic
effects of these hormones have been reported in mammals during brain development and following
traumatic brain lesions (Atif et al., 2015; Waters and Simerly, 2009). Less is known about synthetic
progestins effects on cell death in the brain but it has been shown that apoptosis is increased in
hippocampal samples of levonorgestrel-treated rats (a synthetic progestin) (Liu et al., 2010).

In our experimental conditions, P4 and E2 do not affect the number of apoptotic cells in the
brain of exposed larvae. The most significant effect on apoptosis was observed with NOR. We
provide here evidence that NOR may adversely affect brain development by increasing the number
of apoptotic cells of exposed zebrafish larvae. The stimulatory effect of NOR on apoptosis was
observed on specific brain territories, notably in the mediobasal/caudal hypothalamus and the most
anterior part of the forebrain. Currently, the apoptotic pathways affected by NOR in the brain of
zebrafish larvae are completely unknown. In mammals, ovariectomized adult female rats treated
with subcutaneous injection of levonorgestrel (a progestin structurally related to testosterone)
exhibited an up-regulation of the Bax/Blc2 ratio in the hippocampus of treated animals, indicating
an increase of apoptotic activity (Liu et al., 2010). Numerous publications provide evidence for the
neuroprotective and beneficial effects of P4 in injured brains through PR and mPR (Deutsch et al.,
2013; Guennoun et al., 2019; Thomas and Pang, 2012). A study designed to assess the efficacy of
progestins to protect primary hippocampal neurons against degeneration induced by glutamate
excitotoxicity showed that P4 has neuroprotective properties but norethindrone had no effect (Liu

et al., 2010). Similarly, to proliferation, apoptosis in the brain is differentially affected by P4 and



NOR, suggesting, once more, very specific signaling pathways for each progestin (PR and mPR
for P4 and PR only for NOR). Although designed to interact with PR in mammals, several reports
mention that progestins have the capacity to interact with other steroid receptors to alter nuclear-
regulated pathways, including androgen receptors and ER (Bain et al., 2015; Cano-Nicolau et al.,
2016; Ellestad et al., 2014; Kumar et al., 2015). In mammals, binding experiments showed that
progestins can interact with glucocorticoid receptors (Liu et al., 2010; Schoonen et al., 2000). In
zebrafish, glucocorticoid and mineralocorticoid receptors are both expressed at early stages of
development. Consequently, interaction of NOR with corticoid signaling pathway cannot be ruled
out in zebrafish (Alsop and Vijayan, 2008; Schaaf et al., 2008; Takahashi and Sakamoto, 2013).
Data using antisense oligonucleotide knock-down of glucocorticoid receptors in zebrafish also
highlighted the critical role of this receptor in early molecular events essential for the nervous
system development, including cell death (Nesan and Vijayan, 2013). Similarly to mammals,
mineralocorticoid receptors are also highly expressed in the brain of teleost fishes (Takahashi and
Sakamoto, 2013) and Zucchi et al. have demonstrated that mineralocorticoid receptor transcripts
were significantly up-regulated in zebrafish larvae treated with NOR (Zucchi et al., 2012). Recent
mineralocorticoid receptor knock-out experiments performed in the medaka provided evidence that
this signaling pathway is required for normal motor activity in response to visual stimulation
(Sakamoto et al., 2016). Overall, there is a need to further investigate the interaction of NOR
through multiple zebrafish nuclear/membranes steroid receptors and to determine to which extent

these pathways could explain the effect of this synthetic progestin observed on brain apoptosis.

4.4. NOR triggers apoptosis of hypothalamic neurons

We further explored the identity of apoptotic cells in the hypothalamus, the most
significantly affected brain region. First, we verified if TUNEL-labeled cells, in control and NOR
conditions, could correspond to aromatase B-expressing RGC or to SHT-CSF-contacting-neurons,
two abundant cell populations in this region (Bosco et al., 2013; Pellegrini et al., 2007; Perez et al.,
2013). Apoptotic cells did not correspond to aromatase B-positive RGC or SHT-CSF-contacting-
neurons. However, our results clearly showed that, in NOR 10 nM treated zebrafish, apoptotic cells
could correspond to mature neurons labeled with an acetylated-tubulin antibody. Contrary to NOR-

treated groups, apoptotic cells in the control group were not mature neurons. These results show



that NOR exposure increases the number of apoptotic mature neurons in the hypothalamus. Such
neuron-targeted apoptotic effect of NOR has never been described before and needs to be further

examined.

