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Abstract 
The mouse gonad begins its development as a bipotential primordia, capable of 

developing into a testis or ovary depending on the presence of the sex-determining 

gene, Sry. In the XY gonad, opposing pro-testis and pro-ovary pathways compete in 

gonadal supporting cells. While the individual cellular decision process is well 

understood, the higher-level process of coordination of cell fates across the gonad 

remains to be explained. The testis and ovary exhibit distinct patterns of differentiation, 

suggesting that either development of each organ requires a particular organizing 

principle or bipotentiality requires regional separation for fate specification or 

stabilization. The overall goal of this work is to improve characterizations of the 

spatiotemporal features of sex determination and gonadogenesis, including cell fate 

organization, morphogenic processes, and system context. 

Though several hypotheses have connected gonad morphogenesis to sex 

determination, the morphogenic processes that occur in the gonad have not been 

sufficiently characterized for formulating testable hypotheses. To capture and analyze 

the complexity of genital ridge morphogenesis, we generated a 3-dimensional time 

course of gonad development in native form and context using whole embryo tissue 

clearing and light sheet microscopy. Analysis revealed that the early gonad exhibits 

anterior-to-posterior patterns as well as increased rates of growth, rotation, and 
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separation in the central domain. In extending characterization to the neighboring 

nephric ducts, we found a close alignment of gonad and mesonephric duct movements 

as well as delayed duct development in Cbx2 mutants, which undergo XY sex reversal 

and gonad dysgenesis. These data support mechanical integration of gonad and 

mesonephric duct morphogenesis. 

In investigating the mechanisms underlying the center-to-pole pattern of testis 

differentiation, we performed anteroposterior axis analyses and ex vivo gonad 

reconstruction cultures. These experiments allowed us to rule out two commonly 

accepted theories in the field: paracrine relay and center-first Sry expression. After 

searching for patterns in other cellular processes during gonadogenesis, including cell 

cycle arrest and coelomic epithelium proliferation, we uncovered a center-biased pattern 

of supporting cell precursor ingression. The updated model indicates that differences 

between the patterns of differentiation in the testis and ovary are due to features of their 

respective regulatory networks connecting their fate dynamics to different general 

gonadal organizing principles acting upstream of supporting cell differentiation. 

Following recent work on the rete testis and rete ovarii suggesting these 

structures contribute to gonadal supporting cell populations, we characterized early 

development of the rete and adjacent tissues in both sexes. Comparison of the 

GATA4+/PAX8+ presumptive rete with mesonephric and gonadal cells led to the 

identification of undescribed patterns in mesonephros development which may play a 
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role in sexual dimorphism of the rete. Cells of the rete may derive from mesonephric 

condensates in a process similar to kidney nephron development. Cell cycle analysis 

revealed the mesonephric tubules and early rete to be a largely non-proliferating 

population of cells, suggesting expansion through recruitment of new cells. These 

results were used to establish preliminary theories for lineage relationships in early 

urogenital development. Initial attempts at lineage tracing to test the theory were 

unsuccessful. 

The findings presented here contribute to a more comprehensive and systems 

level understanding of sex determination and gonad development. In particular, the 

incorporation of high-resolution spatial information into theories of sex determination 

serves to connect individual cell fate decisions to organ level patterns of differentiation 

in space and time. These results will be useful for novel hypothesis generation as well as 

for designing more detailed models and simulations of sex determination and 

gonadogenesis. 
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1. Introduction to murine gonadogenesis and sex 
determination  

Organ development is complex and robust, the spatial and temporal expression 

of organ determining genes is highly regular in a species. Homeotic mutations, where 

one organ is fully replaced by another, seen classically in arthropods, are very rare in 

mammals. The gonad presents an exception to this rule. Mutations in genes in the sex 

determination regulatory network can cause a complete switch of organ fate from testis 

development to ovary development, or the reverse. It is unknown what degree of 

developmental constraints occur in the evolutionary maintenance of whole organ 

bipotentiality, or alternatively, what degree of plasticity becomes available to such 

bipotential systems. Gonad development offers an incredible opportunity to investigate 

the ways in which principles of cellular decision making are integrated with organ 

development. 

1.1 Sex determination as a hierarchical decision-making process 

In the mouse, the gonad first forms on embryonic day 9 (E9) as a long and thin 

layer of cells that accumulates between the mesonephric ducts and the coelomic 

epithelium (Brambell, 1927a; Reviewed in Windley and Wilhelm, 2015). The cells of the 

gonad are initially bipotentital, able to differentiate into a male or female fate. The choice 

is determined by the expression and opposition of pro-ovary and pro-testis gene 

regulatory networks within supporting cells in the gonad. The genetic fate choice 
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subsequently leads to a cellular fate choice, which then produces an organ level decision 

and development into an ovary or testis (Figure 1). Fate choice proceeds upwards in 

scale in a hierarchical decision-making process. Gonadal fate influences development of 

the reproductive system as a whole and other aspects of organismal anatomy and 

physiology. While many details are known about the genetic competition between cell 

fates within the gonad, the hierarchical process of upward scaling is less well 

understood. 

In the mouse, prior to gonadal sex determination, transcriptomes of XX and XY 

cells are indistinguishable (Munger et al., 2013, Nef et al., 2005). In the XY gonadal 

supporting cells, expression of the testis-determining gene, Sry (Sex determining region 

of the Y), initiates the testis pathway around embryonic day 11.0 (E11.0). Sry is the only 

Y-linked gene required for male sex determination (Koopman et al., 1991). Sry 

expression is followed by expression of Sox9 (Sry-box 9) (Sekido et al., 2004), which in 

turn upregulates Fgf9 (fibroblast growth factor 9), AMH (anti-Müllerian hormone), Ptgds 

(prostaglandin D2 synthase) and other testis-specific factors (reviewed in Nef et al., 

2019). Mutations in Sry, Sox9, and Fgf9 lead to XY sex reversal and development of an 

ovary. The ovarian pathway consists primarily of Wnt4/β-catenin signaling, Rspo1 (R-

spondin1), and Foxl2 (Forkhead Box L2) (Lin and Capel, 2015). The competition between 

the testis and ovary pathways is heavily influenced by the mutual antagonism between  
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Figure 1: Hierarchy of gonadal sex determination 

Three levels of mouse gonadal sex determination are presented. At the gene regulatory 
network level, genes of the bipotential gonad activate genes associated with male and 
female fate in pre-supporting cells. The testis (male) and ovary (female) pathways 
reinforce themselves and mutually antagonize each other until the network reaches a 
stable Sertoli or granulosa fate. At the cellular level, pre-granulosa and pre-Sertoli cells 
undergo distinct cellular behaviors and induce other gonadal cell populations 
(interstitial and germ cells) toward sex-specific fates. At the organ level, the ovary and 
testis undergo distinct morphological processes, including differences in growth, cell 
organization, extragonadal cell recruitment, and induction of changes in adjacent 
tissues. 
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Fgf9 and Wnt4 (Kim et al., 2006). Both FGF9 and WNT4 are extracellular signals, 

suggesting that a fate decision in one cell can have a strong influence on decisions of 

surrounding cells. 

