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ABSTRACT  21 

Follicle stimulating hormone (Fsh) and luteinizing hormone (Lh) produced by the 22 

gonadotropes, play a major role in control of reproduction. Contrary to mammals and birds, 23 

Lh and Fsh are mostly produced by two separate cell types in teleost. Here, we investigated 24 

gonadotrope plasticity, using transgenic lines of medaka (Oryzias latipes) where DsRed2 and 25 

hrGfpII are under the control of fshb and lhb promotors respectively. We found that Fsh cells 26 

first appear in the pituitary at 8 dpf. Similar to in Lh cells, Fsh cells show hyperplasia from 27 

juvenile to adult stages. Hyperplasia is stimulated by estradiol exposure. Both Fsh and Lh 28 

cells show hypertrophy during puberty with similar morphology. They also share similar 29 

behavior, using their cellular extensions to make networks. We observed bi-hormonal 30 

gonadotropes in juvenile and adult fish but not during larval stage where only mono-hormonal 31 

cells are observed, suggesting the existence of phenotypic conversion between Fsh and Lh in 32 

later stages. This is demonstrated in cell culture, where some Fsh start to produce lhb, a 33 

phenomenon enhanced by gonadotropin releasing hormone (Gnrh) stimulation. We have 34 

previously shown that medaka Fsh cells lack Gnrh receptors, but here we show that with time 35 

in culture, some Fsh cells start responding to Gnrh, while fshb mRNA levels are significantly 36 

reduced, both suggestive of phenotypic change. All together, these results reveal high 37 

plasticity of gonadotropes due to both estradiol sensitive proliferation and Gnrh promoted 38 

phenotypic conversion, and also shows that gonadotropes lose part of their identity when kept 39 

in cell culture.  40 
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INTRODUCTION  41 

Gonadotropes are key players in the control of the reproductive function as part of the 42 

Brain-Pituitary-Gonad axis (Harris 1951; Weltzien, et al. 2004). Located in the anterior part of 43 

the pituitary, they produce the two gonadotropins: follicle-stimulating hormone (Fsh) and 44 

luteinizing hormone (Lh) (Weltzien, et al. 2014). Fsh and Lh are mostly produced by the same 45 

cell in mammals (Nakane 1970), while the opposite occurs in teleost fish, where Fsh and Lh 46 

are produced by two different cell types (Kanda, et al. 2011; Nozaki, et al. 1990; Schmitz, et 47 

al. 2005; Weltzien, et al. 2014). Therefore, teleosts seem ideal models to study the 48 

development and the different properties of Fsh and Lh cells, as well as the differential 49 

regulation of Fsh and Lh synthesis and release (Weltzien, et al. 2014; Yaron, et al. 2003).  50 

However, despite the general understanding of one hormone one cell type in teleosts, 51 

several observations have challenged this hypothesis. Indeed, gonadotropes producing both 52 

gonadotropins were found in several teleost species (e.g. Mediterranean yellowtail 53 

(Hernandez, et al. 2002), zebrafish, tilapia (Golan, et al. 2014) and European hake 54 

(Candelma, et al. 2017)). On the other hand, gonadotropes expressing only one hormone 55 

were described in mammals (Childs 1983; Childs, et al. 1982). Previous publications have 56 

pointed out the fact that Fsh and Lh share the same developmental basis in fish, similar to 57 

what is found in mammals (Weltzien, et al. 2014) suggesting that Fsh and Lh cells may not be 58 

so different from each other in fish, and more similar to the mammalian gonadotropes than we 59 

perhaps have anticipated. 60 

Medaka is a powerful teleost model for which several tools have been developed to 61 

study its genetics and development (Shima and Mitani 2004; Wittbrodt, et al. 2002). The 62 

recent development by our team of two transgenic lines, where DsRed2 and hrGfpII reporter 63 

proteins synthesis are controlled by the endogenous medaka fshb and lhb promotors 64 

respectively, enables the study of the gonadotrope cells in more detail (Hildahl, et al. 2012; 65 

Hodne, et al. 2019).  66 

Previously several studies conducted on Lh cells in medaka have explored and 67 

investigated basic parameters including morphology, ontogeny and regulation of Lh cells. In 68 

medaka, Lh cells have been found to participate in the plasticity of the pituitary during puberty 69 

through hypertrophy and estrogen-sensitive hyperplasia during puberty (Fontaine, et al. 70 
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2019). Lh cells have also been shown to make neuron-like projections allowing homotypic 71 

networks (Grønlien, et al. 2019), to express gnrh receptors (gnrhr), and to respond to gnrh 72 

stimuli by increasing their action potential frequency and intracellular calcium concentration 73 

(Hodne, et al. 2019; Strandabo, et al. 2013). However, very little is known about Fsh cells and 74 

if and how they contribute to pituitary plasticity during puberty. Therefore, using the recently 75 

developed transgenic lines where Fsh and Lh cells can be identified, we investigated 76 

gonadotrope plasticity in the medaka pituitary, examining both proliferation and phenotypic 77 

plasticity. In addition, we investigated the presence and the origin of bi-homonal (Fsh and Lh) 78 

cells in medaka. 79 

 80 

 81 

MATERIALS AND METHODS  82 

Animal maintenance 83 

Wild-type (WT, d-rR strain), transgenic tg(lhb-hrGfpII) (Hildahl, et al. 2012), tg(fshb-84 

DsRed2) and double transgenic tg(lhb-hrGfpII/fshb-DsRed2) (Hodne, et al. 2019) medaka 85 

(Oryzias latipes) were maintained at 28°C on a 14/10 hr light/dark cycle in a re-circulating 86 

system with reverse osmosis dosed-salt water (pH 7.6 and conductivity of 800µs). Fish were 87 

fed three times a day, once with live brine shrimp and twice with dry feed (Gemma, Skretting, 88 

