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Hazrat Ali Ibn Abi Talib A.S

“Patience ensures victory”
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Characterization of hormone-
producing cell types in the teleost 
pituitary gland using single-cell 
RNA-seq
Khadeeja Siddique, Eirill Ager-Wick, Romain Fontaine  , Finn-Arne Weltzien   & 
Christiaan V. Henkel  

The pituitary is the vertebrate endocrine gland responsible for the production and secretion of several 
essential peptide hormones. These, in turn, control many aspects of an animal’s physiology and 
development, including growth, reproduction, homeostasis, metabolism, and stress responses. In 

regulation of, and communication between these cell types remain to be resolved. We have therefore 

the pituitaries of female and male adult medaka (Oryzias latipes), respectively. Based on expression 

of which ten are involved in the production of a single peptide hormone. Collectively, our data provide a 
high-quality reference for studies on pituitary biology and the regulation of hormone production, both 

Background & Summary
The pituitary is a master endocrine gland in vertebrates, which is involved in the control of a variety of essen-
tial physiological functions including growth, metabolism, homeostasis, reproduction, and response to stress1–3. 
These functions are modulated by the secretion of several peptide hormones, produced by different endocrine 
cell types of the adenohypophysis2.

While in mammals the endocrine cells are distributed throughout the adenohypophysis2,4, the pituitary of tel-
eost fish is highly compartmentalized, with specialized hormone-producing cell types located in specific regions2. 
As the teleost pituitary produces at least eight peptide hormones in distinct cell types2, the physiology of the 
pituitary gland is relatively complex5. The rostral pars distalis contains lactotropes and corticotropes, which pro-
duce prolactin (Prl) and adrenocorticotropic hormone (Acth), respectively. Somatotropes (producing growth 
hormone, Gh), gonadotropes (luteinizing hormone, Lh and follicle-stimulating hormone, Fsh) and thyrotropes 
(thyroid-stimulating hormone, Tsh) are located in the proximal pars distalis, and somatolactotropes (somatolac-
tin, Sl) and melanotropes (α-melanocyte stimulating hormone, α-Msh) in the pars intermedia4. In addition, in 
tetrapods, the gonadotropins Lh and Fsh can be produced in the same cell, while fish gonadotropes are generally 
thought to secrete either Fsh or Lh, but not both2,6–8.

In recent years, transcriptome sequencing (RNA-seq) has emerged as a powerful technology to study the 
expression and regulation of pituitary genes. For example, RNA-seq has been used to study gene expression in 
the zebrafish pituitary during maturation9, in prepubertal female silver European eel pituitary glands10, and in 
FACS-selected Lh cells from the Japanese medaka pituitary11. Although these studies provide a valuable perspec-
tive on the regulation of hormone production, RNA-seq is a bulk technology, which averages gene expression 
over the entire tissue sample. As a result, it does not provide information on which hormones are produced in 
which cells. Knowledge on the physiology and development of the individual pituitary cell types, as well as on the 
regulatory mechanisms involved in hormone production, therefore remains limited.

Physiology Unit, Faculty of Veterinary Medicine, Norwegian University of Life Sciences, Ås, Norway.  
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In this study, we employed single-cell RNA-seq (scRNA-seq) technology, which allows the study of biological 
questions in which cell-specific changes in the transcriptome are important, e.g. cell type identification, var-
iability in gene expression, and heterogeneity within populations of genetically identical cells12,13. scRNA-seq 
has recently been used to describe the heterogeneity within the pituitary cell populations in mammals14,15 and 
zebrafish16. Unlike bulk RNA-seq, scRNA-seq promises to disentangle the processes at work in pituitary hormone 
production.

We used medaka (Oryzias latipes)17,18 to construct a transcriptomic snapshot of the cell types in the adult pitu-
itary gland. Medaka is an emerging model species, which has a small genome (800 Mbp) and is a representative of 
the largest radiation within the teleosts (euteleosts, Cohort19 Euteleostomorpha). As such, it is a complementary 
model to zebrafish16, which belongs to another major teleost clade (Cohort Otomorpha)19.

We used the 10x Genomics scRNA-seq platform to analyze female and male pituitaries separately and 
obtained 2592 and 3804 high-quality cellular transcriptome profiles, respectively. This dataset provides a com-
prehensive transcriptomic reference on the teleost pituitary, as well as on its constituent cell types. After bioin-
formatics analysis, we found these profiles to belong to 15 and 16 distinct cell populations in the female and male 
pituitary, respectively, of which ten are involved in the production of a single peptide hormone. This suggests the 
teleost pituitary is subject to a higher degree of division of labour than its mammalian counterpart, in which many 
cells express multiple hormone-encoding genes14.

Methods
Fish strain and animal husbandry. For this study, we used a transgenic line of Japanese medaka derived 
from the d-rR genetic background, in which the Lhβ gene (lhb) promoter drives the expression of the green flu-
orescent protein (hr-gfpII) gene20,21. Fish were kept in a re-circulating system (up to 10–12 fish per 3-liter tank) 
at 28 °C on a 14/10 h light/darkness cycle and were fed three times a day with a mix of dry food and Artemia. The 
animal experiments performed in this study were approved by the Norwegian University of Life Sciences, follow-
ing guidelines for the care and welfare of research animals.

Pituitary sampling and cell dissociation. Pituitaries were collected from 24 female and 23 male adult 
medaka of approximately 8 months old (eggs fertilized 20 October 2017, sampling 6 June 2018). At this age, 
medaka are fully mature and sexually dimorphic. Fish were sacrificed between 07.30–09.00 h in the morning 
(around the time of spawning induced by the start of the artificial light period) by hypothermic shock (immer-
sion in ice water) to minimize distress22. The pituitary was dissected immediately after severing the spinal cord. 
In order to reduce the influence of sampling time on the results, fish were processed in alternating batches of ten 
individuals of each sex at a time.

After sampling, pituitaries were pooled per sex and cells were dissociated as described23. Briefly, fresh pituitar-
ies were put in an Eppendorf tube with modified PBS (phosphate buffered saline, pH 7.75, 290 mOsm/kg, 0.05% 
bovine serum albumin) and kept on ice until processing. Pituitaries were treated with 0.1% w/v trypsin type II 
S for 30 minutes at 26 °C, then with 0.1% w/v trypsin inhibitor type I S supplemented with 2 μg/mL DNase I for 
20 minutes at 26 °C, and subsequently gently mechanically dissociated by repeated aspiration with a strained 
glass pipette. The cell solution was filtered through a 35 μm cell strainer (BD Pharmingen) to remove potentially 
remaining clumps of cells. Dissociated pituitary cells were resuspended in 90 μl modified PBS, counted and vis-
ually inspected for good cell dissociation and quality. Samples were kept on ice for approximately 30 minutes until 
scRNA-seq library preparation, which commenced at 12.00 h on the same day.

We prepared scRNA-seq libraries on the 10x Genomics Chromium 
Controller at the Genomics Core Facility of the Radium Hospital (part of Oslo University Hospital). For the 
initial step of the library preparation (GEM generation and barcoding) 35 μl of the cell suspension prepared 
in the previous step was used, containing approximately 10,000 (female) and 11,000 (male) cells. The 10x 
Genomics Single Cell 3′ Reagents Kits v2 were used according to the manufacturer’s guidelines (https://sup-
port.10xgenomics.com/single-cell-gene-expression/library-prep/doc/user-guide-chromium-single-cell-
3-reagent-kits-user-guide-v31-chemistry) to prepare cDNA libraries for a target of 4,000 cells.

Sequencing. Per sample, four redundant sequencing libraries (without additional sequencing controls) were 
analyzed on an Illumina NextSeq 500 at the Genomics Core Facility. Read 1 was sequenced for 28 cycles (covering 
the 26 nt cellular barcode and UMI), read 2 for 96 cycles (covering the cDNA insert). For downstream analyses, 
the resulting FASTQ files were collated per sample.

Reference genome and annotation. We used the chromosome-scale Hd-rR medaka reference 
genome (Ensembl release 94) for alignments. In preliminary analyses, we noticed that many reads for expected 
pituitary-specific transcripts were mapped near, but outside the 3′ boundary of gene annotations. Therefore, 
in order to improve transcript quantification accuracy, we manually inspected the read alignment to these and 
other highly expressed genes (using Samtools24 v 1.10 and the Integrative Genomics Viewer25 v 2.3), and adjusted  
3′ UTR annotations where necessary (Table 1). The resulting custom gene transfer file (GTF) was then supplied 
using the 10x Genomics Cell Ranger v 3.0.2 (https://support.10xgenomics.com/single-cell-gene-expression/soft-
ware/pipelines/latest/what-is-cell-ranger) mkref command.

Initial data processing. We used the standard 10x Genomics Cell Ranger (v 3.0.2) pipeline with default 
parameters for preliminary analyses. It includes quality control of the FASTQ files, alignment of FASTQ files to 
the customized medaka reference using STAR26 (v 2.5.1b), demultiplexing of cellular barcodes, and quantification 
of gene expression. Table 2 summarizes the Cell Ranger quality control and output.
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Cell Ranger also performs automated cell clustering based on the similarity of gene expression profiles. We used 
the Loupe Cell Browser v 3.1.1 (https://support.10xgenomics.com/single-cell-gene-expression/software/visualiza-
tion/latest/what-is-loupe-cell-browser) to visualize these results. Unsupervised graph-based clustering suggested 
nine and eleven cell populations in the female and male medaka pituitary, respectively (see Code Availability).

For a more detailed analysis, we used the Seurat27 R toolkit (v 3.1.5) and dropEst28 (v 0.8.5) for accurate estima-
tion of molecular counts per cell (Table 3). We used the .bam files produced by Cell Ranger as the input for dropEst.

Quality control (QC). dropEst by default reports any barcode with more than 100 UMIs as cellular (fil-
tered cells in Table 3). Presumably, this relaxed threshold still includes many non-cellular and debris barcodes. 
Therefore, we explored these data using Seurat, and derived additional selection criteria for cellular barcodes 
based on the UMIs counts, mitochondrial fraction and globin expression. After imposing these thresholds, 2644 
and 3921 cells remained for the female and male pituitary, respectively.

Gene Ensembl ID Feature Original Updated
pomca ENSORLG00000025908 3′ exon 2:10971088–10975672 (−) 2:10971088–10971837 (−)
prl ENSORLG00000016928 3′ exon 8:23591803–23592288 (+) 8:23591803–23592634 (+)
smtla ENSORLG00000013460 3′ exon 13:26485894–26486532 (+) 13:26485894–26486136 (+)
gh ENSORLG00000019556 3′ exon 8:75404–76751 (+) 8:75404–75568 (+)
tshba ENSORLG00000029251 3′ exon 5:13105690–13108242 (−) 5:13107640–13108242 (−)
fshb ENSORLG00000029237 3′ exon 3:9888850–9890682 (−) 3:9890408–9890682 (−)
lhb ENSORLG00000003553 3′ exon 15:14339670–14339965 (+) 15:14339670–14340309 (+)
nr5a1 ENSORLG00000013196 3′ exon 12:24979868–24980234 (−) 12:24979864–24980234 (−)
Cga ENSORLG00000022598 3′ exon 22:10122990–10126745 (−) 22:10126430–10126745 (−)

alt. transcript 22:10124168–10144948 (−) removed
mdkb ENSORLG00000014169 3′ exon 6:26806299–26806315 (−) 6:26805916–26806315 (−)
eef1a ENSORLG00000007614 3′ exon 11:17258988–17259109 (−) 11:17258988–17258678 (−)
fth1a ENSORLG00000005872 3′ exon 3:17888694–17888835(−) 3:17888418–17888835(−)

3′ exon 3:17888677–17888835 (−) 3:1788841817888835 (−)
exon 3:17888057–17888070 (−) removed

mcee ENSORLG00000022009 3′ exon 3:17885682–17890772 (+) 3:17885682–17886310 (+)

Table 1. Genome annotation adjustments.

Female Male
Number of reads 165818560 142738097
Q30 bases in barcodes 97.5% 97.4%
Q30 bases in RNA reads 79.7% 80.3%
Q30 bases in UMI reads 83.4% 81.5%
Reads mapped to genome 84.1% 85.4%
Reads mapped confidently to exonic regions 59.9% 62.5%
Reads mapped uniquely to genome 82.4% 83.8%
Estimated number of cells 2890 4321
Fraction of reads in cells 83.4% 81.5%
Mean reads per cell 57376 33033
Median genes detected per cell 1182 1063
Total genes detected 17321 17775

Table 2. Sequencing and Cell Ranger statistics.