Intercellular communication with factors of the sex determination pathway 

presents a mechanism for coordinating cell fates. It has yet to be established whether 

supporting cells need to influence each other in vivo to all commit to a Sertoli cell fate, 

though several studies have shown that they can (Hiramatsu et al., 2010; Wilhelm et al., 

2005; Wilhelm et al., 2007). In vitro, cultured SOX9+ gonadal cells can induce SOX9 

expression neighboring cells. In addition, in vivo studies with XX<->XY chimeric mice 

showed XX pre-supporting cells, which lack Sry, can become Sertoli cells, and XY cells 

could differentiate into ovarian granulosa cells (Burgoyne et al., 1988; Palmer and 

Burgoyne, 1991). In XX<->XY chimeras, testis commitment requires at least 30% of the 

cells in the bipotential gonad to be XY. Commitment to a gonadal fate is not always a 

unified process across the gonad. For instance, BALB/cWt strain mice produce 

spontaneous hermaphrodites which harbor ovotestes (Whitten et al., 1979). Ovotestes 

are gonads that have regions of both ovarian tissue and testis tissue. Gonads in several 

mutants for sex-determining genes develop into ovotestes as well, including mice with a 

'weak' Sry allele (Eicher et al., 1982; Taketo et al., 1991). 
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1.2 Organizing principles and patterns of gonad development 

That gonads can develop with both testis and ovary tissue in different regions 

introduces questions about patterning. Experiments with a transgenic inducible Sry 

revealed that commitment to Sertoli fate in supporting cells requires expression of Sry 

within a critical window of time, between E11.0 and E11.25 (Hiramatsu et al., 2009). 

Formation of ovotestis in B6-Y(DOM) mice is associated with a delay in Sry expression 

(Bullejos and Koopman 2005). The formation of ovotestes rather than complete organ 

fate reversal indicates two things, 1) there is a limit to the extent of fate coordination in 

the developing gonad, and 2) the existence of some spatial bias across the bipotential 

gonad that would result in regional differences in disposition to Sertoli cell fate. The 

upstream cause of the regional difference is some manner of organizing principle. As 

with any gene regulatory network that is activated with spatiotemporal regularity, the 

male and female sex determination pathways are connected to upstream organizing 

principles. The ovotestis implies that the organizing principles for the testis and ovary 

differentiation are different. 

The first steps of genital ridge development are reported to occur in an anterior-

to-posterior direction (Figure 2) (Brambell, 1927a; Sasaki et al., 2021). This pattern 

follows from the general orientation of development of the embryo, as intermediate 

mesoderm, precursor to the genital ridge, exits the primitive streak from anterior to 

posterior. Upregulation of consecutive early gonadal genes including GATA4 and SF1  
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Figure 2: Major patterns of gonad development 

Two main patterns of gonad development have been identified. The gonad is thought to 
arise in a strictly anterior-to-posterior pattern, matching general embryonic 
development. Ovarian cell differentiation events follow a similar anterior-to-posterior 
pattern that is believed to derive from the general gonadal pattern. Testis cell 
differentiation is reported to exhibit a center-to-pole pattern of development, wherein 
Sertoli factors including SRY and SOX9 reportedly accumulate near the center of the 
gonad followed by expansion of the domain outwards. The factor responsible for central 
induction of Sry remains unknown. Most models of sex determination are particular to 
competition between the male and female GRNs within supporting cells and do not 
include the impact of neighboring cells which can vary in the level of expression of sex 
determining genes. 
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(Steroidogenic Factor 1, NR5A1) follows an anterior to posterior pattern (Bunce et al., 

2021; Hu et al. 2013). The anterior-to-posterior pattern is shared by differentiation of the 

ovarian pathway (Figure 2). This supports the idea that the supporting cell precursors 

are predisposed to a granulosa (ovarian) fate (Jameson et al., 2012). In contrast, testis 

differentiation, including upregulation of Sry and Sox9 is reported to occur more 

strongly in the center of the gonad first (Figure 2) (Bullejos and Koopman, 2001; Bullejos 

and Koopman, 2005). This pattern of testis specification agrees with the common 

organization of the ovotestis, which includes a central region of testis tissue with ovarian 

tissue at the anterior and posterior poles. It is unknown whether the resolution of 

gonadal patterning to an ovotestis involves antagonistic signaling between cells that 

have upregulated opposing pathways. In some cases, ovotestis development is only 

transient and the gonad eventually resolves to a full testis or ovary. 
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1.3 Relevance of spatial organization to differentiation models 

In typical models of sex determination as a competition between male and 

female fates, the pathways are considered to be increasing expression in supporting cells 

over time in order to reach some threshold that denotes stability or full commitment to 

testis or ovary identity. Sry has a short window of time wherein it needs to reach a high 

enough level to stabilize before the female pathway outcompetes it (Figure 3). Delay or 

reduction in Sry expression level is known to cause sex reversal (Bullejos and Koopman, 

2005; Hiramatsu et al., 2009; Taketo et al., 1991). In the simple case, full gonadal sex 

reversal occurs (Figure 3). This simple graphical model of sex determination depicts 

gonadal fate as a binary decision and does not account for the formation of an ovotestis. 

Addition of a spatial dimension based on the patterns of Sertoli and granulosa 

differentiation observed in wild type gonadogenesis helps to explain the typical 

ovotestis pattern. If Sry is upregulated in the center first and then expands to the poles 

over time, there will be a critical window of time when Sry is above the necessary 

threshold in the center but below the threshold in the poles. Typically, Sry will be 

upregulated sufficiently in advance of the ovarian pathway to outcompete it in both the 

center and poles. If Sry is delayed such that the ovarian pathway is upregulated across 

the gonad during the critical window when the poles remain susceptible to competition  
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Figure 3: Spatiotemporal constraints on gonadal sex determination 

Top row shows graphical models of sex determination wherein commitment to male 
fate requires expression of a testis determining gene, such as Sry, to reach a threshold 
before the opposing female pathway reaches its own threshold for stabilization. A delay 
or reduction in Sry expression results in failure to maintain the male fate and sex 
reversal. Models without a spatial element are sufficient to explain complete sex 
reversal, but fail to explain the ovotestis, which contains central regions of testis tissue 
and polar regions of ovarian tissue. Middle row shows graphs including a spatial 
dimension wherein Sry is first expressed in the center followed by expression in the 
anterior and posterior poles while the female pathway is upregulated in the order: 
anterior, center, posterior. This model sufficiently explains the ovotestis as an instance of 
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the male pathway reaching the necessary threshold in the center before the female 
pathway but failing to reach it in the poles. Note that this model requires that the wave 
of female fate to occur faster than that of male fate. The third row depicts a hypothetical 
reason for center-first expression of the male fate. If expansion of the male fate is slower 
than the female fate, the time between initial gonad differentiation (sufficient for Sry 
induction) and the point when the female pathway crosses the threshold in the posterior 
pole may be too short for the anterior-first male pathway to reach the posterior pole, 
resulting in posterior ovarian tissue. 
 

from the ovarian pathway, the poles of the gonad would commit to the ovarian fate 

while the center commits to testis fate. (Figure 3).  