5. Conclusion

The present study investigated for the first time the effects of natural and synthetic steroids
(i.e. estradiol, progesterone and norethindrone) on two key brain developmental processes. Our
data clearly show that the compounds investigated in this study exert differential effects on brain
specific regions. While progesterone and estradiol inhibit proliferation of cells in the brain,
norethindrone increases apoptosis. The two progestins were expected to generate similar effects,
but the distinct responses observed on brain proliferation and apoptosis could be accounted for
their different disrupting potencies due to their mode of action. Indeed, the effects of progesterone
are likely related to both nuclear and membrane progesterone receptors activation, while
norethindrone impacts probably result from more complex signaling pathways involving nuclear
but not membrane progesterone receptors, and probably nuclear estrogen, androgen and corticoids
receptors. While norethindrone acts in a similar way to estradiol on aromatase B expression in
radial glial progenitors (Cano-Nicolau et al., 2016), the effect of this progestin on zebrafish brain
neurodevelopment is very different from that of estradiol, suggesting that its impact on brain
proliferation and apoptosis cannot be exclusively predicted through aromatase B expression and
ER-dependent signaling pathways. Overall our study highlights the need to further explore the
underlying mechanisms mediating such cellular events but also to investigate the short- and long-
term consequences on the physiology and behavior of zebrafish. Such information is essential for

assessing the risk associated with exposure of fish to steroidal pharmaceuticals notably progestins.
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Legends

Table 1: Oligonucleotides sequences used in real-time polymerase chain reaction experiments.

Table 2: Characteristics of commercial primary and secondary antibodies used in this study.

Table 3: Fold induction of steroid receptors expression in the brain of P4, E2 and NOR-treated
zebrafish larvae compared to the control condition (DMSO). Expression of ER and PR (nPR, esrl,
esr2b and esr2a) in the brain of zebrafish larvae treated with DMSO and 3 different concentrations
(0.1 nM, 1 nM, 10 nM) of P4, E2 or NOR during 6 days. The table represents the mean of induction
factors +/- SEM obtained from 6 independent experiments. For each independent experiment, 50
heads were pooled for each condition. Asterisks indicate significant differences with the control

condition (DMSO): *p <.05; **p <.005.

Figure 1: Number of BrdU-positive cells in the brain of zebrafish larvae treated with P4, E2 and
NOR. The upper part of the figure shows sections representative of the different regions where
quantification was done. Representative sections were taken from the “Atlas of early zebrafish
brain development” by Mueller and Wullimann (2016). The BrdU-positive cells, lining the
ventricle, were quantified in the anterior part of the brain corresponding to the olfactory bulbs, the
telencephalon and the preoptic area (OB-Tel-PO). The red lines (neuroanatomical levels 14, 21 and
24 of the atlas) represent the periventricular zones that have been quantified in this anterior part of
the brain. Quantification of BrdU-labeled cells was also performed in the thalamus (blue frames at
the neuroanatomical levels 33, 37, 41, 43) and in the mediobasal and caudal hypothalamus (green
boxes at the same levels). The values in the table represent the mean number of BrdU-positive cells
+/- SEM. The number of animals used for the statistical study is indicated in the first column
(between brackets). Asterisks indicate significant differences with the control condition (DMSO):

*p <.05.



Figure 2: BrdU immunohistochemistry staining on transverse sections in the telencephalon (A and
B) and in the dorsal thalamus (C and D) of zebrafish larvae treated with DMSO (A and C) or with
E2 10 nM (B and D). Red dots in the panels E and F indicate the localization of BrdU-positive
nuclei in representative sections taken from the “Atlas of early zebrafish brain development” by
Mueller and Wullimann (2016) at the level of the telencephalon (cross sections 21 of the atlas) and
at the level of the dorsal thalamus (cross section 33). The number of BrdU-positive nuclei lining
the ventricles was decreased after E2 treatment (B and D) in both regions. OE: olfactory epithelium;

POC: preoptic commissure. Scale bar: 20um.

Figure 3: Number of TUNEL-positive cells in the brain of zebrafish larvae treated with P4, E2 and
NOR (0.1, 1 and 10 nM). The quantification was first performed throughout the brain (A, whole
brain). Quantifications at different levels of the brain have been carried out in order to evidence
potential region-dependent effects of the molecules. The representative sections at the left of the
plate were taken from the “Atlas of early zebrafish brain development” (Mueller and Wullimann,
2016). They indicate the areas where quantifications were made: in the most anterior part of the
brain (including the olfactory bulbs, the telencephalon and the preoptic area: OB-Tel-PO, red area,
B), in the region combining the thalamus and the midbrain tegmentum (blue area, C), and in the
mediobasal and caudal hypothalamus (green area, D). The histograms represent the mean number
of TUNEL-positive cells +/- SEM. The number of animals used for statistical analysis is indicated
between brackets under the different experimental groups (A). Asterisks means a significant

difference with the control group (DMSO): *p<.05.