UK). Experiments were performed according to the recommendations of the care and welfare 89 

of research animals at the Norwegian University of Life Sciences, and under the supervision 90 

of authorized investigators. Specifically, the Bromodeoxyuridine (BrdU) experiments were 91 

approved by the Norwegian Food Safety Authorities (FOTS ID 8596).  92 

Primary pituitary dispersed cell cultures 93 

Cell cultures were prepared as described in detail in (Ager-Wick, et al. 2018). For 94 

measuring the volume of DsRed2 and hrGfp-II expressing cells, 4 cell cultures were prepared 95 

either from 15 adult or due to their smaller size, 25 juvenile pituitaries of tg(lhb-hrGfpII/fshb-96 

DsRed2) animals from each sex. For quantification of mRNA levels at different time points, 97 

cell cultures were prepared by dissociating cells from 25 adult tg(lhb-hrGfpII) females. Cells 98 

were then plated in 3 different wells (each corresponding to a different sampling time point) in 99 

a 48 wells plastic plate (Sarstedt, Germany) coated with poly-L-lysine (Sigma, Norway), 100 
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prepared in a laminar flow hood by adding 50 µl poly-D-lysine, leaving for 1 min before 101 

removing the liquid, washing in 500 µl MQ water and leaving the coated wells to dry in UV-102 

light for approximately 30 minutes. 103 

For investigation of phenotypic conversion, 6 cell cultures from males and 4 from 104 

females tg(lhb-hrGfpII/fshb-DsRed2) were prepared. 2 cell cultures from each sex were 105 

treated 4 hours after being plated by adding Gnrh1 (concentration 10-6 M) into the medium. 106 

Time lapse was recorded as described below for 3 days. 107 

qPCR 108 

i) fshb mRNA was quantified during development using WT medaka as described in 109 

(Hildahl, et al. 2012). Briefly, a LightCycler 480 Real-Time PCR system (Roche, Mannheim, 110 

Germany), with SYBR Green (Roche) was used. Pooles of synchronized embryos (see table 111 

2 in (Hildahl, et al. 2012)) were collected in RNAlater for RNA isolation and cDNA synthesis. 112 

ii) gnrhr1b, gnrhr2a, gnrhr2b, lhb and fshb mRNA were quantified from cell cultures at 3 113 

different time points: 1 hour, 24 hours and 72 hours after plating the dissociated cells. Cells 114 

where mechanically detached from the plate by scraping the cells using the pipette in 300 ul 115 

of Trizol and further submitted to phenol-chloroform RNA extraction using GlycoBlue 116 

(Invitrogen, California, USA) as carrier. Experiments were performed in quadruplicate and 117 

triplicate respectively, for proper statistical analysis. Primers for gnrhr1b, gnrhr2a, gnrhr2b, 118 

lhb, fshb and 4 reference genes (β-actin, glyceraldehyde 3-phosphate dehydrogenase 119 

(gapdh) ribosomal protein L7 (rpl7), 16s and 18s ribosomal RNA (16s and 18s)) were 120 

designed to span exon–exon boundaries based on in silico analysis of the medaka genome to 121 

avoid detection of genomic DNA (gDNA) (Table 1). 16s expression was found to be the most 122 

stable across larval development and the combination of gapdh, rpl7 and 18s was found to be 123 

the most stable across time in cell culture according to BestKeeper software (Pfaffl, et al. 124 

2004), and thus used to normalize the expression analysis, using an efficiency-corrected 125 

relative quantification method (Weltzien, et al. 2005).  126 

Steroid treatments and BrdU Incubation 127 

 To study effects of sexual steroids on Lh and Fsh cell proliferation, 3 groups of 128 

transgenic tg(lhb-hrGfpII) adult fish (6 females and 6 males) were incubated for 6 days in 129 

system water containing 100 μg/L of either 17β-estradiol, testosterone or 11-ketotestosterone 130 
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(Sigma; diluted 1:105 in 96 % ethanol). Control fish (6 of each sex) were incubated for 6 days 131 

with diluent only. The experiment was repeated once. Immediately after steroid treatment, the 132 

fish were treated with 1 mM BrdU (Sigma) diluted in water with 15 % DMSO for 8 h.  Fish 133 

were then sacrificed, brain and pituitary were collected and fixed in 4 % paraformaldehyde 134 

overnight, and gradually dehydrated and stored in 100 % MetOH until use. 135 

Immunofluorescence 136 

Tissues were labeled for BrdU, PCNA as well as for Fshβ with immunofluorescence 137 

(IF), as previously described (Burow, et al. 2019; Fontaine, et al. 2013; Fontaine, et al. 2019). 138 

Briefly, IF was performed on free-floating sections obtained after the tissues were included in 139 

3% agarose and parasagittaly sectioned (60 μm) with a vibratom (Leica). Because the 140 

fluorescence of the endogenous DsRed2 is quenched with the epitope retrieval treatments 141 

required for BrdU and PCNA staining, tg(lhb-hrGfpII) animals were used and IF for Fshβ, with 142 

a custom-made polyclonal rabbit anti-medakaFshβ (1:500 (Burow, et al. 2019)) was 143 

performed. Nuclei were stained with DAPI (1:1000; 4’,6-diamidino-2-phenylindole 144 

dihydrochloride; Sigma).  145 

Imaging  146 

For imaging of the tg(lhb-hrGfpII/fshb-DsRed2) line during ontogeny (8-10 unsexed 147 

fish per stage) or for investigating the presence of bi-hormonal cells (12 unsexed fish per 148 

stage), no treatments where needed and endogenous hrGfpII together with DsRed2 were 149 

directly visualized. For all, vibratome slices were mounted between slide and coverslip with 150 

antifade mounting medium Vectashield (Vector, UK), and spacers were added between the 151 

slice and the coverslip when mounting whole pituitaries. Time-lapse recordings of dissociated 152 

pituitary cells were performed in a humid chamber at 26 °C with 1 % CO2 (Ager-Wick, et al. 153 