Not only does this addition of spatial information help to explain the pattern of 

the ovotestis, but it might also help to explain the reason the male pathway is 

upregulated in a different pattern than the female pathway. Researchers in the field have 

speculated that the center-to-pole pattern of Sry expression is necessary due to the long 

and narrow structure of the early genital ridge (Harikae et al., 2013). According to the 

theory, if expansion of Sertoli cell fate across the gonad is dependent on a relatively slow 

mechanism, such as paracrine relay, an anterior-to-posterior wave would require more 

time than is available before the faster-expanding ovarian pathway becomes 

upregulated across the gonad, meaning the posterior pole would always commit to an 

ovarian fate (Figure 3). Initiation of the testis pathway through Sry in the center of the 

gonad first may be the most efficient solution for accomplishing complete gonadal 

commitment to the testis fate when the pro-testis and pro-ovary expression domains 

spread at such different speeds. 
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1.4 The systems context of gonad morphogenesis and sex 
determination 

The gonad initially develops as a long and thin sheet of cells extending the 

majority of length of the trunk of the embryo. The extent of the early tissue makes it 

difficult to capture completely, leading most descriptions to come from partial samples 

and limited angles. While there is some renewed interest in characterizing the 

bipotential genital ridge in conjunction with RNA-seq analysis (Sasaki et al., 2021), 

descriptions remain incomplete and challenging to interpret. Ex vivo culture of gonads is 

often employed to study gonadal processes including sex differentiation and germ cell 

biology. Unfortunately, gonads cultured at early stages typically fail to complete 

morphogenesis. A better understanding of the forces and tissues that support and shape 

the genital ridge may offer insight into how culture systems can be improved to 

accommodate early genital ridges. 

After the gonad initially differentiates along the mesonephros, it undergoes 

several morphogenic processes simultaneously. The genital ridges thicken, turn 

medially, and eventually undergo shortening, all prior to developing sex differences. 

The causes of these early morphogenic processes, and the consequences of not 

undergoing them, have not been studied. Following sex determination, the gonads 

undergo considerable sex specific morphogenesis, including vascularization and cord 

formation in the testis, and vascularization, innervation, folding and ovigerous cord 

formation in the ovary (DeFalco and Capel, 2009; McKey et al., 2019; McKey et al., 2021).  
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 Historically, the tissue context of the developing gonad has been a source of 

considerable debate. Prior to modern techniques for identifying cells and their lineage 

relationships, several structures adjacent to the gonad were believed to supply cells, 

including the mesonephric ducts, mesonephric mesenchyme, and rete. Although the 

coelomic epithelium has been determined to be the source of supporting cells in the 

gonad (Karl and Capel, 1998), adjacent structures such as the mesonephric tubules are 

known to produce factors important for gonad development, including retinoic acid 

(Bowles et al., 2018). Based on the expression pattern of Sry in the testis, current models 

of the Sertoli cell GRN include an unknown factor upstream of Sry that activates Sry 

expression in the center region of the gonad first. If this factor is expressed from a tissue 

outside the gonad, such as the mesonephros, it will be important to include the 

additional tissue in analyses and experiments that look for the source of the pattern. 
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2. Methods and materials 
2.1 Mouse strains and lines 

Unless otherwise stated, transgenic mouse lines were kept on a C57BL/6J (B6) 

background. CD-1 (Charles River) mice obtained from Jackson Laboratories were used 

as a wild type strain. Tg(Nr5a1-GFP) and Cbx2cterm lines were previously described 

(Katoh-Fukui et al., 1998; Ng et al., 2014; Stallings et al., 2002). The Fgf9lacZ mouse line 

was generated using targeted ES cells from the KOMP repository (project #24486), 

followed by cre-mediated excision of the neo selection cassette (Huh et al., 2015). 

Tg(Runx1-EGFP)EI184Gsat/mmucd (Runx1-eGFP) mice were a gift from Humphrey Yao 

(MMRRC stock number 010771-UCD; Gong et al., 2003). B6D2-Tg(Nr5a1-cre)2Klp (SF1-

cre) mice were also obtained from Humphrey Yao. SF1-cre mice have been previously 

described (Bingham et al., 2006). B6.Cg-Gt(Rosa)26Sortm9(CAG-tdTomato)Hze/J (RTM) mice were 

obtained from Jackson Laboratories (JAX Stock No: 007914). B6.Cg-Lef1tm1Hhx/J (Lef1FL) 

mice were obtained from Jackson Laboratories (JAX Stock No: 030908; Zhou and Xue, 

2012). B6.Cg-Tg(Pax8-rtTA2S*M2)1Koes/J (Pax8-rtTA) mice were also obtained from 

Jackson Laboratories (JAX Stock No: 007176; Traykova-Brauch et al., 2008). Tg(tetO-

HIST1H2BJ/GFP)47Efu/J (Tre-H2B-GFP) mice were a gift from Terry Lechler (also 

available from Jackson Laboratories: JAX Stock No: 005104; Tumbar et al., 2004). Lgr5-

EGFP-IRES-CreERT2 (Lgr5-GFP-creER) mice were also a gift from Terry Lechler (also 

available from Jackson Laboratories: B6.129P2-Lgr5tm1(cre/ER2)Cle; JAX Stock No: 008875; 
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Barker et al., 2007). Oct4-GFP mice were a gift from Jeff Mann (also available from 

Jackson Laboratories: B6;CBA-Tg(Pou5f1-EGFP)2Mnn/J; JAX Stock No: 004654). All mice 

were housed in accordance with National Institutes of Health guidelines, and 

experiments were conducted with the approval of the Duke University Medical Center 

Institutional Animal Care and Use Committee. 

2.2 Timed matings  

To obtain embryos at specific stages of development, males were set up in timed 

mating with several females. Each female was checked daily for the presence of a 

vaginal plug. Date of plug was considered embryonic day 0.5. Female CD-1 mice were 

used for wild type and transgenic reporter experiments. 

2.3 Tamoxifen administration 

To obtain embryos at specific stages of development, males were set up in timed 

mating with several females. Each female was checked daily for the presence of a 

vaginal plug. Date of plug was considered embryonic day 0.5. Female CD-1 mice were 

used for wild type and transgenic reporter experiments. 