Female Male
Unfiltered cells 74338 77520
Filtered cells 4945 7334
Filtered genes detected 18786 19043
Genes with exons 17284 17882
Genes with introns 15036 15598
Cells pre-doublet detection 2644 3921
Cells post-doublet detection 2592 3804

Table 3. Final cell quantification statistics.
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Since single-cell capture is sensitive to the formation of doublets, we used the R package DoubletFinder29  
(v 2.0.3) to detect hybrid expression profiles in our data. The number of expected real doublets depends 
on the number of cells captured. We selected a 2% doublet rate for the female sample and a 3% doublet 
rate for the male sample, based on the 10x Genomics specifications (https://support.10xgenomics.com/
single-cell-gene-expression/index/doc/user-guide-chromium-single-cell-3-reagent-kits-user-guide-v2-chem-
istry). We removed 52 and 117 putative doublets from the female and male pituitary data, respectively.

Clustering. After QC, we normalized the data with the LogNormalize method in Seurat and identified highly 
variable genes by using the vst method. Subsequently, we used these variable genes (n = 2000) to identify signif-
icant principal components (PCs) based on the jackStraw function. We used ten informative PC dimensions in 
both samples as the input for uniform manifold approximation and projection (UMAP). After the dimensionality 
reduction, we clustered the cells using the FindClusters function with a resolution of 0.5 and 0.9 for the female and 
male data sets, respectively, and initially characterized 11 different clusters in both the female and male pituitary.

Cell type assignment. We used differentially expressed genes per cluster (FindAllMarkers with min.
pct = 0.25) to help assign tentative cell type identities to these clusters. Marker genes (Table 4) reported in previ-
ous studies2,14–16,21,30–32 were used for cell type assignment.

During initial data exploration, we observed several clusters sharing many common 
markers. Therefore, we further inspected their heterogeneity iterating the clustering function on selected subsets 
of the data. Subclusters were detected across multiple clustering resolutions (0.2 and 0.5) of the FindClusters func-
tion in Seurat. We subsequently used the FindAllMarkers function to find differentially expressed genes between 
each of these subclusters to highlight the differences and finally decided on the cell type boundaries for these 
‘zoomed-in’ sub-clusters.

Data integration. We combined the female and male datasets using the Seurat FindIntegrationAnchors and 
IntegrateData functions, using default settings. For subsequent visualization, we randomly downsampled the 
male data to 2592 cells.

Bulk RNA-seq analyses. We quantified the Cell Ranger .bam files without cellular barcode demultiplexing 
using htseq-count33 (v 0.11.2) with the intersection-nonempty setting. In addition, we quantified gene expression 
from comparable (adult) samples of a separate bulk RNA-seq study34,35 on the medaka pituitary gland. Sequencing 
libraries for these samples (females 122–124, 249–277 days post-fertilization; and males 137–139, 96–129 days 
post-fertilization) were previously prepared using the Smart-SEQ HT kit (Takara Bio), sequenced at 2 × 151 nt on 
an Illumina NovaSeq 6000, and aligned to the modified medaka reference genome using STAR. For both studies, 
23635 annotated protein-coding genes were quantified in counts per million reads (CPM).

Data Records
We present a characterization of the cell types of the medaka pituitary gland, as a basis for more in-depths analy-
ses of the regulation of and inter-communication between different hormones and cell types.

Our data set on the medaka pituitary consists of gene expression values for 2592 and 3804 adult female and 
male cells, respectively. These can be assigned to 15 or 16 distinct cell populations, respectively, one of which 
appears to be unique to male pituitaries. We assigned biological identities to 12 populations based on the expres-
sion of known hormone-encoding genes. Figure 1 and Table 4 provide an overview of the cell types of the medaka 
pituitary.

Cell types Hormone Female cells % Male cells % Marker gene References
1. Melanotropes α-Msh 54 2.1 53 1.4 pomca, oacyl 2,15

2. Corticotropes Acth 25 1.0 55 1.5 pomca 15

3. Lactotropes Prl 123 4.7 175 4.6 prl 14,15

4. Lactotropes Prl 69 2.7 222 5.8 prl 14,15

5. Somatolactotropes Sl 15 0.6 38 0.9 smtla 16,30

6. Somatotropes Gh 52 2.0 127 3.3 gh 14,15

7. Thyrotropes Tsh 69 2.7 46 1.2 tshba 14,15

8. Fsh- gonadotropes Fsh 72 2.8 198 5.2 fshb 15,31

9. Lh-gonadotropes Lh 535 20.6 895 23.5 lhb 2,15,21,30

10. Gonadotrope-like 597 23.0 444 11.7 cga, nr5a1b 31,32

11. Red blood cells 371 14.3 559 14.7 gb
12. Macrophages 15 0.6 15 0.4 c1qa, c1qb, c1qc 14,15

13. Uncharacterized 277 10.7 410 10.8
14. Uncharacterized 198 7.6 386 10.2
15. cga-expressing cells 120 4.6 160 4.2 cga 30

16. Uncharacterized 21 0.6

Table 4. Cells per cluster in scRNA-seq data.
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Availability. The main data record36 consists of barcodes.tsv, features.tsv and matrix.mtx files, listing raw UMI 
counts for each gene (feature) in each cell (barcode) in a sparse matrix format. In addition, we provide a table of 
cell type assignments and UMAP projections for each individual cell (barcode), as well as a summary of the top 
differentially expressed genes per cell type. Raw sequencing data are available in FASTQ format37. Finally, the data 
record contains matrix files on exonic and intronic expression, which can be used for Velocyto gene expression 
dynamics analyses38. These data can be accessed through the project accession number GSE162787 at the NCBI 
Gene Expression Omnibus36.

The bulk RNA-seq data used for validation can be accessed through GSE179598 at the NCBI Gene Expression 
Omnibus35, and will be described in more detail in a separate publication34.

Technical Validation
In order to validate the quality of our data, we investigated their reproducibility, the influence of technical varia-
bles, and the biological perspective.

Reproducibility. At the level of cell type clustering (Fig. 1a–b), both datasets appear superficially similar. 
We further investigated whether the cells in the female and male medaka pituitary are comparable by integrating 
both datasets in a single analysis. The resulting UMAP visualization (Fig. 1c) suggests this is indeed the case, 
with all major cell clusters remaining intact in this projection. In general, the numbers of cells per cluster are 

Fig. 1 Clustering of scRNA-seq data reveals the cell populations of the female and male medaka pituitary.  
(a) Uniform manifold approximation and projection (UMAP) plot showing the classification of distinct cell 
types of the female pituitary (b) UMAP plot showing the classification of distinct cell types of the male pituitary. 
UMAP offers a projection of individual cellular expression profiles (which are high-dimensional data points) 
into two dimensions. Cells are represented by dots; close proximity of cells in the UMAP projection indicates 
their expression profiles are similar. Therefore, cells of a distinct type appear as clusters. See Table 4 for details 
on cluster identity assignment. (c) UMAP visualization of unsupervised Seurat integration of the female and 
male datasets shows the cell types for both samples are comparable. (d) Barplots showing the percentage of cells 
per cluster in both samples (see Table 4).
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similar between the two samples (Fig. 1d), with minor differences that are consistent with previously established 
sex-specific patterns39.

This analysis also suggests both datasets are highly reproducible. We further established this by comparing 
the compound expression of protein-coding genes in the data (Fig. 2a), i.e. without deconvolution into con-
stituent cells. At the level of read counts per million (CPM), female and male data are again highly similar 
(Fig. 2b, Spearman rank correlation 0.98).

As one of our intended uses for this scRNA-seq dataset is to interpret patterns in additional RNA-seq studies, 
we also compared these counts to CPM derived from bulk RNA-seq on biologically similar samples (Fig. 2c,d). 
Here, the overall gene expression patterns remain qualitatively similar (Spearman rank correlation 0.80–0.87), 
although expression level quantification is presumably affected by differences in library preparation protocols 
(3′-specific 10x Genomics versus full transcript Smart-SEQ).

Fig. 2 Sequencing reproducibility. (a) Stacked barplots of read mapping to genomic fractions for both samples. 
(b) Scatterplot of gene expression in both scRNA-seq samples processed as bulk samples, showing good 
correspondence between females and males. Yellow dots indicate the major protein hormone-encoding genes. 
CPM: counts per million. (c) Scatterplot of compound gene expression (CPM) in female scRNA-seq compared 
to bulk RNA-seq (CPM) on comparable samples (mean of three samples). (d) Idem for male scRNA-seq and 
three comparable male RNA-seq samples.
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Technical quality control. Interpretation of single-cell transcriptomics data is highly sensitive to technical 
artifacts. For example, expression profiles can derive from low quality cells, cellular debris, or ambient RNA. We 
therefore determined empirical thresholds distinguishing genuine cellular expression profiles from noise (Fig. 3). 
We defined selection criteria for cellular barcodes based on UMI counts (Fig. 3a), expression of mitochondrial 
genes (Fig. 3b, cyan dots), expression of genes specific to red blood cells (Fig. 3c, red dots), and a probability score 
for cellular doublets (Fig. 3a–c, orange dots). Based on the distribution of UMI counts per barcode, we defined 
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Fig. 3 Selection of cellular barcodes in pituitary single-cell data. Left panels: female sample, right panels: male 
sample. (a) Threshold 1: QC based on the UMIs counts. The cyan dots illustrate the final selected barcodes, grey 
dots represent barcodes not meeting selection criteria, orange dots indicate potential doublets, and red dots 
represent globin-expressing cells. The dotted line represents the UMI cutoff value. (b) Threshold 2: QC based 
on the mitochondrial fraction. The horizontal dotted line indicates the 5% threshold. Marginal plots indicate 
the densities of barcode sets at different values (grey line: all cells). (c) Threshold 3: QC based on globin (gb)-
expressing cells (red dots), which do not meet the UMI count criterion (panel and dotted line) but are included 
in our final dataset. Note that the axes are on logarithmic scales, and that the horizontal axis is identical for all 
the panels of a sample. (d) Breakdown of cellular QC for the 4945 (female) and 7334 (male) barcodes reported 
by dropEst.
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as cellular barcodes those with ≥1500 UMIs in both female and male samples. High levels of expression of mito-
chondrial genes have been interpreted as an indication of damaged cells40,41.We therefore excluded barcodes in 
which mitochondrial gene expression contributes more than 5% of the total (for both females and males, Fig. 3b).

In initial clustering analyses, we noticed that these criteria exclude both technical artifacts (data not shown) 
and a single cluster of cells with low overall UMI counts, but a very clearly defined expression profile. Based on 
their expression profile we interpret these barcodes to represent red blood cells. Although they are developmen-
tally only very distantly related to the other cells in the pituitary, our data show that they are an intrinsic (if tran-
sient) component. Therefore, including them in our dataset will allow for more precise interpretation of patterns 
in bulk RNA-seq studies (e.g. Figure 2c–d).

With the exception of these red blood cells, all other defined cell types show a high and consistent number of 
genes expressed per individual cell (Fig. 4a). In addition, a saturation analysis (Fig. 4b), contrasting the number 
of genes expressed per cell and the sequencing depth per cell, suggests the latter is sufficient to capture most of the 
transcriptomic complexity for each cell type.

Biological quality control. In order to validate the biological relevance of the cell type identities shown 
in Fig. 1, we have compared their gene expression patterns with known expression profiles from both tele-
osts and mammals. Initially, we identified eleven different populations based on optimized Seurat clustering. 
However, there were several clusters that shared high expression of known, specific marker genes. We therefore 

Fig. 4 Cell type quality. (a) Boxplots showing the number of genes detected per cell type for both samples. 
Boxes correspond to the interquartile range (IQR), whiskers indicate 1.5 × the IQR. (b) Sequencing saturation 
curves. Grey dots represent individual cellular gene expression profiles, coloured lines are loess local regression 
curves for each cell type.
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evaluated expression heterogeneity within each cluster and manually defined final clusters (see Methods). 
We defined two subclusters for the initial cluster expressing pomca (ENSORLG00000025908), which encodes 
pro-opiomelanocortin, the protein precursor for α-Msh and Acth. The first subcluster has high expression of 
pomca, oacyl (ENSORLG00000005993), crhbp (ENSORLG00000002228), pcsk2 (ENSORLG00000006472) and 
pax7 (ENSORLG00000004269), which are markers for the α-Msh-secreting melanotropes; the second subcluster 
was identified as Acth-secreting corticotropes due to lower expression of pax7 and pomca15.