2018). All confocal images were acquired using a LSM710 microscope (Zeiss, Germany) with 154 

10X, 25X, 40X or 63X (respectively N.A. 0.3, 0.8, 1.2 or 1.4) objectives. Channels were 155 

acquired sequentially to avoid signal crossover between filters. Z-projections from confocal 156 

image stacks were obtained using Fiji software (v2.0.0 (Schindelin, et al. 2012)). 3D 157 

reconstruction was built using 3D-viewer plugin (Schmid, et al. 2010). 158 

Calcium imaging and Gnrh1 stimulation 159 
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Calcium imaging and Gnrh1 stimulation were performed as described in (Hodne, et 160 

al. 2019). Briefly, A total of 3 dishes of dissociated adult female tg(fshb-DsRed2) pituitary 161 

cells were used. Following 3 days in culture, the cells were gently washed in artificial BSA-162 

free extracellular solution (ECS: in mM: NaCl 134, KCl 2.9, MgCl2 1.2, HEPES 10, and 163 

glucose 4.5, pH 7.75 and 290 mOsm), then incubated in 5 μM Fluo4-AM dye (ThermoFisher 164 

Scientific, Massachusetts, USA) for 30 min before incubation in ECS added 0.1 % BSA for 20 165 

min. In total, 29 cells were stimulated with Gnrh1 (10 μM dissolved in ECS with 0.1% BSA; 166 

Bachem) using puff ejection (20 kPa through a 2 MΩ glass pipette, 30-40 μm from the target 167 

cell). Cells were imaged using a sCMOS camera (optiMOS, QImaging, British Columbia, 168 

Canada) with exposure time 50 to 80 ms and sampling frequency 0.5 Hz using μManager 169 

software, v1.4 (Edelstein, et al. 2014). Relative fluorescence intensity was calculated after 170 

background subtraction as changes in fluorescence (F) divided by the average intensity of the 171 

first 15 frames (F0). Data analysis was performed using Fiji software. 172 

Countings and measurments 173 

Counting of Fsh cells was performed blindly using Cell Profiler software (v2.1.0 174 

(Carpenter, et al. 2006)) as described in (Fontaine, et al. 2019), from 8 to 9 animals from 175 

each sex and stage. Double-labeled cells (BrdU/hrGfpII or BrdU/DsRed2) after steroid and 176 

BrdU treatments were manually counted using Fiji software and cell-counter plugin. Cell 177 

volume was measured by recording Z-stacks of dissociated cells a few minutes after being 178 

plated and using Fiji software and the voxel counter plugin for 9 to 36 cells per group. The 179 

fluorescence intensity in the mean region of interest (ROI) was measured with Fiji on 5 180 

different cells from 2 different cell cultures using 10× objective. For good clarity of the figure 181 

only 3 cells were kept. 182 

Statistics  183 

Data were analyzed using GraphPad Prism (v8.0, USA) with significance set at 184 

P<0.05.  185 

Potential differences in fshb mRNA levels during development, pituitary cell number or 186 

proportion and effects of sex steroids on cell proliferation were tested by one-way ANOVA 187 

followed by Tukey’s multiple comparison test. Two-way ANOVA with Tukey’s multiple 188 

comparison test was used to test for differences between mRNA levels in cell cultures 189 
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sampled at different time points and between the volume of the cells in cell culture. Finally, 190 

non-parametric Mann Whitney test was used to investigate significant difference in the 191 

proportion of DsRed2 cells changing phenotype in cell culture with or without Gnrh1 192 

stimulation. 193 

 194 

RESULTS  195 

Ontogeny of Fsh cells in the pituitary 196 

qPCR (Figure 1A) shows that relative expression of fshb mRNA in the embryo starts 197 

to increase after 72 hours post fertilization (hpf; 3 days). It becomes significantly different from 198 

the early time points after 336 hpf (14 days). To investigate at which time the first Fsh cells 199 

appear, we looked at the endogenous DsRed2 (Figure 1B) fluorescence starting with adult 200 

fish, back to younger stages in the tg(fshb-DsRed2) line. First, we did not observe any 201 

DsRed2 cells outside of the pituitary at all studied stages. Second, we found the first cells to 202 

arise around 8 days post fertilization (dpf), with a single DsRed2 cell observed in 2 of 8 203 

studied embryos at this stage. Third, we observed an increasing number of DsRed2 between 204 

each studied stage along development.  205 

Therefore, we counted the number of DsRed2 cells in the pituitary as well as the total 206 

number of cells using the nuclear DAPI staining, and calculated the percentage of DsRed2 207 

cells in the pituitary (Figure 1C), in juveniles (2-month old) and adults (6-month old) in both 208 

sex. While the number of cells in the pituitary increased significantly between juvenile and 209 

adult stages, there was no significant differences between sex at any stage. The same 210 

observation was made for the number of DsRed2 cells and the percentage of DsRed2 cells in 211 

the pituitary. In adults however, there was a noticeable tendency for higher numbers of cells 212 

and DsRed2 positive cells in females as compared to in males. 213 

Proliferation of Fsh cells  214 

 We then looked for the origin of the new DsRed2 positive cells. IF for proliferating cell 215 

nuclear antigen (PCNA) together with Fshβ showed some cells expressing both proteins 216 

(Figure 2A-C). In addition, IF for BrdU together with Fshβ on fish incubated for 8 hours in 217 

BrdU solution revealed that some Fshβ producing cells had integrated BrdU, therefore 218 

confirming active cell division (Figure 2D-F).  219 
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We then investigated the effect of sex steroids on gonadotrope cell proliferation. 220 

Unfortunately, we lost part of the samples during the labeling process leading to reduced 221 

number of samples in some of the groups (see “n” in Figure 2G-J). Nevertheless, steroid 222 

treatments before BrdU incubation and labelling by IF, revealed that contrary to 11-223 

ketotestosterone (11-KT), both estradiol (E2) and testosterone (T) were able to significantly 224 

increase the number of both BrdU/hrGfpII and BrdU/Fshβ cells in male pituitaries compared 225 

to control. In females, T was able to significantly increase the number of BrdU/Fshβ and 226 