2.4  Whole embryo study 

2.4.1 Whole embryo collection and genotyping 

 Whole embryos were dissected in PBS, fixed in 4% PFA/PBS for 30min at room 

temperature (E9.5; E10.5) or overnight at 4ºC (E11.5; E12.5; E13.5) and dehydrated 

stepwise into 100% methanol for storage at -20ºC. The amniotic sac of each embryo was 
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processed for genotyping as follows. The tissue was incubated overnight at 55ºC in 

tissue lysis buffer with Proteinase K. The following day, genomic DNA was precipitated 

with isopropanol and purified by centrifugation. The pellet was resuspended in sterile 

dH2O and processed for PCR genotyping for Sry to determine the sex of the embryo and 

for the presence of the Cbx2 or Tg(Nr5a1-GFP) alleles when appropriate. Primers used 

for PCR genotyping are listed in Table 1. 

Table 1: List of primers used for PCR genotyping 

Gene Forward primer Reverse primer 
Sry GTGTCTCAAAGCCTGCTCTTC CATGTACTGCTAGCAGCTATC 
Myogenin 
(generic control) 

TTACGTCCATCGTGGACAGCAT TGGGCTGGGTGTTAGTCTTAT 

Ddx3X/Y ATAATCACAGCTGGTAATGTAC GCTGGACGTTCTAAAAGGTAAG 
Cbx2-wt GTAGCCAAGCCAGAGCTGAA ACCACAGGCCTCTTTGGTGT 
Cbx2-mut  CCGCTTCCATTGCTCAGCGGT 
Tg(Nr5a1-GFP) CACCATCTTCTTCAAGGACGAC GAATGACACCTACTCAGACAATGC 
Fgf9-wt GAAGTCGTGCGTGAGGTGCTCCAGGTC CCGCGAATGCTGACCAGGCCCACTGCT 
Fgf9-lacZ GAAGTCGTGCGTGAGGTGCTCCAGGTC CCGCGAATGCTGACCAGGCCCACTGCT 
Runx1-eGFP TCTGAACTTGTATGTTGGTCTCCCG GGTCGGGGTAGCGGCTGAA 
Sf1-cre AAATGCATCGAATCCGAGGG AGGTATGCTCAGAAAACGCC 
RTM-wt GGAGCGGGAGAAATGGATATG AAAGTCGCTCTGAGTTGTTAT 
RTM-flox AGTTCATGTAGGGCTCCAAG TAGAGCTCTTAGACGGTCCGCTTGTA 
Lef1-flox TTGTGAGCAGATATAGACACTAGCA TGGAAATCCACACAACTAACG 
Lgr5-wt CTGCTCTCTGCTCCCAGTC ATACCCCATCCCTTTTGAGC 
Lgr5-mut  GAACTTCAGGGTCAGCTTGC 

 

2.4.2 iDISCO+ clearing and immunostaining 

 Some text. Tissue clearing and immunofluorescence were based on the iDISCO+ 

method (Renier et al., 2014, 2016). When ready for analysis, whole embryos were 

incubated overnight in 33%methanol, 66% dichloromethane (DCM) rocking at room 

temperature. The samples were then treated with a solution of 5% H2O2 in methanol 
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overnight at 4ºC. After progressive rehydration into PBS 0.2% Triton X-102 (PTx.2), 

samples were permeabilized overnight at 37ºC in iDISCO permeabilization solution 

(PTx.2, 2.3% glycine, 20% DMSO) and blocked for 6 hours at 37ºC in iDISCO blocking 

solution (PTx.2 10% DMSO, 1.5% horse serum). Tissues were incubated in primary 

antibodies diluted in PTwH (PTx.2 with 0.001% heparin) 3% horse serum, 10% DMSO 

for 48 (E9.5; E10.5; E11.5) or 72 (E12.5; E13.5) hours at 37 ºC. Samples were then washed 

3 times for 1 hour in PTwH and incubated at 37ºC for 48 hours in secondary antibodies 

diluted in PTwH 3% horse serum. After washing 3 times for 1 hour in PTwH, embryos 

from stage E9.5 to E11.5 were embedded in 1% agarose made with TAE and embryos 

from stages E12.5 and E13.5 were left intact. All samples were transferred to glass 

scintillation vials and progressively dehydrated into 100% methanol and incubated for 3 

hours in 33%methanol, 66% DCM rocking at room temperature. Following two 30 

minute washes in 100% DCM, samples were transferred into 100% dibenzylether (DBE) 

for final clearing. 

2.4.3 Whole embryo image acquisition 

 Images were acquired using a LaVision BioTec Ultramicroscope II light sheet 

microscope, equipped with zoom body optics, an Andor Neo sCMOS camera, an 

Olympus MVPLAPO 2X/0.5 objective and a 5.7 mm working distance corrected dipping 

cap (total magnifications ranging from 1.3X to 12.6X with variable zoom). Whole 

embryos and agar-embedded embryos were mounted in a sample holder and 
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submerged in a 100% DBE reservoir. Samples were imaged at 1.26X to 5X mag (0.63X to 

2.5X zoom), using the three lightsheet configuration from both sides with the horizontal 

focus centered in the middle of the field of view, an NA of 0.026 (beam waist at 

horizontal focus = 28 µm), and a light sheet width of 90%. Pixel size ranged from 1.2 to 

4.96 µm and spacing of Z slices was 10 µm. Up to three channels were imaged per 

sample with 488 nm laser excitation for FITC- and AF488-conjugated primary 

antibodies, 561 nm laser excitation for AF546- and Cy3-conjugated secondary antibodies, 

and 647 nm laser excitation for the AF647-conjugated secondary antibody. The 

chromatic correction module on the instrument was used to ensure all channels were in 

focus. To reduce bleaching, while setting up the parameters for image acquisition the 

sample was viewed with low laser power and long exposures; this was inverted when 

acquiring data to maximize acquisition speed. 

2.4.4 Whole embryo image processing 

Images, 3D volumes, and movies were generated using Imaris software (Version 

9.3 and 9.6, Bitplane). Stack images were converted to Imaris files (.ims) using 

ImarisFileConverter (Version 9.3). Images of 3D volumes are presented with either 

'normal shading' or as maximum intensity projections. To isolate specific regions and 

tissues, the mask function of the surface tool was applied. Isosurface segmentations 

were produced manually using the surface tool. Segmentation was accomplished using 

an absolute threshold specified for each image and channel except for Cbx2 sample 
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gonads, which were manually drawn using “contour mode” by tracing the gonad 

border in the GATA4 channel. Digital slices were obtained using the "oblique slicer" 

tool. 3D images and animations were generated using the "snapshot" and "animation" 

tools. 

2.4.5 Embryo analysis 

Embryo axis lengths were calculated by creating three digital slices 

perpendicular to each other. The three planes were used to create a bounding box and 

the measurement tool was used to calculate the distance between opposing sides. 