Next, a large compound cluster on the right side of Fig. 1 (both females and males) shares three important 
hormone-encoding genes: tshb, gh and smtla. We therefore divided it into three subclusters using Seurat, gene 
expression patterns and differentially expressed (DE) genes (see available code for details). The first subcluster has 
strong expression of tshba (ENSORLG00000029251, encoding the β subunit of Tsh), which is a robust marker for 
thyrotropes (orange color in Fig. 1). The second subcluster expresses gh (ENSORLG00000019556), which demar-
cates the somatotropes (yellow). The last subcluster (light green) has expression of smtla (ENSORLG00000013460, 

Fig. 5 Cell type functions. (a) The expression of hormone-encoding genes in female and male pituitary, 
respectively. Values are the mean of normalized expression over all cells in a cluster. The grey dots indicate low 
expression of genes. (b) Expression pattern heatmaps for uncharacterized cell types in both female and male data.
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which encodes Sl, a hormone produced by the teleost, but not the mammalian, pituitary gland)16,21,30,42. In con-
trast to in the zebrafish pituitary16, we did not observe the expression of pou1f1 (ENSORLG00000015870) in 
somatolactotropes.

Finally, Seurat initially divided the big cluster of gonadotrope cells (expressing the gonadotropin α-subunit 
cga, ENSORLG00000022598) at the bottom of Fig. 1 into two subclusters for the males, but not for the females. 
However, based on the heterogeneity of the expression pattern in the female cluster, and its apparent homology 
to the two male clusters, we defined two subclusters: one is enriched for lhb (ENSORLG00000003553, encoding 
the β subunit of Lh) and gnrhr2 (ENSORLG00000012659, also known as gnrhr2a43) expression, both of which are 
exclusively associated with Lh production in teleosts43,44; the other expresses nr5a1b (ENSORLG00000013196), 
encoding a nuclear receptor involved in gonadotropin regulation in the mammalian pituitary and teleosts16,32.

Three remaining cell clusters we directly assigned to specific hormone-producing cell types, based on 
the very high expression of hormone-encoding genes: two distinct populations of lactotropes expressing prl 
(ENSORLG00000016928) and fshb-expressing gonadotropes (ENSORLG00000029237, encoding the β subunit of Fsh).

After final clustering, we define 15 and 16 distinct expression patterns in female and male data, respectively, 
which we interpret as distinct cell types (see Fig. 1 and Table 4). Based on their expression patterns, we could assign 
unambiguous cell type identities to twelve of these (Fig. 5). Ten clusters show high expression of genes encoding 
protein hormones (Fig. 5a and Table 4). In addition, one cluster expresses cga, but no gene encoding a β subunit. Two 
clusters appear to be red blood cells and macrophages (Fig. 5b and Table 4). Based on detailed expression patterns 
(Fig. 5b) we could not unequivocally define the elusive folliculostellate cell population of the pituitary. In the mam-
malian pituitary, these cells (of partly unknown function) are characterized by marker genes14 that show significant, 
but specific expression in two of our uncharacterized cell populations (clusters 13 and 14, Fig. 1).

Traditionally, a marker for these cells is the s100 gene45,46, however, this gene has at least eight homologs in the 
medaka genome, most of which do not show an unambiguous expression pattern in the pituitary.

Overall, our assignments of biological function largely confirm a ‘one cell type, one hormone’ (Fig. 5a) division 
of labour, in which major hormones are produced by a single, dedicated cell type. This is in apparent contrast to 
the mammalian pituitary, in which cells are often responsible for producing and releasing multiple hormones14.

Code availability
The R code used in the analysis of the scRNA-seq data is available on GitHub (https://github.com/sikh09/
Medaka-pituitary-scRNA-seq).
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3D Atlas of the Pituitary Gland of the
Model Fish Medaka (Oryzias latipes)
Muhammad Rahmad Royan1, Khadeeja Siddique1, Gergely Csucs2, Maja A. Puchades2,
Rasoul Nourizadeh-Lillabadi1, Jan G. Bjaalie2, Christiaan V. Henkel1, Finn-Arne Weltzien1

and Romain Fontaine1*

1 Physiology Unit, Faculty of Veterinary Medicine, Norwegian University of Life Sciences, Ås, Norway, 2 Institute of Basic
Medical Sciences, University of Oslo, Oslo, Norway

In vertebrates, the anterior pituitary plays a crucial role in regulating several essential
physiological processes via the secretion of at least seven peptide hormones by different
endocrine cell types. Comparative and comprehensive knowledge of the spatial
distribution of those endocrine cell types is required to better understand their
physiological functions. Using medaka as a model and several combinations of multi-
color fluorescence in situ hybridization, we present the first 3D atlas revealing the gland-
wide distribution of seven endocrine cell populations: lactotropes, thyrotropes, Lh and Fsh
gonadotropes, somatotropes, and pomca-expressing cells (corticotropes and
melanotropes) in the anterior pituitary of a teleost fish. By combining in situ
hybridization and immunofluorescence techniques, we deciphered the location of
corticotropes and melanotropes within the pomca-expressing cell population. The 3D
localization approach reveals sexual dimorphism of tshba-, pomca-, and lhb-expressing
cells in the adult medaka pituitary. Finally, we show the existence of bi-hormonal cells co-
expressing lhb-fshb, fshb-tshba and lhb-sl using single-cell transcriptomics analysis and
in situ hybridization. This study offers a solid basis for future comparative studies of the
teleost pituitary and its functional plasticity.

Keywords: pituitary, atlas, teleost, hormone, multihormonal cells, medaka, single-cell transcriptomics

HIGHLIGHTS

- We offer the first 3D atlas of a teleost pituitary, which presents a valuable resource to the
endocrinology and model fish community.

- The atlas reveals the 3D spatial distribution of the seven endocrine cell types and blood vessels in
the juvenile/adult male and female pituitary.

- Gene expression for tshba, pomca, and lhb, as well as the volume of the cell population expressing
these genes, displays obvious sexual dimorphism in the adult medaka pituitary.

- Multi-color in situ hybridization and single cell RNA-seq reveal the existence of bi-hormonal cells,
co-expressing lhb-fshb, fshb-tshba, lhb-sl, and a few multi-hormonal cells.

- An online version of the atlas is available at https://www.nmbu.no/go/mpg-atlas.
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INTRODUCTION

In vertebrates, the pituitary is considered the chef d’orchestre of
the endocrine system, regulating several essential biological and
physiological functions throughout the life cycle. Located
beneath the hypothalamus, it is divided into the anterior part
(adenohypophysis) and posterior part (neurohypophysis). The
former comprises several endocrine cell types which produce and
release specific peptide hormones, controlling many important
aspects of life, including growth, stress, metabolism, homeostasis,
and reproduction (1, 2).

During embryogenesis, different cellular developmental
trajectories specify several endocrine cell types in the
adenohypophysis, characterized by the hormones they produce
(3). In general, the vertebrate adenohypophysis consists of
lactotropes (producing prolactin; Prl), corticotropes
(adrenocort icotropic hormone; Acth) , thyrotropes
(thyrotropin; Tsh), gonadotropes (follicle-stimulating and
luteinizing hormone; Fsh and Lh), somatotropes (growth
hormone; Gh), and melanotropes (melanocyte-stimulating
hormone; a-Msh), which have specific roles in regulating
certain physiological functions (2, 4). Teleosts, in addition,
have an endocrine cell type that is unique to these animals, i.e.
somatolactotropes (somatolactin; Sl) (5). In contrast to mammals
and birds, Fsh and Lh are mostly secreted by distinct endocrine
cell types in teleosts (6), although both transcripts or hormones
have sometimes been observed in the same cells in some species
(7–10). Unlike mammals, teleost endocrine cells are arranged in
discrete zones. Lactotropes and corticotropes are commonly
located in the rostral pars distalis (RPD), thyrotropes,
gonadotropes, and somatotropes in the proximal pars distalis
(PPD), and melanotropes and somatolactoropes in the pars
intermedia (PI) (5, 11).

Over the past five decades, endocrine cell type organization in
the teleost pituitary has been documented in various species.
Despite having approximately similar patterns, the pituitary
endocrine cell maps exhibit differences in terms of variety of
cell types that are reported. For instance, the localization of
endocrine cell populations in dorado fish shows only four
distinct types of endocrine cells across the adenohypophysis
(12). By contrast, studies of other species described five
[Japanese medaka (13)], six [fourspine sculpin (14); cardinal
and bloodfin tetra (15)], seven [greater weever (16); white
seabream (17); dimerus cichlid (18)], and eight [Atlantic
halibut (19); Nile tilapia (20); saddle wrasse (21)] cell types.

Even though these previous studies have provided interesting
information on the spatial organization of endocrine cell
populations, they lack information due to the techniques
available and used at the time. First, the use of mid- and para-
sagittal sections of the pituitary to reconstruct organizational
patterns of endocrine cells overlooks information on the lateral
sides. Second, the single-labeling method and non-species
specific antibodies typically used do not provide sufficient
detail on arrangements among different endocrine cell
populations, or on the possible existence of multi-hormonal
cells as described in mammals (22–25). These features will be
important to better understand their roles in fish physiology and

endocrinology. Moreover, the distribution of the blood vessels
within the pituitary, which play an essential role by transporting
the released hormones, is poorly known. A better knowledge will
help understand how endocrine cells arranged within a
vascularized system that is thought to facilitate signaling within
the pituitary (26). Also, since it has been shown that the pituitary
is a plastic organ with changes occurring at cellular and
population levels (27), it is essential to describe the cell
composition, spatial organization, and vascularization of the
pituitary in detail.

The Japanese medaka (Oryzias latipes) is a teleost model
commonly used to investigate vertebrate and teleost physiology,
genetics, and development, due to easy access to a wide range of
genetic and molecular techniques (28, 29). We have recently used
single-cell RNA sequencing to describe seven distinct endocrine
cell types (expressing prl, pomca, fshb, lhb, tshba, gh, and sl) in the
medaka pituitary (30). Here, we extend this study by describing
differences in the spatial distribution of the seven endocrine cell
populations, in juvenile and adult fish from both sexes. Using
multi-color in situ hybridization techniques together with single-
cell transcriptomics analysis, this study offers the first 3D atlas of
teleost pituitary endocrine cell populations, allowing the
characterization of differences in spatial distribution between
sexes and stages, as well as demonstrating the existence of multi-
hormonal cells.

MATERIALS AND METHODS

Experimental Animals
Juvenile (2 months old) and adult (6 months old) wild type
medaka (WT, d-rR strain) were reared at 28°C in a re-circulating
water system (pH 7.5; 800 μS) with 14 hours light and 10 hours
dark. Fish were fed with artemia and dry food three times daily.
Sex determination was based on secondary sexual characteristics
(31). Experiments were conducted in accordance with
recommendations on experimental animal welfare at the
Norwegian University of Life Sciences.

Quantitative Polymerase Chain Reaction
RNA extraction from pituitaries (n = 7) was performed as
previously described in (32). Fish were euthanized by
immersion in ice water and pituitaries were collected and
stored at -80°C in 300 μl of TRIzol (Invitrogen, Carlsbad,
USA) with 6 zirconium oxide beads (Bertin Technologies,
Versailles, France; diameter 1.4 mm). Later, tissues were
homogenized and mixed with 120 μl chloroform. After
centrifugation, the supernatant was mixed with isopropanol,
and the RNA pellet was rinsed with 75% cold ethanol before
resuspended with 14 μl of nuclease free water. Due to the size of
the tissue, 3 juvenile pituitaries were pooled per replicate. A total
of 33 ng of RNA was used to synthesize cDNA using SuperScript
III Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) and
random hexamer primers (Thermofisher scientific). 5× diluted
cDNA samples were analyzed in duplicate, using 3 μl of the
cDNA and 5 μM each of forward and reverse primer in a total
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volume of 10 μl (Table 1). PCR cycle parameters were: 10 min
pre-incubation at 95°C, followed by 42 cycles of 95°C for 10 s,
60°C for 10 s and 72°C for 6 s, followed by melting curve analysis
to assess PCR specificity. The mRNA level was normalized using
rpl7 as the reference gene as no significant difference of
expression was found between groups.