BrdU/hrGfpII cells compared to control. In contrast, other treatments did not affect the number 227 

of BrdU/hrGfpII or BrdU/Fshβ cells in females. 228 

Distribution of Lh and Fsh cells in the pituitary 229 

Based on observations in the double transgenic line (lhb-hrGfpII/fshb-DsRed2), 230 

hrGfpII and DsRed2 positive cells are distributed in the median part of the pituitary in adult 231 

fish (Figure 3). This becomes even more clear when looking at the distribution in a 3D 232 

reconstituted image of the pituitary (Juveniles: Supplemental movie 1 and 2; adults: 233 

supplemental movie 3 and 4). We did not observe any difference between sex (data in males 234 

not shown), however, we could clearly see that in adults, hrGfpII cells are situated along the 235 

ventral and lateral surface of the pituitary while DsRed2 are located more internally. While 236 

hrGfpII cells to a large extent are clustered, DsRed2 cells seem more individualized and 237 

spread out. In juveniles, some of the DsRed2 cells were closer to the surface, some even 238 

touching the ventral and lateral surface of the pituitary, while this was never observed in 239 

adults where Lh cells cover the entire ventral and lateral surface. 240 

Interestingly, a few cells were positive for both hrGfpII and DsRed2 in 6-, 2- and 1-241 

month old fish (Figure 4A). Such co-expression was also shown in WT animals using FISH for 242 

lhb and fshb mRNA (Figure 4B). However, cells expressing both reporter proteins were never 243 

observed in 14 dpf larvae (n=12 larvae), at which time the first Lh cells arise in the pituitary. At 244 

this developmental stage, a few cells were weakly labeled either hrGfpII or DsRed2, but never 245 

in the same cell (Figure 4A). 246 

Morphology of Fsh and Lh cells 247 

Using the double transgenic line (lhb-hrGfpII/fshb-DsRed2), we investigated cell 248 

morphology. Measuring the volume of both hrGfpII and DsRed2 positive cells in dissociated 249 
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pituitary cell cultures from juveniles and adults (Figure 5A), we observed a volume increase 250 

from juvenile to adult stages in both cell types, although significantly different only in adult 251 

females. Interestingly, the cell volume is similar for hrGfpII and DsRed2 positive cells at both 252 

analyzed life stages.  253 

In addition, we observed that both in cell culture as well as in fixed tissue slices, 254 

hrGfpII and DsRed2 positive cells show seemingly similar long extensions from the cell body 255 

(Figure 5B-D). In dissociated cell culture, they use these extensions to make connections 256 

between them (homotypic and heterotypic networks; Figure 5E-H and supplemental movie 5). 257 

They also use these extensions for clustering (Figure 5I-K and supplemental movie 5). 258 

Phenotypic conversion of Fsh cells into Lh cells in medaka primary pituitary cell 259 

culture 260 

Recording time lapse images of dissociated primary pituitary cell culture from the 261 

double transgenic line (lhb-hrGfpII/fshb-DsRed2), we observed that some cells which were 262 

not expressing hrGfpII at the beginning were able to start to produce it with time (Figure 6A-B 263 

and supplemental movie 6). Most of the cells starting to express hrGfpII in the culture where 264 

DsRed2 positive and some of them start to produce hrGfpII already after 15 hours in cell 265 

culture. In addition, while we observed an increase of hrGfpII fluorescence over time, we did 266 

not observe any decrease of DsRed2 fluorescence in these cells (Figure 6B). We also found 267 

that adding Gnrh1 in the medium, significantly increased the number of DsRed2 positive cells 268 

starting to produce hrGfpII (Figure 6C). Interestingly, we also observed cells that initially were 269 

not labelled starting to express hrGfpII, but we never observed any hrGfpII expressing cell 270 

starting to produce DsRed2. 271 

Activity of Fsh cells upon Gnrh stimulation in medaka primary pituitary cell culture 272 

In our previous study of adult female medaka, we demonstrated that Fsh cells lack 273 

Gnrh receptors in tissue sections and do not shown calcium or electrophysiological responses 274 

upon Gnrh stimulation when investigating the cells shortly after dissociation (Hodne, et al. 275 

2019). Using dissociated primary pituitary cell cultures from adult female tg(fshb:DsRed2) line 276 

and the calcium imaging technique, we observed that 3 days after plating, 55% of the 277 

DsRed2 expressing cells show a transient elevation in cytosolic calcium with a latency of 2 to 278 
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5 sec upon Gnrh1 stimulation (Figure 7). The response usually lasted between 20 and 60 sec 279 

before returning to base line values.  280 

Temporal gene expression in primary medaka pituitary cell culture 281 

We analyzed the gene expression over time in cell culture of lhb, fshb and the three 282 

gnrhr found in the medaka pituitary (gnrhr1b, gnrhr2a and gnrhr2b) according to (Hodne, et 283 

al. 2019). Three time points were studied (Figure 8), 1 hour, 24 hours and 72 hours after the 284 

dissociated cells were plated. We observed a significant reduction of the expression for fshb 285 

already after 24 hours. Even if not significant, we also observed a tendency to a decrease of 286 

lhb expression, while gnrhr1b, gnrhr2a and gnrhr2b expression remained stable over time. 287 