Embryo volumes were calculated from whole embryo segmentations. The surface tool 

was used to create a segmentation of the embryo surface by background fluorescence 

signal in the PAX8 channel. To fill the holes in the segmentation for volume calculation, 

the mask function of the surface tool was used to create a binary image which was 

exported to ImageJ (version, java version, 64-bit) where the "fill holes" function was 

applied. The resultant image was imported into the Imaris file and a new segmentation 

was generated from the binary. The volume of the segmentation was calculated through 

the surface tool. Somites and dorsal root ganglia (DRGs) were identified using TUJ1 and 

αSMA immunofluorescence (Fig. S1B). Tail somites were counted either at the time of 

dissection or from the reconstructed embryo isosurface as somites posterior to the 

hindlimb (Hacker et al., 1995). For one E10.5 XX Tg(Nr5a1-GFP) sample which lacked a 

complete tail, total somites was estimated to match other E10.5 samples based on an 
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equivalent number of DRGs. Structures, including the genital ridge, nephric ducts, 

forelimb, and hindlimb, were aligned to somites by considering planes extending 

ventrally from the boundaries between somites and DRGs to delimit individual somite 

regions. The first somite region from anterior to posterior that the edge of a structure fell 

within was marked as the anterior or posterior edge, and the range between the edges as 

the somite position of the structure. 

2.4.6 Genital ridge analysis 

Genital ridge lengths were calculated in Imaris (Version 9.3, Bitplane). For stages 

up to E11.5, length was calculated based on coelomic surface centerlines. For later stages, 

AP centerlines were manually generated using the "oblique slicer" tool to scan through 

the gonad as a series of transverse sections. In each section, the center point of the 

genital ridge at each plane was marked with the "measurement" tool, followed by 

manual curation of points to smooth out the resultant line. The total length of the point 

series was recorded as the genital ridge length. For morphological analysis, serial digital 

slices (10µm thick) were created every 100µm along the centerline, starting at the 

anterior pole, oriented perpendicular to the AP axis of the gonad (Fig. S6). In each slice, 

the measurement tool was used to measure morphological features as follows: gonad 

height was measured as the distance between the center bottom and the center top of the 

gonad, gonad width was measured as the distance from the peripheral most point to the 

medial most point of the gonad based on SF1:eGFP signal, separation of the gonads was 
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measured as the distance between the medial most points of the left and right gonads, 

separation of the nephric ducts was measured as the distance between the center of the 

left and right mesonephric ducts based on PAX8 signal, gonad angle was measured as 

the angle between the line from the bottom center to top center of the gonad and the line 

from the bottom center of the gonad to the center of the dorsal aorta based on αSMA 

signal, and mesonephric duct angle was measured as the angle between the line from 

the bottom center to the top center of the gonad and the line from the bottom center of 

the gonad to the center of the mesonephric duct. See Supplemental Fig. 6 for schematics 

and examples of each measurement. 

2.5 Organ collection and genotyping 

Gonad/mesonephros and urogenital complexes were collected from embryos 

dissected in PBS. For embryos in the range of E10.5 to E12.5, tail somites were counted to 

determine precise age. Tissue samples were fixed in 4% PFA/PBS overnight at 4ºC, 

rinsed three times for 20min with PBS 0.1% Triton X-100, and dehydrated stepwise into 

100% methanol for storage at -20ºC. Tail samples were collected and processed for 

genotyping (see above method for amniotic sac processing). Sex and transgenic 

genotypes were determined by genotying for Sry (see above) and the appropriate 

transgene according to established protocols. Exceptions were made for determining sex 

in wild type embryos after E12.5, in which case presence of testis cords was used as an 

indication of XY genotype, and fluorescent reporters when fluorescent signal was strong 



 

21 

enough to observe with a fluorescence detection system on the dissection scope (e.g. 

NIGHTSEA LLC) (for example, see Figure 4). 

 

Figure 4: Runx1:eGFP and Sf1-cre;RTM fluorescent reporters 

(A) Runx1:eGFP+/- embryos dissected at embryonic day 12.5 and E14.5. Within the 
urogenital complex, reporter expression is specific to the gonad (arrowheads). (B) XY 
and XX SF1-cre+/-;RTM+/- embryos at E13.5. Within the urogenital complex, Sf1-cre is 
expressed in the gonads and adrenals. 
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2.6 Whole mount immunofluorescence 

Tissue samples were fixed in 4% PFA/PBS overnight at 4ºC, rinsed three times for 

20min with PBS 0.1% Triton X-100, and dehydrated stepwise into 100% methanol for 

storage at -20ºC. Immunofluorescence was performed as follows: tissues were 

rehydrated stepwise into PBS, washed three times in PBS 0.1% Triton X-100, incubated 

for 1 h at room temperature in blocking solution (10% FBS, 3% BSA, and 0.2% Triton X-

100 in PBS), and incubated with primary antibodies in blocking solution overnight at 

4ºC (See Table 2 for primary antibodies and dilutions used). The following day, samples 

were washed 3 times for 30 min in washing solution (1% FBS, 3% BSA, 0.2% Triton X-

1000 in PBS) and incubated with 4′,6-diamidino-2-phenylindole (DAPI: D9542; Sigma-

Aldrich) and secondary antibodies (at 1:500, see Table 3 for secondary antibodies) in 

blocking solution overnight at 4ºC. The next day, samples were washed three times in 

washing solution and mounted in DABCO. Images were taken with an LSM710 confocal 

microscope using the associated Zen software (Zeiss). 

Table 2: List of primary antibodies used in immunofluorescence studies 

Target Host Dilution Source Product number 
AMH Goat 1:500 Santa Cruz Biotechnology sc-6886 (discontinued) 
AMH Mouse 1:500 Santa Cruz Biotechnology sc-166752 
CCND1 Rabbit 1:100 Abcam Ab16663 
E-CADHERIN (CDH1) Rat 1:500 Invitrogen 13-1900 
ENDOMUCIN Rat 1:500 Santa Cruz Biotechnology Sc-65495 
FOXL2 Goat 1:250 Novus NP 100-1277 
FOXL2 Goat 1:250 Abcam Ab5096 
GATA4 Goat 1:500 Santa Cruz Biotechnology Sc-1237 (discontinued) 
GATA4 Mouse 1:500 Santa Cruz Biotechnology Sc-25310 
GFP Chicken 1:2000 Abcam Ab13970 
GFP Chicken 1:500 Aves GFP-1020 



 