Multi-Color Fluorescence In Situ
Hybridization
Tissue Preparation
Fish were euthanized by immersion in ice water. Each brain and
pituitary complex was fixed overnight at 4°C in 4%
paraformaldehyde (PFA, Electron Microscopy Sciences,
Hatfield, Pennsylvania) diluted with phosphate buffered saline
with Tween (PBST: PBS, 0.1%; Tween-20), approximately 50×
the tissue volume. Tissue was then dehydrated in a series of
increasing ethanol concentrations (25%, 50%, 75%, 96%),
followed by storage in 100% methanol at -20°C until use.

Cloning and RNA Probe Synthesis
DNA sequences for the probes were obtained from NCBI as
listed in Table 2. Sequences were selected according to the high

expression in the pituitary for those having more than one
paralog in the medaka genome (tshb and pomc). PCR primers
for the amplification of the probe genes were designed from
transcribed sequences (mRNA) for each gene using Primer3
(https://primer3.ut.ee/). Following RNA extraction and cDNA
synthesis as described above, cDNA was used to amplify the
sequence of interest by PCR using Taq DNA polymerase
(Thermo Fisher Scientific) with a 3-min denaturation step at
94°C, followed by 35 cycles at 94°C for 15s, 50°C for 15s, and
72°C for 60s, and finally 1 cycle of 72°C for 5 mins. The amplified
PCR products were isolated using a gel extraction kit (Qiagen)
and cloned into the pGEM-T Easy vector (Promega)
following manufacturer instructions and verified by
sequencing. PCR products from the verified plasmids were
used as template to synthetize sense and anti-sense
complementary RNA probes using in vitro transcription with
T7 or SP6 RNA polymerase (Promega, Madison, Wisconsin).
RNA probes were tagged with dinitrophenol-11-UTP (DNP,
Perkin Elmer, Waltham, Massachusetts), fluorescein-12-UTP
(FITC, Roche Diagnostics), or digoxigenin-11-UTP (DIG,
Roche Diagnostics). Finally, the probes were purified using the
Nucleospin RNA clean-up kit (Macherey-Nagel, Hoerdt, France)

TABLE 1 | Primer sequences used for the mRNA level analysis in the medaka pituitary.

Gene Name Sequence (5’ - 3‘) Ensembl Gene Name Accession Number (NCBI/Ensembl) Amplicon size (bp) Efficiency Reference

rpl7 F: TGCTTTGGTGGAGAAAGCTC rpl7 NM_001104870 98 2.03 (32)
R: TGGCAGGCTTGAAGTTCTTT ENSORLG00000007967

prl F: TCAGATGGGAACCAGAGGAC prl1 XM_004071867.4 85 1.987 This study
R: GATGTCCACGGCTTTACACA ENSORLG00000016928

tshba F: ATGTGGAGAAGCCAGAATGC tshba XM_004068796.4 88 2 This study
R: CTCATGTTGCTGTCCCTTGA ENSORLG00000029251

lhb F: CCACTGCCTTACCAAGGACC lhb NM_001137653.2 100 2 (33)
R: AGGAAGCTCAAATGTCTTGTAG ENSORLG00000003553

fshb F: GACGGTGCTACCATGAGGAT fshb NM_001309017.1 73 2.03 (32)
R: TCCCCACTGCAGATCTTTTC ENSORLG00000029237

gh F: TCGCTCTTTGTCTGGGAGTT gh1 XM_004084500.3 102 1.94 This study
R: ACATTCTGATTGGCCCTGAT ENSORLG00000019556

pomca F: GTGGTGGTTGTCGGTGGG pomca XM_004066456.3 122 1.956 This study
R: GTGAGGTCAGAGCGGCAG ENSORLG00000025908

sl F: CACCAAAGCATTACCCATCC smtla NM_001104790.1 87 1.965 This study
R: ACCAGCATCAGCACAGAATG ENSORLG00000013460

TABLE 2 | Primer sequences used to make the in situ hybridization (ISH) probes of seven endocrine cell types in the medaka pituitary.

Gene Sequence (5’ - 3’) Ensmbl gene name Accession Number (NCBI/Ensembl) PCR product size (bp) Reference

lhb F: CACAGCCTGCAGATACATGAG lhb NM_001137653.2 318 (33)
R: AGGAAGCTCAAATGTCTTGTAG ENSORLG00000003553

fshb F: GAGGAAGCAACACTTTCAGC fshb NM_001309017.1 500 (34)
R: GCACAGTTTCTTTATTTCAGTGC ENSORLG00000029237

pomca F: ATGTATACCGTTTGGTTGCT pomca XM_004066456.3 515 This study
R: AAATGCTTCATCTTGTAGGAG ENSORLG00000025908

sl F: CCCATCTTTTCACTGTAAGT smtla NM_001104790.1 506 This study
R: ATACTGGAAGGCACCTTGTT ENSORLG00000013460

prl F: GAAAGACCGAGGAGGAACTG prl1 XM_004071867.4 381 This study
R: TTGCAGAGTTGGACAGGACC ENSORLG00000016928

gh F: TCTCTGCAGACTGAGGAACA gh1 XM_004084500.3 501 This study
R: AGCCACAGTCAGGTAGGTCT ENSORLG00000019556

tshba F: ACAGGCTAAACTCAAGTTAA tshba XM_004068796.4 473 This study
R: AGGATCATATAGGTGCTCTG ENSORLG00000029251
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and the concentration was measured using the Epoch
Spectrophotometer System (BioTek, Winooski, VT, USA).

Hybridization
Multi-color FISH was performed as previously described in (35)
with minor modifications. Tissues were serially rehydrated, and
the pituitary was detached from the brain. Afterwards, whole
pituitaries were hybridized with the probes (0.11 – 3.17 ng/μl) for
18 hours at 55°C, and incubated with different combinations of
anti-DNP- (Perkin Elmer), anti-FITC-, and anti-DIG-
conjugated antibodies (Roche Diagnostics), followed by
TAMRA- (Thermofisher), Cy5- (Perkin Elmer) and FITC-
conjugated tyramides (Sigma). The nuclei were stained with
DAPI (1:1000, 4’, 6-diamidino-2-phenylindole dihydrochloride;
Sigma). The absence of labeling when using sense probes was
used to confirm the specificity of the anti-sense probes. Whole
pituitaries were mounted using Vectashield H-1000 Mounting
Medium (Vector, Eurobio/Abcys) between microscope slides
and cover slips (Menzel Glässer, VWR) with spacers
(Reinforcement rings, Herma) in between for the juveniles, and
between two cover slips with spacers for adults.

Combined FISH and Immunofluorescence
To distinguish the localization of adrenocorticotropic-releasing
hormone (Acth) and alpha-melanocyte stimulating hormone
(a-Msh) cells within pomca-expressing cells separately, IF was
performed using the antibodies shown in Table 3. After FISH for
pomca labelled with FITC-conjugated tyramide, the pituitaries
were embedded in 3% agarose (H2O) and para-sagittally
sectioned with 60 μm thickness using a vibratome (Leica).
From a single pituitary, odd and even ordered slices were
processed to detect Acth and a-Msh IF, respectively. Tissue
slices were incubated for 10 minutes at room temperature (RT)
in permeabilizing buffer (0.3% Triton in PBST) with agitation,
before incubation for 1 hour at RT in blocking solution (Acth:
3% norma l goa t s e rum (NGS) ; 0 . 3% Tr i ton ; 1%
dimethylsulfoxide (DMSO) in PBST; a-Msh: 3% NGS; 5%
Triton; 7% DMSO in PBST). Sections were then incubated at
4°C overnight with primary antibodies or without (control) in
blocking solution, followed by 4 hours at RT with secondary
antibodies in blocking solution with extensive PBST washes in
between. Nuclei were stained with DAPI (1/1000). Antibody
dilution factors are provided in Table 3.

Blood Vessel Staining
Blood vessels were stained by cardiac perfusion as previously
described (38). The fish were anesthetized with 0.04% Tricaine
(pH 7), and the anterior abdomen was cut to allow access to the

heart. Afterwards, 0.05% of DiI (1,1’-Dioctadecyl-3,3,3’,3’-
Tetramethylindocarbocyanine Perchlorate; Invitrogen) solution
diluted in 4% PFA (in PBS) was administered to the bulbus
arteriosus through the ventricle using a glass needle. The
pituitary was dissected and fixed in 4% PFA (in PBS) for 2
hours in the dark, then washed 2 times with PBS and mounted as
described above.

Image Processing and Analysis
Fluorescent images were obtained using an LSM710 Confocal
Microscope (Zeiss) with 25× (for adult pituitary) and 40× (for
juvenile pituitary) objectives. Lasers with wavelength of 405
(DAPI), 555 (TAMRA; Alexa-555), 633 (Cy5) and 488 (FITC;
Alexa-488) nm were used. Channels were acquired sequentially
to prevent cross-signaling of fluorophores. Due to the size of the
adult pituitaries, the image acquisition was done from the dorsal
and ventral sides of the pituitary with some overlaps in the
middle. In conjunction with the microscope, ZEN software
(v2009, Zeiss) was used to process the images, and ImageJ
(1.52p; http://rsbweb.nih.gov/ij/) was used for processing z-
projections from confocal image stacks. The dorsal and ventral
stacks of adult pituitaries were aligned using HWada (https://
signaling.riken.jp/en/en-tools/imagej/635/) and StackReg
plugins (http://bigwww.epfl.ch/thevenaz/stackreg/), before
presenting them in orthogonal views.

3D Volume Measurement of
Cell Populations
Cell volumes from the pituitary image stacks (n = 4-8 per group)
were measured using ImageJ. Briefly, the channels of the image
stack were split, and the threshold was adjusted to select only the
objects of interest and to exclude background. The Otsu
threshold method was used to separate foreground objects
from background. To calculate the object volume, the area of
the slice was multiplied by the depth of the slice. The absolute
volume of each population was calculated by summing the
population volume of each slice. Then, the relative volume of
each population as a percent of the total pituitary volume
(determined by DAPI staining) was calculated.

3D Atlasing
While juvenile pituitaries were imaged as one block, adult
pituitaries were imaged from the ventral and dorsal side with
confocal imaging as described above. The two sides of the adult
pituitaries were then merged using landmarks visible with the
DAPI staining. Finally, eight pituitaries labeled for different
markers were aligned to the same coordinate system also using
manually selected landmarks. These data were used for the

TABLE 3 | Primary and secondary antibodies used for immunofluorescence (IF) to distinguish Acth and a-Msh cells within pomca-expressing cells in the medaka pituitary.

Antibody Dilution Source Reference

Rabbit anti-human ACTH antibody 1:1000 abcam (ab74976) (36)
Rabbit anti-human a-MSH antibody 1:3000 abcam (ab123811) (37)
Goat anti-rabbit antibody (Alexa-555) 1:500 Invitrogen (A21429) (34)
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creation of four 3D atlases of the pituitary gland, using the
principle approaches previously outlined (39).

The creation of the 3D atlases involved several steps. Merging
and alignment was done using LandmarkReg (https://github.
com/Tevemadar/LandmarkReg, with accompanying utilities
https://github.com/Tevemadar/LandmarkReg-utils). Image
stacks were saved in NIfTI format (https://imagej.nih.gov/ij/
plugins/nifti.html) and converted with the “NIfTI2TopCubes”
utility before the matching anatomical positions (“landmarks”)
were manually identified in volume-pairs. Both the signal from
endocrine cells and the DAPI background were inspected, and
four or more landmarks were recorded for each volume-pair. In
case of ventral-dorsal half images (adult samples), a custom
utility “PituBuild” was used for merging the two halves, based on
partial overlap. Finally, each set of complete pituitary volumes
was aligned to a common anatomical space using the “Match”
utility. The resulting NIfTI volumes were then converted to TIFF
stacks for viewing and analysis.

To enable 3D viewing of the pituitary atlases, data were
prepared for the MeshView tool (RRID: SCR_017222, https://
www.nitrc.org/projects/meshview/) developed for 3D brain atlas
viewing (40). Volumes were first binarized using the “BinX”
utility with a threshold value of 50. MeshGen (https://www.nitrc.
org/projects/meshgen/) was then used to generate surface
meshes in standard STL format (http://paulbourke.net/
dataformats/stl/) before convertion using PackSTL (https://
github.com/Tevemadar/MeshView-PackSTL) to allow viewing
in MeshView.