Figure 4: Induction of abnormal cell death program in the brain of larvae treated with NOR.
Figures A, C, E and G show cell nuclei labeled with DAPI. Figures B, D, F and H show TUNEL-
positive apoptotic cells (arrows). B and D: Apoptotic cells in the olfactory bulbs of a control (B)
and a larva treated with NOR 10nM (D). F and H: Apoptotic cells in the hypothalamus of a control
(F) and a larva treated with NOR 10 nM (H). The number of TUNEL-positive cells is higher in the
olfactory bulbs and in the hypothalamus after NOR exposure. OB: olfactory bulbs; OE: olfactory
epithelium; Hi: intermediate hypothalamus; PTv: ventral part of the posterior tuberculum. Scale

bar: 40 um.



Figure 5: Confocal identification of apoptotic cells in the hypothalamus of a control zebrafish (A,
C and E) and a NOR 10 nM treated animal (B, D, F and G). Transverse sections show
Tunel/Aromatase B double staining (A and B), Tunel/Serotonin (C and D) and Tunel/Acetylated
Tubulin (E, F and G). Orthogonal projections of Z stak (16 optic sections of 0.33 um) show Tunel
staining in the nucleus of two acetylated tubulin-positive neurons in a NOR 10 nM treated larvae

(F, F’,F” and G, G’, G”’). Scale bar: B, E, F, F’, F”’, G, G’, G”” =20 um; A, C, D =30 pm.
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Gene Accession no. Sequence
efl NM 131263.1 F: 5-AGCAGCAGCTGAGGAGTGAT-3'
R: 5'-CCGCATTTGTAGATCAGATGG-3'
cypl9alb NM 131642.1 F: 5-TCGGCACGGCGTGCAACTAC-3'
R: 5'-CATACCTATGCATTGCAGACC-3’
esrl NM 152959.1 F: 5’-CTGGAGATG CTGGACGCTCA-3’
R: 5’-GCTGCAGCTCCTCCTCCTGG-3’
esr2a NM 180966.2 F: 5’-GATCCTCCTGAACTCCAACATG-3’
R: 5’-CCAGCAGACACAGCAGCTTGG-3’
esr2b NM 174862.3 F: 5’-GATCCTGCTCAACTCTAATAAC-3’
R: 5’-CCAGCAGATTCAGCACCTTCCC-3’
nPR FJ409244.1 F: 5>-GAGCAATGATCAGCTGAGAAGG-3’
R: 5’-TCCAGAGGAACAGTGTTGA GG-3’




Primary antibodies

Antibodies Antibody ID Antigen Reference and dilution
Monoclonal Anti- RRID Bromodeoxyuridine  Clone BU20a
BrU AB 10013660 conjugated to bovine Ref MO744

serum albumin Dako

Dilution 1:100

Monoclonal Anti- RRID AB 477585 Acetylated tubulin Clone 6-11B-1

acetylated tubulin from the outer arm of Ref T673
sea urchin sperm Sigma
axonemes Dilution 1 :100

Secondary antibodies

Antibodies Antibody ID Reference and dilution
Goat anti-mouse RRID AB 141974 Ref A-11020
Alexa Fluor 594 In vitrogen Molecular probes

Thermo Fisher Scientific
Dilution 1:500

Goat anti-rabbit RRID AB 2534095 Ref A-11037

Alexa Fluor 594 In vitrogen Molecular probes
Thermo Fisher Scientific
Dilution 1:500
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Highlights

1)

2)
3)
4)
5)

Estradiol, progesterone and norethindrone, a 19-nortestosterone synthetic progestin with
estrogenic properties, affect brain expression of estrogen and progesterone nuclear
receptors in zebrafish larvae.

Progesterone inhibits the proliferation in the brain of zebrafish larvae.

Estradiol inhibits the proliferation in the brain of zebrafish larvae.

Norethindrone increases the number of apoptotic cells in the brain of zebrafish larvae.

The effects induced by the three steroids on zebrafish brain development were clearly

different.