23 

JAG1 Goat 1:500 R&D Systems AF599 
Ki67 Rabbit 1:500 Abcam Ab15580 
LAMININ-B1 Rat 1:500 NeoMarkers RT-796-P 
LEF1 Rabbit 1:500 Cell Signaling 2230P 
MAFB Goat 1:2000 Santa Cruz Biotechnology Sc-10022 
mCHERRY Chicken 1:1000 EnCor Biotechnology Inc. CPCA-mCherry 
NR2F2 (COUPTFII) Mouse 1:250 Perseus Proteomics PP-H7147-00 
NR5A1 Rabbit 1:500 TransGenic Inc. K0611 
P27 (CDKN1B) Mouse 1:250 Abcam Ab193379 
P27 (CDKN1B) Rabbit 1:500 Santa Cruz Biotechnology Sc-528 
PAX8 Rabbit 1:500 Proteintech 10366-1-AP 
PAX8 Mouse 1:2000 Proteintech 60145-4-Ig 
PECAM Rat 1:500 BD Biosciences 553370 
RFP Rabbit 1:2000 Rockland 600-401-379 
RUNX1 Rabbit 1:500 Abcam Ab92336 
SOX9 Rabbit 1:2000 Millipore AB5535 
SOX9 Goat 1:1000 R&D Systems AF3075 
SRY Rabbit 1:500 Gift from Dagmar Wilhelm  
TRA98 (GCNA1) Rat 1:1000 Abcam Ab82527 
WT1 Rabbit 1:500 Abcam Ab89901 
aSMA (FITC conjugated) Mouse 1:500 Sigma F3777 
TUJ1 (AF488-ocnjugated) Mouse 1:500 BioLegend 801203 

 
Table 3: List of secondary antibodies used in immunofluorescence studies 

Conjugated Fluorophore Host Target Dilution Source Product number 
AF488 Donkey Chicken 1:500 Jackson ImmunoResearch 703-545-155 
AF488 Donkey Mouse 1:500 Jackson ImmunoResearch 715-545-150 
AF488 Goat Rabbit 1:500 Invitrogen A11008 
AF488 Donkey Rat 1:500 Invitrogen A21208 
Cy3 Donkey Chicken 1:500 Jackson ImmunoResearch 703-165-155 
Cy3 Donkey Goat 1:500 Jackson ImmunoResearch 705-165-147 
Cy3 Goat Mouse 1:500 Jackson ImmunoResearch 115-165-075 
Cy3 Donkey Rabbit 1:500 Jackson ImmunoResearch 711-165-152 
AF647 Donkey Goat 1:500 Invitrogen A21447 
AF647 Goat Mouse 1:500 Invitrogen A21241 
AF647 Donkey Rabbit 1:500 Jackson ImmunoResearch 711-605-152 
AF647 Donkey Rat 1:500 Jackson ImmunoResearch 712-607-003 
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2.7 Gonad culture experiments 

2.7.1 Gonad culture 

Embryonic gonad/mesonephros complexes were dissected from embryos at 

indicated stages in PBS+/+ and transferred to agar blocks (1.5% agar) via pipetting 

following the method of Martineau et al., 1997. Organs were cultured  at 37ºC with 5% 

CO2 in Dulbecco's Minimal Eagle Medium (DMEM), supplemented with 10% fetal 

bovine serum and 1X antibiotic-antimycotic (Cat No: 15240062, Thermo Fisher 

Scientific). Phase contrast images of cultured organs were taken with an Axioplan 2 

upright fluorescence microscope equipped with an AxioCam MRm camera (Zeiss). 

2.7.2 Organ reconstructions 

For tissue reconstruction experiments, embryos were collected at indicated stages 

from CD-1 dams mated with SF1:eGFP+/- studs. During dissection, embryonic tails were 

immediately collected to genotype samples at stages earlier than E12.5 using a fast 

protocol. Tissue samples were incubated in 200 µl 50 mM NaOH at 95ºC for 10 minutes 

before addition of 75 µl 40mM Tris-HCl (pH5.5) followed by vortexing and 

centrifugation at 4000 g for 3 minutes. 2 µl of supernatant was used to genotype for 

Ddx3X/Y (see Table 1 for primer sequences). Cultured organs were incubated in agar 

blocks for 1 hour after dissection before further manipulation at the dissection 

microscope. Without displacing from troughs in agar pads, gonad/mesonephros 
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complexes were cut in half transversely with needles to create anterior and posterior 

halves of equivalent length. Using forceps to move organs, the halves were either paired 

with halves of other organs or kept together and moved to a new location in the dish as 

controls. Once new pairings were established, troughs were aspirated and halves were 

pushed against each other and cultures were returned to incubation, 37ºC with 5% CO2. 

All reconstructed organs presented consisted of an anterior half paired with a posterior 

half. For experiments lasting longer than 24 hours, culture media was replaced and 

organ samples were briefly floated every 24 hours. Upon collection, reconstructed 

organs were floated and organ halves that did not remain together were discarded. 

Samples that remained fused were fixed overnight in 4% PFA at 4°C. 

2.7.3 FGF9-soaked bead preparation 

10 µl of heparin-agarose beads (Cat No: H3025, Sigma) was added to 10 µl diH2O 

and 3 µl 50 µg/mL human recombinant FGF9 (Cat No: 7399-F9, R&D Systems) or 3 µl 50 

mg/mL BSA (Cat No: 15571-020, Invitrogen). Beads were left to incubate for 2 hours at 

room temperature. After incubation, beads were centrifuged five times for 2 minutes at 

3000 g. After each spin, 20 µl of supernatant was replaced with 20 µl DMEM, being 

careful not to disturb the pellet of beads. FGF9- and BSA-soaked beads were stored at 

4°C until use.  
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2.7.4 FGF9-soaked bead application and culturing 

For experiments at E11.5, embryos were genotyped during dissection (see Tissue 

reconstructions). Gonad/mesonephros complexes were incubated in agar blocks for at 

least 1 hour prior to bead application under the dissection microscope. Beads were 

applied to gonads with one of three protocols: on the surface, in a wedge, or inside. For 

all protocols, initially a single bead was transferred to the surface of the tissue. For 

‘surface’ application, the bead was moved to the center region of the gonad away from 

the mesonephros, typically resulting in it laying beside the gonad on the agar (as in Kim 

et al., 2006). For ‘wedge’ application, a small wedge of gonad tissue was cut away from 

the central region of the gonad adjacent to the agar using dissecting needles. The bead 

was then placed in the wedge, again typically resting on the agar. For ‘inside’ 

application, the gonad was pierced with a drawn glass needle to create a hole. The glass 

needle was used to push the bead into the hole far enough that it would not be instantly 

expelled. To prevent later expulsion, melted agar (1.5% in DMEM) was pipetted over the 

gonad. The layer of agar over the gonad was removed after 12-14 hours, after which 

beads were typically retained for the remainder of the experiment duration. Upon 

collection, samples where the bead was not retained in the appropriate position were 

discarded. During collection, beads were always lost from 'surface' application samples, 

and sometimes lost when application was by 'wedge' or 'inside' protocol. Tissue samples 

were fixed overnight in 4% PFA at 4°C. 
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2.8 EdU analysis 

For EdU experiments, pregnant females were injected intraperitoneally with 25 

or 50  mg/kg 5-ethynyl-2'-deoxyuridine (EdU; Cat No: 20540, Lumiprobe) dissolved in 

PBS at indicated stages. Embryonic samples were collected at a minimum of 1 hour after 

EdU injection in order to establish consistent duration of EdU exposure across all 

experiments as EdU is known to be eliminated within 1 hour after injection (Cheraghali 

et al., 1995). Upon collection, samples were fixed overnight at 4°C. EdU treated samples 

were imaged using the wholemount immunofluorescence protocol with the addition of 

a click reaction step between rehydration and blocking. Samples were incubated in click 

reaction solution (20 mg/mL ascorbic acid, 2mM cupric sulfate, 4 µM sulfo-Cy3 azide 

dye (Cat No: A3330, Lumiprobe) in PBS) for 1 hour rocking at room temperature. 