Single-Cell Transcriptomics Analysis
(scRNA-Seq)
We used processed scRNA-seq dataset from 23 male and 24
female adult medaka pituitaries where doublet cells were
removed (30). Briefly, 2644 and 3921 cells remained after
quality control for the female and male pituitary, respectively.
Then, each cell was awarded a doublet likelihood score in the
doublet removal analysis. We removed 2-3% of the cells with the
highest doublet score from the original dataset according to 10x
Genomics stochastic loading data, ending with 2592 female and
3804 male cells. We then filtered out red blood cells to avoid
noise, and we applied a cut-off to differentiate between cells with
high and low expression for specific genes to distinguish
expression from background (Supplementary Figure 1). This
dataset was further used to generate the pair-wise scatterplots
using the R package ggplot2 (version 2_3.3.2), to investigate cells
expressing more than one hormone-encoding gene. We
identified 191 and 229 multiple hormone-producing cells in
female and male pituitaries, respectively. To identify whether
these cells express more than two hormone-encoding genes, we
generated clustered heatmaps using pheatmap (version 1.0.12) to
visualize the expression levels of all hormone-producing genes in
each cell.

Statistical Analysis
Levene’s test was performed to analyze the homogeneity of
variance while the normality was tested using the Shapiro-Wilk

Normality test. Differences in mRNA levels and in absolute and
relative cell population volumes were evaluated using One-way
ANOVA followed by Tukey post hoc test. The data are shown as
mean + SEM (Standard Error of Mean) unless otherwise stated in
the figure legend. p < 0.05 was used as a threshold for
statistical significance.

Data Availability
All image files are available in a data repository (https://doi.org/
10.18710/NOGJQ2). The 3D atlases (Figure 1) can be found on a
webpage containing explanatory videos and other types of data
completing the online pituitary atlas (https://www.nmbu.no/go/
mpg-atlas), allowing easy access and navigation through the data.

RESULTS

3D Atlases of the Medaka Pituitary
Using several combinations of multi-color FISH, we combined
the labeling to form four 3D pituitary atlases now available
online http://arken.nmbu.no/medaka-pituitary-atlas/JF/; http://
arken.nmbu.no/medaka-pituitary-atlas/JM/; http://arken.nmbu.
no/medaka-pituitary-atlas/AF/; http://arken.nmbu.no/medaka-
pituitary-atlas/AM/), allowing us to precisely localize the seven
endocrine cell types (prl, pomca, tshba, fshb, lhb, gh and sl) and
blood vessels in the adenohypophysis of medaka.

prl-Expressing Cells (Lactotropes)
In both adults and juveniles (Supplementary Figure 2), prl-
expressing cells make up almost the entirety of the RPD from the
dorsal to the ventral side of the pituitary, without any obvious
difference in distribution between males and females. They border
on and intermingle with a pomca-expressing cell population
(Supplementary Figure 9). In some fish, a few prl-expressing
cells are also localized peripherally in the dorsal area of PPD (data
not shown).

pomca-Expressing Cells (Corticotropes and
Melanotropes)
pomca-expressing cells are observed in two distinct regions. One
population is localized in the dorsal part of RPD, where it is mostly
clustered centrally if observed from the transverse perspective, and
the second is detected in the PI area (Supplementary Figure 3).
While the first one is adjacent to and mixing with prl-expressing
cells, in close proximity to tshba-expressing cells (Supplementary
Figure 9), the second population intermingles with sl-expressing
cells (Supplementary Figure 10).

tshba-Expressing Cells (Thyrotropes)
tshba-expressing cells are localized in the dorsal side of anterior
PPD towards the pars nervosa (PN; analogous to
neurohypophysis in the anterior part of the pituitary), next to
the prl- and pomca-expressing cells (Supplementary Figure 4
and Supplementary Figure 9). From the transverse perspective,
tshba-expressing cells are mostly concentrated centrally in the
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PPD (Supplementary Figure 4) where they border and mix with
fshb-expressing cells (Supplementary Figure 11).

fshb-Expressing Cells (Gonadotropes)
fshb-expressingcells are detected fromthe anterior tomiddlepart of
the PPD, distributed in both lateral sides of the pituitary from the

transverse perspective (Supplementary Figure 5). These cells cover
the PN from a frontal perspective (Supplementary Figure 5). They
border and mix with tshba-expressing cells in the dorsal
(Supplementary Figure 11), lhb-expressing cells in the ventral
(SupplementaryFigure 12) and gh-expressing cells in the posterior
part of the PPD (Supplementary Figure 13).

A C

D

B

FIGURE 1 | 3D reconstruction of medaka anterior pituitary containing seven endocrine cell populations and blood vessel. Illustration of brain and pituitary (marked
by black arrow) of medaka from lateral view (A) and ventral view (B) [Figure is adopted and modified with permission from (41)]. The navigation platform of 3D spatial
distribution of endocrine cell populations that are now available online (C). Snapshots of 3D reconstruction of endocrine cell populations from juvenile and adult
medaka male and female (D). Snapshots of 3D representations of the pituitary atlas captured from different perspectives: lateral (L, left; R, right), dorsal, and ventral.
Four direction arrows display the direction of the pituitary (A, anterior; P, posterior; D, dorsal; V, ventral). The legend shows the color code for each cell type.
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lhb-Expressing Cells (Gonadotropes)
In both juveniles and adults, lhb-expressing cells are commonly
distributed in the peripheral area of the PPD, covering almost the
entire ventral side of the pituitary (Supplementary Figure 6). In
adults, lhb-expressing cells are also localized in the proximity of
peripheral area of the PI (Supplementary Figure 6). These cells
border and mix with fshb-expressing cells in the PPD
(Supplementary Figure 12), and with pomca- and sl-expressing
cells in the PI of adult pituitary (Supplementary Figure 10).

gh-Expressing Cells (Somatotropes)
gh-expressing cells are localized on the dorsal side of the PPD
towards the PN area (Supplementary Figure 7). They are
distributed in both lateral sides of the pituitary, mixing with
fshb-expressing cells (Supplementary Figure 13), but extend
posteriorly, encompassing and bordering with the PN
(Supplementary Figure 7).

sl-Expressing Cells (Somatolactotropes)
sl-expressing cells are intermingled within pomca-expressing
cells located in the PI (Supplementary Figure 8 and
Supplementary Figure 10). In the adult pituitary, these cells
border and mix with lhb-expressing cells in the PI
(Supplementary Figure 10).

Distinction of Acth and a-Msh Cell Populations
The combination of FISH for pomca with IF for Acth or a-Msh
shows that that Acth cells overlap the entire pomca signal, while
melanotropes overlap pomca signals in the PI, both in adults
(Figure 2) and in juvenile pituitaries (Supplementary Figure 14).

Blood Vessels
3D reconstruction shows that blood vessels encompass the entire
adenohypophysis, without any obvious differences between sexes
and stages (Figure 3).

Sex and Stage Differences
For each pituitary endocrine cell population, we analyzed the
mRNA levels for the hormone-encoding genes, as well as the
absolute and relative volumes of each population (Figure 4).

Although no stage difference is observed in prl and gh
mRNA levels, the prl-expressing cell volume is significantly
larger in adults than in juveniles, and the absolute
gh-expressing cell volume is significantly larger in adult
females than juveniles or adult males. However, the relative
volume of these populations remains stable. In contrast, sl
mRNA levels are significantly higher in juveniles compared to
adult males (p < 0.05), while the absolute cell volume tends to
be larger (but not significantly) in adults than in juveniles.

FIGURE 2 | The combination of FISH for pomca and IF for Acth or a-Msh allows the distinction of two clear pomca expressing cell populations. The distinction of
Acth (green) and a-Msh (blue) producing cells from pomca-labelled (red) in the pituitary from adult male and female medaka. The dashed lines represent the
pituitaries shown in the right panel. Four direction arrows display the direction of the pituitary (A, anterior; P, posterior; D, dorsal; V, ventral).
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However, the relative volume of the sl-expressing cell
population remains stable across sexes and stages.

Adult females have significantly higher mRNA levels of both
fshb (p < 0.01) and lhb (p < 0.0001) compared to the other
groups, which is consistent with the tendency of larger cell
volume for both cell types. However, the relative volumes of
these populations also remain stable. tshba mRNA levels are
significantly higher in adult female (p < 0.0001), consistent with
the significantly larger tshba-expressing cell absolute and relative
volumes in the adult female pituitary. In contrast, pomca mRNA
levels are significantly higher in adult male (p < 0.0001), in
agreement with the increased absolute volume of the pomca-
expressing cell population in adults compared to juveniles, which
tends to be larger in adult males than in adult females.
Furthermore, the relative volume of pomca-expressing cells is
significantly larger in adult males than adult females.

Despite obvious differences in mRNA transcript levels and
cell volume observed respectively with qPCR and FISH, we could
not detect any differences in the proportions of each cell type
between adult males and females by scRNA-seq.

Cells Producing Multiple Hormones
Using scRNA-seq, we identified 191 and 229 bi-hormonal cells in
the adult female and male medaka pituitaries, respectively
(Figure 5A and Supplementary Table 1). Both sexes show a
number of cells co-expressing lhb- and fshb-, lhb- and tshba- and
fshb and tshba. Meanwhile, some cells co-expressing lhb and sl,
fshb and sl, fshb and prl, fshb and pomca, tshba and prl, tshba and
pomca, prl and gh, and prl and pomca were unique to adult males,
whereas cells co-expressing fshb and gh were only found in adult
females. The existence of cells co-expressing lhb-fshb and fshb-
tshba in both sexes and lhb-sl in adult male was confirmed using
multi-color FISH (Figure 6). While the co-localization of lhb-
fshb and fshb-tshba was observed in several individuals, the lhb-sl
expressing cells were observed only in 1 of 13 adult male
pituitaries analyzed. However, we could not detect
colocalization between tshba and lhb by FISH.

We then investigated whether some of these bi-hormonal
cells were expressing more than two hormone-encoding genes
(Figure 5B and Supplementary Figure 15). We found a few cells
co-expressing three hormone-encoding genes, although these are

FIGURE 3 | 3D projection of blood vessels from juvenile and adult male and female medaka pituitaries from the dorsal side. Left right arrow symbol shows the
direction of the pituitary (A, anterior; P, posterior).
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FIGURE 4 | Relative mRNA levels for seven hormone-encoding genes (prl, pomca, tshba, fshb, lhb, gh, and sl), absolute cell population volumes and relative cell
volumes in juvenile and adult medaka males and females (juvenile male, JM; juvenile female, JF; adult male, AM; adult female, AF). Graphs are provided as mean +
SEM (n = 4 - 8). Different letters display statistical differences (p < 0.05) between groups as evaluated by One-way ANOVA followed by Tukey post hoc test.
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A B

FIGURE 5 | scRNA-seq data reveal the presence of bi-hormonal and multi-hormonal cells in the medaka pituitary. Pair wise plots of 2228 cells in female and 3245
cells in male pituitary (A). Colored by filtered cells (light gray), lhb expressing cells (light green), fshb expressing cells (dark green), tshba expressing cells (cyan), sl
expressing cells (red), prl expressing cells (blue), gh expressing cells (magenta), pomca expressing cells (dark grey) and cells expressing more than one endocrine
gene (purple). Light grey cells represent the cells where gene expression for the investigated hormone is considered as part of the background. Axes are log
normalized. Zoom in from the heatmap of seven hormone-encoding genes of the male and female pituitary shown in Supplementary Figure 15, displaying the cells
expressing more than two hormone-encoding genes (B). Each row represents one cell, and low expressions are shown in blue and high expressions are shown in
red. For all hormone-encoding genes, expression levels below the threshold established in Supplementary Figure 1 were replaced by zero and thus appear in blue.
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rare, representing only 0.15% and 0.47% of all pituitary cells in
females and males, respectively. We did not detect any cell co-
expressing more than three hormone-encoding genes. These
multi-hormonal cells could not be detected using multi-
color FISH.

DISCUSSION

3D Spatial Distribution of Endocrine Cell
Populations and Blood Vessels
We have recently used scRNA-seq to identify and characterize
seven endocrine cell types in the teleost model organism medaka
(30). Although a 3D atlas of the pituitary gland development has

been previously described in zebrafish (42), the present atlas is the
first 3D atlas of all pituitary endocrine cell populations in a teleost
fish. It provides more precise and detailed information on the
distribution and organization of the different cell types, and
clearly demonstrates that endocrine cells are distributed
differently in mid-sagittal versus para-sagittal sections (Figure 7).