 288 

DISCUSSION  289 

Lh and Fsh are key players in the BPG axis, controlling reproductive function. While 290 

medaka Lh cells have been well described (Fontaine, et al. 2019; Hildahl, et al. 2012), little is 291 

known about Fsh cells and the population they form in the medaka pituitary. In general, less 292 

is known about Fsh cells than for Lh cells in teleost fish. In this study, we used the recently 293 

developed and validated medaka transgenic lines allowing for the visualization and 294 

localization of Fsh-producing (DsRed2) and Lh-producing (hrGfp) cells (Hodne, et al. 2019), 295 

referred to as Lh and Fsh cells, following the definition of endocrine cells used by (Pogoda 296 

and Hammerschmidt 2007).  297 

We first studied the ontogeny of Fsh cells and demonstrated that while a significant 298 

increase of the fshb mRNA relative amount cannot be observed before 14 dpf, the first Fsh 299 

cell can already be observed in the pituitary after 8 dpf. This is before the observation of the 300 

first pituitary Lh cells which arise at 14 dpf (Hildahl, et al. 2012). This is comparable to 301 

zebrafish, where Fsh arise before Lh cells (respectively 4 and 28 dpf for Fsh and Lh cells; 302 

(Golan, et al. 2014)). Contrary to what has been previously described for Lh cells (Hildahl, et 303 

al. 2012), we did not observe any Fsh cell outside of the pituitary in medaka. We then 304 

observed that similar to in Lh cells (Fontaine, et al. 2019), the number of Fsh cells as well as 305 

the percentage of cells they represent in the pituitary increase between juvenile and adult 306 

stages. In addition, we demonstrate that the cell volume is also increasing between juvenile 307 

and adult stages, which is in agreement with the previous observation where Lh cell size was 308 
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also observed to increase. Therefore, both the proportion and the cell volume of 309 

gonadotropes (Lh and Fsh) are increasing in the medaka pituitary between juveniles and 310 

adults in both sex, certainly because reproduction plays a more important role in adults. 311 

These observations are similar to in mammals where an increasing number and size of 312 

gonadotropes has been observed during diestrus (Childs 1986; Childs 1995). Interestingly, 313 

we noticed that the proportion of Lh cells is higher than for Fsh, in both juveniles (approx. 314 

11% and 6%, respectively) and adults (approx. 13% and 10%, respectively).  315 

   Three hypotheses can explain the increasing number of gonadotropes in the pituitary. 316 

First, the division and differentiation of some progenitor cells. Second, the division of the 317 

gonadotrope themselves, and third, a phenotypic conversion of some of the differentiated 318 

pituitary cells. While the first hypothesis seems to have a primary role in mammalian pituitary 319 

plasticity (Florio 2011) and cannot be ruled out as some multipotent progenitor cells have 320 

been described previously in the dorsal part of the medaka pituitary (Fontaine, et al. 2019), 321 

we focused our work on the two last hypotheses.  322 

Proliferation has previously been described for Lh cells in the medaka pituitary, and 323 

here we demonstrate that this is also the case for Fsh cells. PCNA, an essential protein for 324 

DNA replication during the cell cycle, and BrdU which has been demonstrated to be a useful 325 

and reliable marker for labelling recently divided and currently dividing cells (Bauer and 326 

Patterson, 2005), were both observed in Fsh cells, confirming active cell division. Division of 327 

hormone producing cells is not restricted to fish as this has also been observed in the 328 

mammalian pituitary (Kominami, et al. 2003) including gonadotropes themselves (Childs and 329 

Unabia 2001). 330 

Sex steroids play crucial roles in multiple systems related to reproduction, and E2 has 331 

been shown to play an essential role in medaka reproduction (Kayo, et al. 2019). While the 332 

number of Fsh cells as well as Lh cells labeled by BrdU increased after E2 or T treatment in 333 

males, this was not the case following treatment with 11-KT (a non-aromatizable androgen). 334 

These results therefore suggest that E2, and T after aromatization into E2, are able to 335 

promote both Fsh and Lh cell proliferation in male medaka. In females however, only T was 336 

able to increase the proliferation of Fsh cells. These results are in agreement with our 337 

previous study where we observed a stimulatory effect of E2 on Lh cell proliferation in males 338 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 6, 2019. ; https://doi.org/10.1101/757682doi: bioRxiv preprint 

https://doi.org/10.1101/757682
http://creativecommons.org/licenses/by-nc-nd/4.0/


13 
 

but not in females (Fontaine, et al. 2019), perhaps due to higher endogenous levels of E2 in 339 

females (Bhatta, et al. 2012). Several studies have addressed the role of E2 and 340 

aromatizable androgens on the activity of Lh and Fsh cells in both mammals (Nett, et al. 341 

2002) and fish (Yaron, et al. 2003). In mammals, some studies have reported a negative 342 

effects of steroids on gonadotrope cell proliferation: Mitotic gonadotropes drastically increase 343 

after castration in male rats (Sakuma, et al. 1984), and ovariectomy in female rats (Smith and 344 

Keefer 1982). In medaka however, we show a positive effect of E2 and T, on the proliferation 345 

of both gonadotrope cell types. 346 

To test the third hypothesis about phenotypic plasticity we used the double transgenic 347 

line. We observed some gonadotropes labelled by both hrGfpII and DsRed2 in adult and 348 

juvenile stages suggesting that some cells could express both gonadotropic hormones in the 349 

medaka pituitary. We then confirmed that some cells were expressing both lhb and fshb 350 

mRNA using two colour FISH technique. Dual phenotype has been reported in other teleost 351 

fish, including the Mediterranean yellowtail (Hernandez, et al. 2002), European hake 352 

(Candelma, et al. 2017), zebrafish and tilapia (Golan, et al. 2014). It is presently unknown 353 

whether these cells are progenitor cells in a transient phenotype of differentiation toward one 354 

hormone phenotype, or fully differentiated gonadotropes in a transient form during the 355 

phenotypic conversion from one hormone phenotype to another or simply with permanent bi-356 

hormonal phenotype. Lh and Fsh cells have been shown to share the same developmental 357 

path (Weltzien, et al. 2014), and the presence of Fsh cells has been revealed in the ventral 358 

surface of the pituitary in larval and juvenile stages, in close proximity to the Lh cells. 359 

However, we never observed dual labeling in pituitary cells of 14 dpf old larvae, the time 360 

when the first Lh cells arise. Instead, we could observe some weakly labelled hrGfpII or 361 