2.9 Confocal AP axis analysis 

2.9.1 General considerations 

Anteroposterior (AP) axis analysis was conducted on whole mount samples 

imaged with confocal microscopy to determine the distribution of fluorescent signal or 

positively labeled cells along the AP axis of the genital ridge, gonad, or gonadal region. 

Initial steps of image processing, including selection of the gonad area, anterior point, 

and individual cells, as well as segmentation, filtering, and thresholding were 

performed in FIJI (ImageJ). Subsequent processing and analysis were performed with 

JupyterLab (Anaconda distribution, Python) using skimage (van der Walt et al., 2014) 
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and standard scientific Python libraries. Images were typically scaled down by a factor 

of 10 to reduce processing time. 

2.9.2 Image acquisition and selection 

Images for analysis were acquired with an LSM710 confocal microscope using 

the associated Zen software (Zeiss). Samples were imaged as 'tile scan' z-stacks with 2.5 

µm optical sections, 10% tile overlap, and 5 µm or 10µm intervals between sections. 

Image selection for analysis was dependent on the completeness of the genital ridge and 

the type of analysis. Samples that lacked a complete gonad, or had any major 

obstructions were not used for analysis. For analysis of sagittal sections (lateral views), 

image planes were collected across the majority of the depth (lateral to medial) and the 

image that contained the greatest gonadal area was processed for analysis. For frontal 

sections (ventral views), Samples were imaged across the entire depth of the gonad 

tissue (coelomic epithelium to mesonephros) with a minimum interval of 5 µm in order 

to capture every nuclei in at least one plane. Nuclei were found to have a diameter of 5 

to 10 µm. In this case, the gonad area used for analysis was the union of the gonad areas 

in all slices as determined by maximum intensity projection. 

2.9.3 AP axis determination 

AP axis calculation began with binary images of gonad areas. Gonad areas were 

hand drawn for sagittal sections as the area between the coelomic surface of the gonad 

and the bottom of a general gonadal or supporting cell marker. For frontal sections, 
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gonad area was hand drawn as the area around a general gonadal or germ cell marker. 

Gonad areas for z-stacks were made to be a union of gonad areas in individual slices. 

For each gonad area, a binary axis was calculated by thinning with the 

‘skimage.morphology.thin’ function. In order to achieve a skeleton 1 pixel in width, a 

convex hull algorithm was applied to the image by sliding windows with increasing 

window size until a binary hit-or-miss algorithm detected only two end points. The 

pixel coordinates of the resultant skeleton were ordered by increasing distance to the 

anterior pole of the gonad. Position along the AP axis for each point in the skeleton was 

calculated as the relative position across the ordered list. The anterior, central, and 

posterior regions of the gonad were calculated by dividing the skeleton into 3 equal 

parts. For EdU analyses, the same protocol was applied to a separately drawn coelomic 

epithelium area to generate a skeleton with a width of a single pixel. 

2.9.4 Pixel based analysis of sagittal sections 

All sagittal images processed were analyzed as individual marker-positive 

pixels. A binary image was generated from confocal optical sections in FIJI by first 

applying a gaussian filter, followed by masking to isolate the gonad area and applying 

the Otsu threshold. Pixels with signal above the threshold were considered positive for 

immunofluorescent signal. Position along the AP axis for each pixel was determined as 

the AP position of the nearest point of the skeleton generated for the corresponding 

gonad area. Histograms were generated from the AP position data pooled for samples 
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analyzed and are displayed as probability density functions. The number of samples 

(images) analyzed for each plot is indicated by 'n'. 

2.9.5 Cell based analysis of frontal sections 

For analysis of frontal sections, SOX9-positive and SRY-positive cells were 

identified by eye in the z-stack and each cell was labeled with a single pixel in a binary 

image, making sure not to duplicate labeling for any cells that appeared in multiple 

sections. The stack of labels was flattened into a single image where each labeled pixel 

represented a cell. For each image, labeled pixels were transformed into coordinates and 

AP positions were assigned as the AP position of the nearest pixel in the skeleton. 
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3. Concerted morphogenesis of genital ridges and 
nephric ducts captured through whole embryo imaging 

The work presented in this chapter was performed in collaboration with Jennifer 

McKey and published in the journal Development as (Bunce, McKey, and Capel., 2021). J. 

McKey adapted and optimized the clearing and imaging technique. J. McKey and I 

carried out the experiments together, including dissections, clearing, and imaging. I 

performed the formal analyses and assembled the manuscript. 

3.1 Summary 

During development of the mouse urogenital complex, the gonads undergo 

changes in three-dimensional structure, body position, and spatial relationship with the 

mesonephric ducts, kidneys, and adrenals. The complexity of genital ridge development 

obscures potential connections between morphogenesis and gonadal sex determination. 

To characterize the morphogenic processes implicated in regulating gonad shape and 

fate, we used whole embryo tissue clearing and light sheet microscopy to assemble a 

time course of gonad development in native form and context. Analysis revealed that 

gonad morphology is determined through anterior-to-posterior patterns as well as 

increased rates of growth, rotation, and separation in the central domain that may 

contribute to regionalization of the gonad. We report a close alignment of gonad and 

mesonephric duct movements as well as delayed duct development in a gonad 

dysgenesis mutant, which together support a mechanical dependency linking gonad and 

mesonephric duct morphogenesis. 
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3.2 Introduction 

Interactions between tissues are integral to the formation and morphogenesis of 

organs during embryogenesis. At the cellular level, molecular and mechanical signal 

transduction influences gene regulation (Chan et al., 2017). At higher levels, developing 

organs are in part shaped by mechanical and chemical constraint and support from 

adjacent tissues (Weiss, 1950). The need to disrupt the embryo to access tissues for 

analysis has been a major limitation to investigations of organ morphogenesis. However, 

recent advances in imaging techniques have enabled morphological analysis of tissues in 

undisrupted whole embryos throughout organogenesis (Belle et al., 2014, 2017; Renier et 

al., 2014). By analyzing relationships between adjacent tissues and organs, we can 

determine how morphological changes are connected across embryos and begin to build 

a systems perspective of organ morphogenesis.  