As reported in coho (43) and chum salmon (44, 45), seabass
(46), gilt-head seabream (47), common barbel (48) and striped
bass (49), we observed some lactotropes in the ventro-peripheral
area of the PPD. However, these cells were found only in some
fish and not always at the same location, making them difficult to
map. We found Lh gonadotropes in the PI, in addition to in the
PPD, but only in adults, and we did not observe Lh cells in RPD
as reported by some studies (15, 16, 50–52). The extra-PPD

A

C

B

FIGURE 6 | Multi-color FISH reveals some cells co-expressing more than one hormone-encoding genes in the medaka pituitary. Single confocal planes (pinhole
aperture 1 Airy Unit (0.8 -1.1 μm section)) confirming colocalization of lhb and fshb (A), and fshb and tshb (B) in both male and female, and lhb and sl in the adult
male medaka pituitary (C). White arrows show cells with co-expressed mRNAs, while yellow arrows show cells without (can be used as control of probe´s
specificity). The location of the bi-hormonal cells is in the proximity of the red rectangles as illustrated in the schematic drawings of the pituitaries in left panels.
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localization of Lh gonadotropes might be due to extension of the
PPD into the PI (19) or to Lh cell migration to other zones
during the ontogeny of the adenohypophysis (53). Meanwhile,
several studies reported somatotropes in the RPD (49, 54) and PI
(55, 56), and somatolactotropes and melanotropes in the teleost
PPD (12, 15–17, 55). However, we did not observe this in
medaka. The wide localization of Gh, Sl, and a-Msh cells in
these immunohistochemical studies might also be explained by
antigenic similarities as previously suggested (12, 15, 57).

The vasculature is ubiquitously spread throughout nearly the
entire adenohypophysis in medaka, without obvious differences
between sexes and stages. This agrees with previous studies in
zebrafish (58, 59) showing a highly vascularized pituitary. Such
complex vasculature is, of course, central to the endocrinological
function of the pituitary, as it allows for the efficient transport of
secreted hormones to peripheral organs. In addition, it may
facilitate intra-pituitary signaling (26).

Sexual Dimorphism of tshba-, pomca-, and
lhb-Expressing Cell Populations
While studies using only para-sagittal pituitary sections were
unable to resolve differences of endocrine cell population
between sexes and stages, whole pituitary labeling methods
allow us to detect such differences. For instance, we show for

the first time that tshba-expressing cell volumes are the largest in
adult females, and pomca-expressing cell volumes are the largest
in adult males. Our qPCR data on tshba and pomca levels agree
with a previous study in medaka (60) and further support the
sexual dimorphism. In that study, androgens were shown to
stimulate transcription of tph1, which encodes an enzyme
required for serotonin synthesis, in pomc-expressing cells. The
authors hypothesized that in males, higher androgen levels lead
to higher serotonin levels, which repress the expression of some
hormone-encoding genes including tshb. We also found
significantly lower tshba levels in adult compared to juvenile
males where the androgen levels are generally lower [for review,
see (61, 62)], supporting the inhibitory role of androgens on
tshba levels. It will be interesting to test this hypothesis in future
research using orchidectomy which drastically reduce androgen
levels (63). However, although higher tshb levels are also
observed in female half-barred wrasse (64), and tshb levels are
higher in juvenile than in adult male Atlantic salmon (65),
zebrafish show no sexual dimorphism of tshb and pomc (66),
suggesting species differences.

We also observed sexual dimorphism of fshb and lhb mRNA
levels in adults, in agreement with a previous medaka study (60).
Although lhb-expressing cell volume also shows sexual
dimorphism, we do not observe this for fshb-expressing cells.

A C

B

FIGURE 7 | Schematic illustration showing differences in the distribution of endocrine cell populations between mid-sagittal and para-sagittal sections of the medaka
pituitary. The schemas are drawn based on mid- (A) and para-sagittal (B) points of view. (C) Transverse view of medaka pituitary showing approximate location of
mid-sagittal (red) and para-sagittal sections (green). Four direction arrows display the direction of the pituitary (A, anterior; P, posterior; D, dorsal; V, ventral).
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This suggests a difference in gonadotrope cell activity, as
supported by the absence of significant differences in Fsh cell
numbers in a previous study (8). In contrast, we observed an
increase of lhb mRNA levels from juvenile to adult stages, which
might be due to increased cell numbers as previously reported
(41). Surprisingly, we did not observe a significant difference in
fshb mRNA levels between juveniles and adults, despite a
previous report of an increase in Fsh cell numbers during
sexual maturation (8). While neither sexual dimorphism nor
stage differences were observed for prl or gh levels, we found a
stage effect on the absolute volume of prl-expressing cells, and
sexual dimorphism of the absolute volume of gh-expressing cells
in adults. The latter finding is consistent with a previous study
that showed sexual dimorphism of gh levels in adult medaka
(60), while previous studies in blue gourami (67) and gilthead
seabream (68) contrast with our findings on prl levels, suggesting
species differences. Meanwhile, although sl-expressing cell
volumes tend to be larger in adults than juveniles, we found
the opposite for the mRNA levels, with higher levels in juveniles
than in adults, suggesting higher cell activity in juveniles. Indeed,
somatolactin has been associated with sexual maturation in some
teleosts, such as coho salmon (69), Nile tilapia (70) and flathead
grey mullet (71). The upregulation of sl levels in teleosts is
thought to be related to gonadal growth, as it is highly
expressed at the onset of gonadal growth and lowly expressed
post-ovulation (72, 73). This implies that in the current study,
the adult fish used may have been in a post-ovulation phase while
the juveniles may have been initiating gonadal development.

scRNA-seq and Multi-Color FISH Reveal
the Presence of Multi-Hormonal Cells in
the Adult Medaka Pituitary
The presence of cells expressing more than one hormone in the
anterior pituitary has been shown in many studies, both in
teleosts and in mammals [for review see (27, 74–76)]. Using
scRNA-seq technology, multi-hormonal cells have been
described in the mouse pituitary (77), but never before in a
teleost. While scRNA-seq has previously been used to analyze the
zebrafish pituitary, the existence of multi-hormonal cells was not
investigated (78). Using similar approaches, we previously could
not identify any clusters of multi-hormonal cells in the medaka
pituitary (30). Thus, in the present study, we more deeply
analyzed our scRNA-seq data and found a relatively small
number of bi-hormonal and very few multi-hormonal cells.
Such low numbers of multi-hormonal cells could explain the
lack of detection of cell clusters in the previous medaka
study (30).

In the current study, we show the presence of gonadotrope
cells co-expressing lhb and fshb which has previously been
reported in medaka (8) and in other teleost species (7, 9, 10).
We also found cells co-expressing fshb-tshba and sl-lhb.
Although previous immunohistochemtry studies on the
pituitary of several teleost species showed cross-reaction
between Tsh and Lh/Fsh (47, 57) and between Lh and Sl
antibodies (15, 57, 79, 80), we show discrete labeling of tshba,
fshb, lhb, and sl cells in the current study confirming the

specificity of the probes. Therefore, the observation of
colocalization of fshb-tshba and sl-lhb supports that these bi-
hormonal cells exist in the medaka pituitary. Meanwhile, several
studies have shown co-staining between Prl, Gh and Sl (12, 19,
21, 44, 55). However, our analysis of scRNA-seq data revealed
only a few cells co-expressing prl and gh. While antigenic
similarities could explain co-staining between these cell types
in previous studies (12, 15, 57), their low occurrence in the
medaka pituitary might prevent their identification with FISH.
We also show that very few cells in the adult medaka pituitary
express more than two hormone-encoding genes. The current
study is the first to show the presence of such multi-hormonal
cells in the teleost pituitary. However, it differs noticeably from
mammals, where multi-hormonal cells are numerous and thus
form a cluster in the scRNA-seq data (77), which is not the case
in medaka (30). Although we could not confirm their existence
using FISH, most likely because of their low incidence, the
evidence of their existence using scRNA-seq raises questions
about their origin and roles in the teleost pituitary.

In mammals, the presence of multi-hormonal cells has been
described and associated with pituitary plasticity where the cell
number is changing to fulfill physiological demands [for review,
see (75)]. Hypothetical origins of these cells have been previously
discussed (27, 74, 75, 81–85). They may originate from
differentiating progenitor cells where a non-fully differentiated
transient state could allow the expression of several hormone-
encoding genes. This hypothesis is supported in mammals by the
identification of a cluster of multi-hormonal cells expressing
PROP1, a progenitor cell marker (77). However, there is no such
evidence yet found in teleosts, as we could not find such a cluster
in the medaka pituitary in the previous (30) and current studies.
Indeed, we found only very few cells expressing more than two
hormone-encoding genes, with a maximum of three hormone-
encoding genes expressed. A previous study in medaka also
demonstrated that gonadotropes do not appear as bi-hormonal
cells but as either Lh or Fsh during early development (8),
suggesting that progenitor cells might not be multi-hormonal
in the teleost pituitary. In addition, multi-hormonal cells may
also appear during trans-differentiation (when one cell changes
phenotype). Indeed, a study in medaka showed that fshb-
expressing cells could start to express lhb in vitro, becoming at
least temporarily bi-hormonal (8). Interestingly, most of the
multi-hormonal cells in our scRNA-seq data express lhb/fshb,
lhb/tshba or fshb/tshba. In mammals, differentiation of
progenitor cells to both gonadotropes and thyrotropes requires
the transcription factor Gata2 (86, 87), but co-expression with
Sf1 leads to gonadotropes whereas co-expression with Pit1 leads
to thyrotropes (88–91). In contrast, relatively little is known
regarding pituitary cell lineage in teleosts. Nevertheless, it is
plausible that trans-differentiation occurs between the
gonadotrope and thyrotrope cell types in teleosts, as previously
described in mammals (92).

Within the pomca-expressing cell population, we observed
Acth staining alone at the border of the RPD/PPD and staining
of both Acth and a-Msh in the PI. Co-staining between Acth and
a-Msh is not uncommon as Acth-immunoreactive cells have
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been found in RPD and PI areas in other teleost species (7, 17,
19–21, 46, 47, 93). However, it must be noted that the target
antigen of anti-Acth used in this study and most previous studies
contains the target antigen for anti-a-Msh (https://www.uniprot.
org/uniprot/P01189#PRO_0000024970). This might explain
why we found both Acth and a-Msh cells in the PI. A
previous study pre-incubating anti-Acth with a-Msh antigen
demonstrated that Acth cells are localized in the RPD while a-
Msh cells are found in the PI (20). This might also be the case
in medaka.

Finally, the 3D atlas platform that is provided online will help
research community to take a close look on the spatial
distribution of endocrine cells and the vascularization of blood
vessels in the pituitary.
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Supplementary Figure 1 | Density plots of seven hormone-
encoding genes in the pituitary of adult male (A) and female (B) medaka. Red line
represents a cut-off to differentiate between the cells with high gene expression
(considered as endocrine cells) and low gene expression (considered as
background and non-endocrine cells). X-axis represents the expression level on a
logarithmic scale.

Supplementary Figure 2–8 | Orthogonal views of each endocrine cell types in
juvenile and adult male and female medaka. (2, prl; 3, pomca; 4, tshba; 5, fshb; 6,
lhb; 7, gh; 8, sl). The pictures were captured from different perspectives: transverse
(i), frontal (ii) and para-sagittal (iii). Up down arrow symbol shows the direction of the
pituitary (A, anterior; P, posterior; D, dorsal; V: ventral).

Supplementary Figure 9–13 | Transverse views of multi-color FISH of endocrine
cells in juvenile and adult male and female medaka. (9, prl-tshba-pomca; 10, sl-lhb-
pomca; 11, fshb-tshba; 12, fshb-lhb; 13, fshb-gh) (A, anterior; P, posterior; D,
dorsal; V, ventral).

Supplementary Figure 14 | The combination of FISH for pomca and IF for Acth
or a-Msh allows the distinction of two clear pomca-expressing cell populations in
the juvenile medaka pituitary. The distinction of Acth (green) and a-Msh (blue)
producing cells from pomca-labelled cells (red) in the pituitary from juvenile male and
female medaka. Dashed lines represent the pituitaries shown in the right panel. Four
direction arrows display the direction of the pituitary (A, anterior; P, posterior; D,
dorsal; V, ventral).