DsRed2 cells, suggesting that new gonadotropes arise as monohormonal cells. Therefore, 362 

the dual phenotype gonadotropes is probably not expressed in differentiating progenitor cells, 363 

but more likely in cells that change phenotype at a later stage. 364 

We found that Lh and Fsh cells are similar in morphology. They have similar volume 365 

in juveniles and in adults and show, both in vivo and in vitro, extensions allowing networking 366 

as previously shown for Lh (Grønlien, et al. 2019). Here, we show that Lh and Fsh cells show 367 

similar behavior as they connect and cluster in cell culture using these extensions. While 368 
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these similarities suggest a similar genetic background, which has already been shown 369 

(Weltzien, et al. 2014), they would also make it easy for a phenotypic conversion between the 370 

two phenotypes. We previously reported that some cells from unknown identity where able to 371 

start to produce Lh with time in cell culture (Fontaine, et al. 2019). Here, we demonstrated 372 

that in cell culture, some Fsh cells can change phenotype and start to produce lhb, and that 373 

Gnrh stimulates this phenotypic conversion. Interestingly, we did not observe any obvious 374 

decrease of DsRed2 fluorescence in the Fsh cells suggesting that the Fsh may become bi-375 

hormonal, but fluorescent reporter proteins have usually relatively long half-life (about 24-30h 376 

in mammalian cells (Corish and Tyler-Smith 1999). In addition, we observed that levels of 377 

fshb mRNA were drastically reduced after 24 hours in cell culture, but we cannot identify 378 

which cells are responsible for this decrease. It is therefore impossible to determine if the 379 

cells that start to produce lhb become LH-monohormonal or bi-hormonal cells. It should also 380 

be noted that we never observed Lh cells becoming Fsh positive. These results are similar to 381 

the one observed in vitro in rats (Childs 1985) where mono-hormonal Fsh cells have been 382 

found to become bi-hormonal when stimulated with Gnrh. This phenotypic conversion of Fsh 383 

cells has also been described in vivo in the Rhesus Monkey during sexual maturation 384 

(Meeran, et al. 2003). In addition, it has already been described in rats (Denef, et al. 1978) 385 

and sheep (Taragnat, et al. 1998), that Gnrh was responsible for a change in the pituitary 386 

gonadotrope population by regulating the existence of LH-monohormonal, FSH-387 

monohormonal and bi-hormonal gonadotrope subtypes. Whether this phenomenon is 388 

reversible and if other compounds could have similar or opposite effects, remains to be 389 

tested. These experiments also need to be performed ex-vivo to confirm that in medaka, 390 

phenotypic plasticity is not just due to cell culture conditions.  391 

Interestingly, while we demonstrate here that the phenotypic conversion of Fsh cells 392 

is Gnrh sensitive, it has recently been shown that in adult female medaka, Fsh cells do not 393 

possess any gnrhr and do not respond (electrically nor by changes in cytosolic Ca2+ levels) to 394 

Gnrh stimuli after dissociation and maintained for a short period in culture (less than 48 h 395 

(Hodne, et al. 2019)). However, we show that after 3 days in cell culture, a subset of Fsh cells 396 

(about 50%) start responding to Gnrh stimuli by increasing the intracellular calcium 397 

concentration. This suggests that Fsh cells are changing phenotypic characteristics after 398 
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being cultivated for an extended time without close contact with other cells, and may start to 399 

produce gnrhr. However, we did not observe any increase of gnrhr expression in medaka 400 

pituitary cell culture. This may be due to the relatively low number of Fsh cells in our cultures 401 

or/and the relatively high expression of gnrhr in the other pituitary cell types, thus hiding small 402 

increases of expression by Fsh cells. Indeed, a study in cod primary pituitary cell culture has 403 

reported an increase of the gene expression levels between day 2 and day 7 of one Gnrh-404 

receptor (Gnrhr2a) found to be expressed in gonadotropes in this species (Hodne, et al. 405 

2012). Together, these observations suggest that Fsh cells need input (paracrine or 406 

neuroendocrine factors) to maintain their status. Further studies are needed to identify the 407 

factors playing a role in the maintenance of Fsh status, but these observations further support 408 

that precautions should be taken about the conclusions when investigating dissociated 409 

primary pituitary cell cultures over time. 410 

Many groups have reported a direct stimulation of Fsh cells by Gnrh in cell culture. 411 

While we observed that some Fsh cells start to produce lhb after only 15 hours in medaka cell 412 

culture, most in vitro studies use the cells several days after they were dissociated and 413 

plated: more than 3 days for coho salmon (Dickey and Swanson 2000), 5 days for rainbow 414 

trout (Vacher, et al. 2000), 2 days for masu salmon (Ando, et al. 2004), and more than 2 days 415 

for Atlantic cod (Hodne, et al. 2013). In addition, other studies have shown an effect of Gnrh 416 

on Fsh cells in more complete systems (pituitary slices or whole pituitary), where cells are 417 

kept in a more intact environment and connections with neighboring cells are preserved 418 

(tilapia (Aizen, et al. 2007) and medaka (Karigo, et al. 2014)), but a recent study showed that 419 

Fsh cells can be activated indirectly through heterotypic pituitary cell networks in medaka 420 

(Hodne, et al. 2019). Therefore, whether Gnrh directly affects Fsh cells in fish should be 421 

reinvestigated taking these new findings into account. 422 

To conclude, this study demonstrates that gonadotropes, Lh and Fsh cells, show high 423 

plasticity by exhibiting hypertrophy and hyperplasia between juvenile and adult stages. They 424 

both proliferate in the medaka pituitary upon estradiol stimulation, and also upon testosterone 425 

stimulation after its aromatization into estradiol. Fsh cells have the capacity to change their 426 

phenotype by starting to produce Lh, and this phenomenon is promoted by Gnrh. This may 427 

explain the number of gonadotropes observed as bi-hormonal in different fish species. 428 
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Combined, these two phenomena may participate in adapting hormone production to 429 

hormone demand, which differs across the life span of an animal.  430 
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FIGURE LEGENDS: 623 