Supplementary Figure 15 | Heatmap of seven hormone-encoding genes from
the 229 and 191 bi-hormonal cells found in the adult male and female medaka
pituitaries, respectively. Each row represents one cell. Low expressions are shown
in blue and high expressions are shown in red. All expression levels below the
threshold established in Supplementary Figure 1 were replaced by zero values.

Supplementary Table 1 | Percentage of cells expressing two hormone-encoding
genes in male and female pituitary scRNA-seq data. For instance, when looking at
lhb- and fshb-expressing cells in males, we can observe that 72.6% of the cells
express lhb but not fshb, 23.4% express fshb but not lhb while 4% express both
fshb and lhb. The bi-hormonal lhb/fshb cells represent 1.79% of all pituitary cells.
Empty spaces mean that no bi-hormonal cells were found.
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Abstract 7 

In fish, the prolactin cell population, located in the anterior part of the pituitary, plays an essential role 8 
in osmoregulation. In Japanese medaka, a euryhaline fish, we recently described two prl-expressing cell 9 
populations (lactotropes) with single cell RNA-seq (scRNA-seq). In several other species, smaller 10 
satellite populations of prolactin cells have been described in other parts of the pituitary. The functional 11 
and developmental backgrounds of these extra populations are not known. In this study, we explore the 12 
hypothesis that the two transcriptomically distinct lactotrope populations in our medaka scRNA-seq 13 
data represent the two spatially distinct cell populations found in other species. We investigate this 14 
assumption using both scRNA-seq data and an in situ hybridization approach. Initially, we identified 15 
two distinct types of prl-expressing cells using scRNA-seq data (termed primary and secondary 16 
lactotropes). Primary lactotropes have an expression profile comparable to that of cells expressing 17 
growth hormone or somatolactin. By contrast, secondary lactotropes exhibit an expression profile 18 
similar to that of stem-cell-like populations and show some of the hallmarks of a technical artifact. 19 
Using in situ hybridization, we confirm that the secondary lactotropes do form a distinct biological 20 
subpopulation. In addition, we show that, like other teleosts, the medaka pituitary often develops 21 
multiple lactotrope cell clusters later in life. Somewhat surprisingly, there does not appear to be a clear 22 
correspondence between the stem cell-like secondary lactotropes and these newly emerging secondary 23 
populations. However, our data support the hypothesis that the transcriptomic secondary lactotropes are 24 
an intrinsic developmental stage in the development of every spatially distinct lactotrope cluster. 25 
 26 
Keywords: prolactin, pituitary, development, osmoregulation, plasticity 27 

 28 

Introduction 29 

The pituitary is a key endocrine grand in vertebrates, which regulates essential physiological functions, 30 
including growth, stress, homeostasis, and reproduction. Under the control of the brain, which integrates 31 
internal and environmental stimuli, the pituitary centralizes the command of many peripheral organs 32 
through the production and release of several hormones into the blood circulation. Located below the 33 
hypothalamic region of the brain, the pituitary is divided in two main parts: the neurohypophysis 34 
(posterior pituitary) and adenohypophysis (anterior pituitary), of which the latter is in teleosts further 35 
subdivided into two distinct parts: the pars distalis (PD) and the pars intermedia (PI) 1.  36 

 37 
The teleost adenohypophysis contains up to eight endocrine cell types which produce and release 38 
specific peptide hormones. Among them are the lactotropes (also called mammotropes in mammals), 39 
which produce prolactin (Prl). First discovered as a stimulating factor of milk production in mammals, 40 
over 300 different functions have been associated to Prl in vertebrates, such as water and electrolyte 41 
balance, growth and development, among others. 2. The importance of Prl in fish osmoregulation was 42 
first demonstrated in the 1950s by studies on the killifish (Fundulus heteroclitus), a euryhaline teleost 43 



3. In fish, Prl plays an important role in freshwater osmoregulation by preventing both the loss of ions 44 
and the uptake of water 4. �45 

 46 
The Japanese medaka (Oryzias latipes) is a freshwater teleost that is frequently used as a model in the 47 
research 5,6. Additionally, it is also an euryhaline species (salinity tolerant) and thus has been used as 48 
model to study osmoregulation and physiological adaptation to hyperosmotic environments 7-11. 49 
Interestingly, medaka belongs to the order Beloniformes, in which most of the species are seawater fish 50 
(e.g., flying fish, saury and halfbeak). For this reason, medaka is thought of as a freshwater fish that 51 
evolved from a seawater-inhabiting ancestor 12,13. Indeed, some Oryzias species inhabit and reproduce 52 
in brackish water and seawater 7.  53 

 54 
In mammals, several Prl isoforms exist; some occur from alternate splicing of prl mRNA, while the 55 
majority are the product of post-translational modification. Although there is little evidence to support 56 
this, it has been claimed that Prl molecular heterogeneity in mammals contributes to functional variety 57 
14,15. There are no reports of distinct Prl isoforms originating from alternative splicing or protein 58 
processing in fish, although this may simply reflect a lack of studies. Different prl isoforms encoding 59 
177 and 188 amino acids have been identified in Nile tilapia 16. Duplicate genes are almost certainly 60 
present in other species, such as Mozambique tilapia 17,18 and chum salmon 19,20. The presence of 61 
"additional" genes in fish relative to other vertebrates is easily explained by the evolutionary concept 62 
of genome duplication 21-23. Medaka also possesses two genes encoding Prl in its genome, prla/prl 63 
(ENSORLG00000016928) and prlb (ENSORLG00000012617) 24,25. We recently used scRNA-seq to 64 
characterize the major endocrine cell populations in the medaka pituitary and identified two different 65 
prl-expressing cell populations (lactotropes) 26. In these cells, only the prl paralogue is expressed; prlb 66 
is not expressed in the pituitary. 67 
 68 
Pituitary lactotropes have been reported to be mainly clustered in the rostal pars distalis (RPD) 1,4, the 69 
most anterior part of the pituitary. However, in several teleost species, a few prl-expressing cells have 70 
also been described in the ventral and lateral surface of the PI or the proximal pars distalis (PPD), 71 
sometimes forming small clusters. This is the case for instance in striped bass 25, Mediterranean 72 
yellowtail 27, ayu 28, greater weever fish 29, chum salmon and rainbow trout 30. However, the origin and 73 
role of these patches, and whether the prolactin cells forming them are developmentally and functionally 74 
distinct from those in the major anterior cluster, remain unknown.  75 
 76 
In different species, and through different experimental lenses, the teleost pituitary therefore appears to 77 
harbor multiple populations of lactotropes. In this study, we explore the hypothesis that the two 78 
transcriptomically distinct lactotrope populations in our medaka scRNA-seq data represent the two 79 
spatially distinct cell populations found in other species. 80 
 81 

Results 82 

Two prolactin populations with different prl expression 83 

Our scRNA-seq data on the medaka pituitary show prl expression in two distinct cell clusters, in both 84 
female and male fish (Fig. 1A and B left panel). Expression of prl within these two clusters revealed 85 
that the gene is more highly expressed in one of them (Fig. 1A and B right panel) in both sexes, further 86 
implying that the lactotrope populations in adult medaka are functionally or developmentally distinct 87 
(Fig. 1A and B). By examining the top ten differentially expressed genes between these two lactotrope 88 
populations (Fig. 1C right panel), we discovered that many of the same genes are differentially 89 
expressed in male and female datasets. As the data do not indicate sex differences, we opted to combine 90 



male and female data for the rest of the study. After integrating the datasets of the two sexes, as 91 
expected, two distinct lactotrope populations remained. These findings imply that the male and female 92 
lactotrope populations are indeed identical, and hence may be examined concurrently, which provides 93 
a higher resolution by increasing the number of cells (Fig. 1C left panel). We refer to the population 94 
with overall higher and lower prl expression as the primary and secondary lactotropes, respectively. 95 
 96 

Stem cell populations 97 

Based on the UMAP visualization, we found that the secondary lactotrope population appears similar 98 
in expression profile to two uncharacterized cell clusters (Fig. 1A, B and C left panel). To investigate 99 
the relation, we identified 207 genes (48 upregulated and 159 downregulated) that are differentially 100 
expressed between primary lactotropes (group 1) vs. secondary lactotropes and uncharacterized 101 
populations (group 2). Fig. 2A shows the expression levels of the top ten up- and twenty down-regulated 102 
genes across the four clusters. Among the differently expressed genes, several markers for proliferating 103 
stem cells were identified, including sox2 (SRY-box transcription factor 2) and mala (encoding MAL, 104 
the myelin and lymphocyte T-cell differentiation protein) in uncharacterized clusters which we named 105 
“stem cell populations”. We detected sox2 and mala expression in both stem cell populations and in the 106 
secondary lactotropes (which appear closely related by UMAP dimensions), but not in the other primary 107 
population (Fig. 2A and B).  108 
 109 

Two prolactin populations with different transcriptome profiles 110 

Next, we investigated the differences among both lactotrope populations (Fig. 1C right panel). Apart 111 
from prl gene expression levels (Fig 1), the secondary lactotropes expressed more genes and had in 112 
general a higher read count per cell than the primary lactotropes (Fig. 3). As the secondary lactotropes 113 
combine gene expression characteristics of both the stem cells and primary lactotropes, this suggests 114 
that these profiles could be technical artifacts, in which single cells of these populations combine to 115 
form a hybrid ‘cell’ with elevated expression. 116 
 117 

Spatial distribution of prl expression in the pituitary 118 

Using RNAscope to label for prl RNA, we then investigated whether the lactotropes in medaka are 119 
spatially restricted to a single location in the pituitary. As in other fish species, a number of medaka 120 
from both sexes had additional prolactin cells in a different location than the expected RPD. The latter, 121 
however, always remains the major prolactin cell cluster in all individuals. We could distinguish two 122 
types of patterns for the prl cells located outside the RPD, with these either forming a big cluster on one 123 
side of the pituitary or forming multiple small clusters (patches) distributed on the ventral and lateral 124 
surfaces of the PPD (Fig. 4A).  125 

 126 
By investigating the size of the prolactin population within the non-RPD of fish at different stages of 127 
development (Fig. 4B), we observed that in both males and females, the percentage of fish showing one 128 
or several developing non-RPD prolactin cluster(s) increases with age. We also observed that the size 129 
of these non-RPD clusters increases with fish age in both sexes.  130 
 131 
Identification and localization of the two Prl-populations 132 

In order to investigate whether the two distinct prl-expressing populations (primary and secondary) 133 
found in the scRNA-seq data correspond to the two types of prl-expressing populations discovered by 134 
FISH, we performed in situ hybridization with a marker specific to one of the scRNA-seq populations. 135 



mala is specifically and highly expressed in the secondary lactotropes and the related stem cell 136 
populations (Fig. 2B), but not in the primary lactotropes. We investigated the location of the expression 137 
of mala using RNAscope. If the RPD and non-RPD populations correspond to primary and secondary 138 
lactotropes, respectively, mala should be expressed in the non-RPD Prl-populations only. However, we 139 
found mala is expressed in both RPD and non-RPD Prl-populations (Fig. 4C). Interestingly, we 140 
observed mala expression in the middle of all populations, where the prl expression levels also appeared 141 
lower in in situ images (Fig. 4C and D). Indeed, the borders of the RPD Prl-populations always show 142 
higher prl expression than the centers. This pattern agrees with the scRNA-seq data where prl 143 
expression is found to be higher in the primary lactrotropes (Fig. 1A and B), which also do not express 144 
mala (Fig. 2B). These results demonstrate that the Prl-population is heterogeneous, but that the 145 
heterogeneity does not seem to depend on the location in the pituitary (RPD or non-RPD), but rather on 146 
the location within the clusters (border or internal). 147 

 148 
Finally, we then investigated the spatial expression of sox2, which the scRNA-seq data predict to be 149 
expressed in all mala-expressing cells, and in an additional cluster of stem cell-like cells (Fig. 2B). 150 
However, sox2 was found in high quantities in the brain, but only in a few cells in the pituitary (Fig. 151 
4D). We observed sox2 expression in non-RPD regions of the pituitary, but never in the prl-expressing 152 
cells. In addition, we also investigated mala and sox2 co-expression (Fig. 4E) and could never observe 153 
colocalization of the two signals.  154 

 155 

Discussion 156 

Prolactin has been identified as the "freshwater-adapting hormone" in teleost fishes, regulating ion 157 
conservation and water secretion mechanisms via the gill, kidney, gut, and urinary bladder 31,32. 158 
Prolactin is a member of a family of structurally related proteins, including growth hormone and the 159 
teleost-specific somatolactin 24. Although prl gene expression was originally found in the RPD area of 160 
the pituitary, numerous fish species have patches of prl-expressing cells in non-RPD areas. In this study, 161 
we describe a similar phenomenon in medaka.  162 