 624 

Figure 1: (A) Relative fshb mRNA expression during early development in pooled medaka 625 

larvae by quantitative polymerase chain reaction (qPCR) analysis. fshb gene expression was 626 

normalized to 16s gene expression using an efficiency adjusted relative quantification 627 

method. Data are presented as mean relative expression + SEM, n=4. Relative mRNA levels 628 

were significantly different (P < 0.05) using one-way ANOVA followed by a Tukey-Kramer 629 

HSD post-hoc analysis when letters are different (A and B). (B) Ontogeny of DsRed2 630 

producing cells in the tg(fshb-DsRed2) line. Parasagittal sections of the brain and the pituitary 631 

for fish from 1-month old up to 4-months old, and of the whole embryo for younger stages, 632 

without (left panels) or with nuclear (DAPI) staining (right panels). Dotted lines delimit the 633 

dorsal part of the pituitary. Scale bars: 20 μm. (C) Cell counting for the four different groups of 634 

fish: juvenile males (n = 9) and females (n = 9), and adult males (n = 8) and females (n = 9). 635 

(i) Mean (+s.d.) of the total number of cells in the pituitary. (ii) Mean (+s.d.) of the number of 636 

DsRed2 cells in the pituitary. (iii) Mean (+s.d.) of the percentage of DsRed2 cells related to 637 

the total number of cells in the pituitary. For each graph, one-way ANOVA with Tukey’s 638 

multiple comparison test revealed significant differences (P < 0.05) when letters are different 639 

(a and b). 640 

 641 

Figure 2: (A-C) Confocal plan images of a parasagittal section from an adult WT female 642 

medaka pituitary labeled by immunofluorescence for Fshβ (magenta) and proliferating cell 643 

nuclear antigen (PCNA; yellow). (D-F) Confocal plan images of a parasagittal section from a 644 

tg(lhb-hrGfpII) adult female medaka pituitary incubated in BrdU for 8 hours and labeled by 645 

immunofluorescence for Fshβ (magenta) and BrdU (yellow). Scale bars: 10 μm. (G-J) 646 

Graphics presenting the mean (+s.d.) number of double labelled cells, BrdU/hrGfpII (G,I) or 647 

BrdU/Fshb (H,J) in the pituitary from adult medaka males (G-H) and females (I-J) treated for 8 648 

hours in BrdU after 6 days treatment in either Estradiol, 11-Ketotestosterone, Testosterone or 649 

ethanol (control). “n” represents the number of individual fish analyzed. For each graph, one-650 

way ANOVA with Tukey’s multiple comparison test revealed significant differences (P < 0.05) 651 

when letters are different (a, b and c). 652 
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 653 

 654 

Figure 3: (A) Schemas presenting the position of the sections made in the brain and pituitary 655 

used for the following images, from the ventral and ventral point of view providing respectively 656 

parasagittal and frontal sections. (B) Confocal plan images of the endogenous fluorescence 657 

from 2-months old and 6-months old females tg(lhb-hrGfpII/fshb-DsRed2) medaka brain and 658 

pituitary, in parasagittal and frontal sections. Sections are shown without or with nuclear 659 

(DAPI) staining. Scale bars: 20 μm.  660 

 661 

Figure 4: (A) Confocal plan images from the endogenous fluorescence in parasagittal 662 

sections from 6-months old, 2-months old, 1 month old and 14 dpf unsexed tg(lhb-663 

hrGfpII/fshb-DsRed2) medaka brain and pituitary. (B) Confocal plan images of a parasagittal 664 

section from the brain and pituitary of a 2-months old WT fish labeled by multi-color FISH for 665 

lhb and fshb mRNA. Cells expressing both hrGfpII and DsRed2 (A) or lhb and fshb (B) are 666 

shown with white arrows while cells showing weak expression of DsRed2 or hrGfpII are 667 

shown with white arrow heads (A). Scale bars: 20 μm. 668 

 669 

Figure 5: (A) Graphic showing the calculated cell volume of Lh (hrGfpII) or Fsh (DsRed2) cells 670 

in cell culture from tg(lhb-hrGfpII/fshb-DsRed2) animals, just after cells were dissociated and 671 

plated. Cell volume was measured in cells from juvenile males (n=10 cells) and females (n=9 672 

cells) as well as in adult males (n=13 cells) and females (n=23 cells). Two-way ANOVA with 673 

Tukey’s multiple comparison test revealed significant differences (P < 0.05) when letters are 674 

different (a, b, c and d). (B,C) Confocal plan image from a dsRed positive (Fsh) and hrGfpII 675 

(Lh) cell respectively, in cell culture for 24 hours. (D) Confocal plan image from a parasagittal 676 

section of a pituitary from adult tg(lhb-hrGfpII/fshb-DsRed2) female with nuclear (DAPI) 677 

staining. Arrows show the extensions of the cells in the tissue. (E-H) Confocal plan images 678 

from pituitary cell culture from tg(lhb-hrGfpII/fshb-DsRed2) adult females, 24 hours after 679 

dissociation showing heterotypic network between a dsRed positive (Fsh) and hrGfpII (Lh) 680 

cell as well as other unknown cell types revealed by the brightfield (BF) image. Scale bars: 10 681 

μm. (I-K) Time lapse image of a pituitary cell culture from tg(lhb-hrGfpII/fshb-DsRed2) adult 682 
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females showing clustering of dsRed positive (Fsh) and hrGfpII (Lh) cells as shown by the 683 

arrows. Scale bar: 50 μm. 684 

 685 

Figure 6: (A) Confocal plan images of a pituitary cell culture from tg(lhb-hrGfpII/fshb-DsRed2) 686 

adult males 1 hour (top panels) and 3 days (bottom panels) after dissociation. Arrows show 687 

DsRed2 positive cells that are becoming hrGfpII positive cells during the 3 days. (B) Graphic 688 

presenting the mean fluorescent ROI intensity for hrGfpII and DsRed2 from 3 different cells 689 

over time, from 2 different cell cultures imaged with a 10× objective. (C) Graphic showing the 690 

mean (+SEM) of the percentage of DsRed2 positive cells that have started to produce hrGfpII 691 

after 3 days in cell culture with Gnrh1 (n=4 cell cultures from 2 males and 2 females) or 692 

without (control n=6 cell cultures from 4 males and 2 females). Cell cultures from different 693 

sexes were pooled as they presented similar results for each treatment. Non-parametric 694 

Mann Whitney test was used to investigate significant difference in the proportion of Fsh 695 

(DsRed2) cells changing phenotype with or without Gnrh1 stimulation. 696 

 697 

Figure 7: Cytosolic calcium measurements in Fsh cells following 1 μM Gnrh1 stimulation 698 

using 3 days cultivated dissociated pituitary cells from adult female tg(fshb-DsRed2) medaka. 699 

In total 16 of 29 Fsh cells (55%) responded to Gnrh1. Recording of the fluorescence intensity 700 

after stimulation with Gnrh1 in a (A) non-responding Fsh cell and (B) responding Fsh cell. (A 701 

and B) Upper micrographs represent four images from a time lapse of an Fsh cell following 702 

Gnrh stimulation (pink shaded rectangle). Below, The corresponding trace were each number 703 

(1-4) represents the timepoints of the selected pictures above. Scale bars on images: 10 μm. 704 

 705 

Figure 8: Temporal relative expression of lhb, fshb, gnrhr1b, gnrhr2a and gnrhr2b in cell 706 

culture from tg(lhb-hrGfpII) adult female pituitaries. The mRNA levels of the genes of interest 707 

were reported to the level of a combination of reference genes including rpl7, gapdh and 18s 708 

RNA. Two-way ANOVA with Tukey’s multiple comparison test revealed significant differences 709 

(* when P < 0.05). 710 

 711 

Table 1: List of primers used for qPCR. 712 
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Supplemental movie 1: 3D reconstruction of whole pituitary from tg(lhb-hrGfpII/fshb-DsRed2) 713 

juvenile female medaka imaged by LSM710 confocal with 40X oil objective and built with 3D-714 

viewer plugin (Fiji software). Lh cells (hrGfp-II) are cyan and Fsh cells (DsRed2) are magenta. 715 

Anterior to the top.  716 

 717 

Supplemental movie 2: 3D reconstruction of whole pituitary from tg(lhb-hrGfpII/fshb-DsRed2) 718 

juvenile female medaka imaged by LSM710 confocal with 40X oil objective and built with 3D-719 

viewer plugin (Fiji software). Lh cells (hrGfp-II) are cyan and Fsh cells (DsRed2) are magenta. 720 

Nuclei stained with DAPI are in grey. Anterior to the top. Scale bar in red is expressed in µm. 721 

 722 

Supplemental movie 3: 3D reconstruction of whole pituitary from tg(lhb-hrGfpII/fshb-DsRed2) 723 

juvenile female medaka imaged by LSM710 confocal with 25X oil objective and built with 3D-724 

viewer plugin (Fiji software). Lh cells (hrGfp-II) are cyan and Fsh cells (DsRed2) are magenta. 725 

Anterior to the top. Scale bar in red is expressed in µm. 726 

 727 

Supplemental movie 4: 3D reconstruction of whole pituitary from tg(lhb-hrGfpII/fshb-DsRed2) 728 

juvenile female medaka imaged by LSM710 confocal with 25X oil objective and built with 3D-729 

viewer plugin (Fiji software). Lh cells (hrGfp-II) are cyan and Fsh cells (DsRed2) are magenta. 730 

Nuclei stained with DAPI are in grey. Anterior to the top. Scale bar in red is expressed in µm. 731 

 732 

Supplemental movie 5: Confocal time-lapse recording of primary pituitary cell culture from 733 

tg(lhb-hrGfpII/fshb-DsRed2) adult male. Imaged with a LSM710 confocal and 40X oil 734 

objective in time lapse with 15 min between each picture, from 1 h after the cells have been 735 

dissociated and plated and for 72h. Lh cells (hrGfp-II) are green and Fsh cells (DsRed2) are 736 

red. 737 

 738 

Supplemental movie 6: Confocal time-lapse recording of primary pituitary cell culture from 739 

tg(lhb-hrGfpII/fshb-DsRed2) adult male treated with Gnrh1. Imaged with a LSM710 confocal 740 

and 40X oil objective in time lapse with 15 min between each picture, from 4 h after the cells 741 
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have been dissociated and plated and for 72h. Lh cells (hrGfp-II) are green and Fsh cells 742 

(DsRed2) are red. 743 

 744 
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Gene name forward squence 5'-3' reverse sequence 5'-3' Amplicon length
16s rna CGATCAACGGACCGAGTTACC AATAGCGGCTGCACCATTAGG 119
rpl-7 TGCTTTGGTGGAGAAAGCTC TGGCAGGCTTGAAGTTCTTT 98
β-actine ACCCTGTCCTGCTCACTGAA GCAGGGCTGTTGAAAGTCTC 92
fshb GACGGTGCTACCATGAGGAT TCCCCACTGCAGATCTTTTC 73
lhb CCACTGCCTTACCAAGGACC AGGAAGCTCAAATGTCTTGTAG 100
gnrhr1b TCCTGCTACACATCCACCAG GCCTTTGGGATGATGTCTGT 88
gnrhr2a GGGCGATGAGTGTGATCCTC CCCGAGTGGCACATTGAGT 96
gnrhr2b TTGAGATATCAAGCCGCATC GAGTCCTCATCCGAGCTTTG 99
18s rna CCTGCGGCTTAATTTGACTC AACTAAGAACGGCCATGCAC 118
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