 163 
In addition, we discovered two types of prl-expressing cells by scRNA-seq data, which we named 164 
primary and secondary lactotropes. Based on the UMAP visualization, the primary lactotropes are 165 
similar in expression profile to cells expressing either growth hormone or somatolactin. In contrast, the 166 
secondary lactotropes are similar in expression profile to stem-cell-like populations. As the smaller, 167 
non-RPD patches of lactotropes emerge later during development, this suggests that they might coincide 168 
with the (transcriptomically defined) secondary lactotropes. However, in situ hybridization does not 169 
support this hypothesis.  170 

 171 
A closer look at the transcriptomic data suggests two alternative explanations. In one scenario, the 172 
secondary lactotropes are an artifact of scRNA-seq library preparation. In the other, they represent a 173 
developmental stage of lactotropes. 174 

 175 
In the first of these hypotheses, the secondary lactotropes might be the result of a technical artifact. 176 
These cells express more genes and have higher read counts (Figure 3), suggesting that the secondary 177 
lactotropes were caused by the droplet-based microfluidic devices used to perform scRNA-seq library 178 
preparation. During the loading, individual cells are co-encapsulated in each droplet in the microfluidics 179 
scRNA-seq process. Due to the random distribution of cells within droplets, droplets are filled with two 180 
cells at a frequency depending on cell concentration, resulting in technical artifacts referred to as 181 
doublets 33. Doublets are undesirable when characterizing populations at the single-cell level. In 182 



particular, they might be mistaken for non-existent transitional populations or transient phases. It is 183 
therefore crucial to detect and eliminate doublets from the scRNA-seq data. During the initial data 184 
analysis in our earlier study 26, we applied a standard doublet detection protocol, which assumes 185 
independent and random stochastic loading of cells. Such a protocol would therefore not remove a 186 
single, large population of doublets formed by the specific co-encapsulation of only two (out of 15) cell 187 
types, and in fact such an extreme scenario is hard to reconcile with 10x Genomics loading. In other 188 
words, if loading were to blame, we would expect many large, hybrid cell populations (between e.g., 189 
gonadotropes and lactotropes), which we do not observe. Alternatively, such specific doublets could be 190 
the result of incomplete cell dissociation, or strong and specific in vitro affinities between two 191 
constituent cell types.  192 
 193 
As a second hypothesis, even if the secondary lactotropes do not coincide with the newly emerging 194 
‘patches’, they might still represent a stage in lactotrope development. We observed the co-expression 195 
of mala, sox2 and pit1 genes in the secondary lactotropes. In mammals, it has been reported that the 196 
five hormone-producing populations in the mature anterior pituitary gland originate from a sox2, prop1-197 
progenitor population and diverge during development to become distinct cell types 34. Together with 198 
the trajectory-like placement in the UMAP visualization, this suggests that the secondary lactotropes 199 
are developmental intermediates between progenitor cells and primary lactotropes.  200 
 201 
To evaluate these hypotheses (artifact or developmental stage), we used RNAscope in situ hybridization 202 
to determine the spatial distribution patterns of prl, sox2 and mala gene expression in the medaka 203 
pituitary. We discovered a high level of sox2 expression in the brain, whereas only a few cells expressed 204 
sox2 in the adult pituitary. These are mostly located in the dorsal part of the PPD with very few cells 205 
spread in the PPD, which is in agreement with a previous study investigating Sox2 protein location in 206 
the medaka pituitary 35. However, sox2 labeling was never observed in prl-expressing cells, as suggested 207 
by the transcriptomics data. Furthermore, we also investigated mala and sox2 co-expression and could 208 
never observe colocalization. These results are in disagreement with the scRNA-seq data, in which these 209 
genes are co-expressed in both secondary lactotropes and stem-cell-like cells. As a possible explanation, 210 
the relative concentration of sox2 expression in the pituitary compared to the brain could render it below 211 
the detection limit of RNAscope.  212 
 213 
We did observe co-expression of mala and prl in the pituitary, which is consistent with the expression 214 
profile of the secondary lactrotropes in our transcriptomics data. As the markers are co-expressed within 215 
individual cells, this invalidates our first hypothesis on artifactual hybrids, and demonstrates that the 216 
secondary lactrotropes are an actual distinct population of cells in the medaka pituitary. They appear to 217 
be located in the core of all lactotrope cell clusters, with the primary lactotropes (which have higher 218 
expression of prl) located at the edges. This spatial and transcriptomic heterogeneity of prl-producing 219 
clusters is consistent with the second (developmental) hypothesis outlined above. Interestingly, both the 220 
RPD cluster and non-RPD patches exhibit this heterogeneity, even though only the latter develop later 221 
in life (Figure 4E). Our results therefore suggest that pituitary lactotrope clusters, in general, are plastic 222 
and capable of adapting to changing demands. What conditions trigger the formation of additional 223 
cluster remains unclear.  224 
 225 
Numerous studies 36-43 have demonstrated that prolactin gene expression and/or plasma prolactin levels 226 
increase when environmental salinity is reduced. In future experiments, it would therefore be interesting 227 
to investigate the effect of salinity on lactotrope development and heterogeneity.  228 
 229 



Materials and methods 230 

Animals 231 

Medaka (Oryzias latipes) from the d-rR genetic background were raised in the laboratory in a 232 
recirculating system (28 °C; pH 7.6; conductivity 800 µS) with 14 hours light and three feedings a day 233 
(once with live brine shrimp and twice with dry food). Experiments were performed according to the 234 
recommendations of the care and welfare of research animals at the Norwegian University of Life 235 
Sciences, and under the supervision of authorized investigators.  236 
 237 

Single cell transcriptomics analysis (scRNA-seq)  238 

We used processed scRNA-seq datasets for male and female pituitaries from our previous study 26 in 239 
which two separate lactotrope clusters were identified in both sexes. Firstly, we investigated the prl 240 
gene expression using the FeaturePlot and VlnPlot functions in the Seurat 44 R toolkit (v 3.1.5) to 241 
identify the differences on expression level among these two lactotropes populations. We selected the 242 
top ten genes by differential expression from each sex and visualized them by using the DoHeatmap 243 
function of Seurat. 244 
 245 
Integration and differentially expressed genes 246 

We combined the raw datasets from both male and female pituitaries to increase the number of cells by 247 
using the merge function in Seurat with default settings. This function combines the raw count matrices 248 
of two Seurat objects and returns the resulting combined raw count matrix as a new Seurat object. After 249 
merging the data, normalization was done by using the LogNormalize method in Seurat. Highly variable 250 
genes were identified by using the vst method. Subsequently, we used these variable genes (n = 2000) 251 
to identify significant principal components (PCs) based on the jackStraw function and used ten 252 
informative PC dimensions as the input for uniform manifold approximation and projection (UMAP).  253 

 254 
As the study’s focus was not on all 16 clusters, four clusters (two lactotrope and two uncharacterized 255 
populations) were extracted using Seurat's subset function. To identify the differences between these 256 
four populations, we utilized Seurat’s FindMarker function to identify genes whose expression differs 257 
by an average of 0.5-fold (log-scale) between the two (lactotropes vs. three other clusters), with at least 258 
0.6% of cells in either population expressing the genes.  259 
 260 

Whole mount fluorescence in situ hybridization (FISH) 261 

Medaka fish (1, 3, and 8-months old) from both sexes were euthanized using ice water immersion and 262 
directly decapitated thereafter. The pituitary was fixed overnight at 4 oC in 4% paraformaldehyde (PFA, 263 
Electron Microscopy Sciences, Hatfield, Pennsylvania) diluted in phosphate-buffered saline with 264 
Tween (PBST: PBS, 0.1%; Tween-20). The tissue was processed through a serial dehydration and 265 
rehydration in ethanol (25, 50, 75, 96%) and methanol (100%) before use. FISH for prl was performed 266 
as described in 45 with probe sequence obtained from NCBI (XM_004071867.4) as previously 267 
performed in 46 with a confirmed specificity (F: GAAAGACCGAGGAGGAACTG, R: 268 
TTGCAGAGTTGGACAGGACC). After tagging with fluorescein-12-UTP (FITC, Roche 269 
Diagnostics), the probe (1.5 ng/μl) was used to hybridize the tissue for 18 h at 55 °C. Subsequently, the 270 
tissue was incubated in anti-FITC-conjugated antibody (1:200, Roche Diagnostics) overnight at 4 oC, 271 
followed by incubation in FITC-conjugated tyramide (1:200, Sigma) for 30 minutes at room 272 
temperature (RT), and nuclei staining with DAPI (1:1000, 4’, 6-diamidino-2-phenylindole 273 
dihydrochloride; Sigma) for 6 hours at RT, with extensive washing with PBST in between. 274 



RNAscope 275 

Adult (6-months old) fish were euthanized with an overdose of tricaine (MS222, Sigma). Tissues were 276 
fixed and blood was removed by cardiac perfusion with 4% PFA (PBST) as previously described 47. 277 
Brain and pituitary were dissected and fixed overnight at 4 °C. Tissues were then incubated in 25% 278 
sucrose solution (diluted in PBS) for cryoprotection and then mounted in block with OCT (Tissue-Tek, 279 
Sakura) and stored at -80 °C until use. Tissues were later parasagittaly sectioned with a CM3050 Leica 280 
cryostat (10 µm sections). RNAscope was performed as described by the supplier using prl, sox2 281 
(ENSORLG00000001780) and mala (ENSORLG00000003048) probes and combined with opals 520, 282 
570 and 690 (Akoya Bioscience). 283 
 284 
Imaging and cell volume measurement 285 

Pituitary cryostat sections were mounted between glass slide and coverslip with Vectashield (H-1000, 286 
Vector, Eurobio/Abcys), while whole pituitaries were mounted with Vectashield and coverslip with 287 
spacers (Reinforcement rings, Herma) added in between. Fluorescent images were obtained using either 288 
an LSM710 Confocal Microscope (Zeiss) with 25× (for adult pituitary) and 40× (for younger pituitary) 289 
objectives and lasers with wavelength of 405 (DAPI), 555 (opal 570), 633 (opal 690) and 488 (FITC; 290 
opal 520) nm, or with a Thunder microscope (Leica) with a 20× objective and the appropriate filters. 291 
Images were processed using ImageJ (1.52p; http://rsbweb.nih.gov/ij/). The prolactin cell number was 292 
counted using built-in cell counter plug-in in ImageJ software while the volume analysis was performed 293 
using the 3D analyzing tools on the Thunder microscope software Las X (Leica). 294 
 295 
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Figure. legends 420 

 421 
Fig. 1: prl gene expression. Shown are the prl gene expression at UMAP level in female (left panel, 422 
A), in male (left panel, B), and merged (left panel, C); and in violin plot in female (right panel, A) and 423 
in male (right panel, B). C, right panel represents the top 10 differentially expressed genes in female 424 
and male. Yellow represents high expression and purple represents low expression. Cell cluster numbers 425 
refers to our original scRNA-seq classifications: 3 for the ‘primary’ lactotropes, and 4 for the 426 
‘secondary’ population. 427 
 428 
Fig. 1: Characterization of four clusters. (A) describes the differentially expressed genes in merged 429 
scRNA-seq data in four clusters. The red text indicates the expression of prl, sox2, and mala in all 430 
clusters (B) represents the expression levels of sox2, mala and pit1 in UMAP dimension. 431 
 432 
Fig. 2: Transcriptomic profiles. (A) Boxplots showing the number of genes detected per four cell 433 
types in merged dataset. Boxes correspond to the interquartile range (IQR), whiskers indicate 1.5 × the 434 
IQR. (B) Boxplots showing the number of reads detected per four cell population for merged dataset. 435 

Fig. 3: In situ images: (A) shows the fluorescent in situ hybridization images for prl expression. Green 436 
circles indicate the presence of Prl-populations in two different regions of the medaka pituitary. (B) bar 437 
plots represent the percentages of non-RPD Prl cells in the different stages of development of the 438 
medaka pituitary. (C) represents the prl and mala co-expression in the adult medaka pituitary (D) 439 
represents the prl and sox2 co-expression in the adult medaka pituitary. (E) shows the co-expression of 440 
prl and sox2.   441 
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