The mammalian gonad undergoes profound morphological changes before and 

after gonadal sex determination. In the mouse, the gonad first forms on embryonic day 9 

(E9) as a long and thin layer of cells that accumulates between the mesonephric ducts 

and the coelomic epithelium (Brambell, 1927a; Reviewed in Windley and Wilhelm, 

2015). Early gonad morphogenesis involves poorly characterized processes of extension, 

shortening, thickening, and turning. Following gonadal sex determination at E11.5, the 

male and female gonads undergo sex specific structural changes in forming either a 

testis or ovary (DeFalco and Capel, 2009; Ungewitter and Yao, 2013). The relationship 
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between the mesonephric tubules and gonad formation has been a matter of 

longstanding debate argued through histological and electron microscopy studies across 

multiple species (Brambell, 1927b; Satoh, 1985, 1991; Upadhyay et al., 1979; Upadhyay 

and Zamboni, 1982).  However, many aspects of gonad development are not yet 

understood, and though adjacent tissues and the unique morphology of the early genital 

ridge have been implicated in testis fate induction and patterning, a robust 3-

dimensional analysis of early gonad morphogenesis within its embryonic context has 

not been achievable with traditional histological techniques. 

We generated a time course image dataset of genital ridge development in whole 

embryos from E9.5 to E13.5 using tissue clearing and light sheet microscopy. Through 

morphological analysis of the gonad and nephric ducts, we identified similarities in 

patterns of growth and movement that point to a connection between the morphogenic 

processes shaping each of these organs. By applying the same method to a gonad 

dysgenesis mutant, we found support for the idea that morphogenic processes influence 

each other within the genital ridge. These results demonstrate the value of holistic 

approaches to analysis of morphology in wild type and perturbed development. 
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3.3 Results 

3.3.1 Whole embryo imaging enables in situ 3D analysis of genital 
ridge and nephric duct morphology 

To investigate the formation and development of the mouse urogenital ridge 

from embryonic day 9.5 (E9.5) to E13.5 without disrupting its native morphology and 

embryonic context, we applied a tissue clearing protocol based on the iDISCO+ method 

paired with immunofluorescence and light sheet imaging (Renier et al., 2014, 2016) 

(Figure 5A). Immunofluorescent antibodies were used to detect several tissues of 

interest, including the developing gonads and nephric ducts (Table 2). By serial imaging 

with a 28µm light sheet and 10m z-intervals, whole embryos were captured as z-stacks 

composed of 10m optical sections (Figure 5B). Tissue morphology was assessed with 

Imaris software by exploring 3D reconstructions and analyzed through measuring 

segmented isosurfaces and digital slices. 

The primary series of embryo images used in our investigation was constructed 

from Tg(Nr5a1-GFP) transgenic embryos (Stallings et al., 2002). This reporter, here 

referred to by its common name, SF1:eGFP, is expressed in the somatic cells of the early 

gonad. The gonad and nephric ducts were labeled using antibodies targeting GFP and 

PAX8, respectively. The specificities of the antibodies over the full time-course can be 

seen from maximum intensity projections (Figure 5C and Figure 6A) and matched 

published reports (Hu et al., 2013; Plachov et al., 1990; Stallings et al., 2002; Viger et al., 

1998). Background fluorescence from these antibodies as well as anti-TUJ1 and anti-SMA 
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Figure 5. Whole-embryo tissue clearing and light sheet microscopy provide a 
means of analyzing the morphology of the developing gonad in embryonic context.  

(A) Schematic depicting iDISCO+ tissue clearing and immunofluorescence staining 
protocol. (B) Schematic depicting light sheet imaging parameters and image processing 
methods. (C) Maximum intensity projections of XY SF1:eGFP+/- mouse embryos imaged 
following iDISCO+ tissue clearing and immunofluorescence using anti-GFP and anti-
PAX8 antibodies. Scale bar: 1000µm. See Figure 6 for identification of labeled structures. 
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Figure 6. Identification of embryonic structures with whole embryo 
immunofluorescence 

(A) Whole embryo maximum intensity projections from Fig. 1 with PAX8-positive (red) 
and SF1:eGFP-positive (green) structures labeled. (B) Digital slices of E11.5 XY embryos 
demonstrating somite and dorsal root ganglia identification through TUJ1 (gray) and 
αSMA (blue). Arrows point to the third dorsal root ganglia. Arrowheads indicate 
adjacent somite boundaries. (C) Comparison of total somites with tail somites in 
SF1:eGFP samples from E10.5 to E12.5. The lower x-axis displays the embryonic stages 
typically correlated with the tail somite counts in the upper x-axis, as established by 
Hacker et al., 1995. Note that there are two XY E10.5 samples with identical total somite 
and tail somite counts. 
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 antibodies were used to detect somites and dorsal root ganglia to provide more accurate 

staging of embryos (Figure 6B). For gonad development from E10.5 to E12.5, tail somites 

are typically used for precise staging. A comparison of total somites to tail somites in our 

time course revealed that the E10.5 and E11.5 samples we analyzed were several hours 

further along in genital ridge development than the reference correspondence 

established by Hacker et al., 1995 (Figure 6C). Though tail somite staging is typically 

used when observing gonadal gene expression, which undergoes an established 

succession of changes in a relatively short time frame, this difference in timing is 

important for relating the morphogenic events in our time course to the literature on 

gonadal sex determination. Embryo and tissue size variance were measured in two 

ways. Bounding boxes were constructed around each embryo using digital slices. The 

dimensions of the box correspond to three orthogonal axes (height, width, and depth) 

(Figure 7A). Volumetric measurements of whole embryos, gonads, and nephric ducts 

were calculated from isosurfaces made by segmentation of immunofluorescent signals 

(Figure 7B). The genital ridges and nephric ducts increased similarly in volume while 

reducing in proportion to the whole embryo from E9.5 to E13.5. While these results 

highlight the relationship between the genital ridge and the whole embryo, 

morphogenic influences on genital ridge development are likely based on local tissue 

interactions. As the native form and context of organs are maintained, this method 

allows for the investigation of adjacent tissues throughout the time course. 
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Figure 7: The complete embryo and urogenital organs can be simultaneously 

analyzed through 3D segmentation and digital slicing. 

(A) Bounding box dimensions of primary series of 3D reconstructed XX (circles) and XY 
(triangles) embryos compared to total somites. Red: Height, Green: Width, Blue: Depth. 
(B) Volumetric measurements calculated from isosurface segmentations of primary 
series of XX (circles) and XY (triangles) embryos compared to total somites. Volumes 
correspond to: whole embryo (blue), genital ridge (SF1:eGFP, green), and nephric ducts 
(PAX8, red). (C) Sagittal slices of an E11.5 XY embryo, 150µm thick. Gray values are a 
merge of background immunofluorescence signals from multiple antibodies. Organs are 
false colored for identification. See Fig. S2 for transverse slice and digital slices of E10.5 
and E12.5 embryos. 
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3.3.2 The developing genital ridges undergo anteroposterior shifting 
while exhibiting left-right and anterior-posterior differences in 
adjacent organs 

To analyze the tissue context of the gonad during gonadal sex determination, we 

generated sagittal and transverse digital slices of the genital ridges at E10.5, E11.5, and 

E12.5 (Figure 8). These images demonstrate that the tissue context of the developing 

gonad varies by side as well as along the anteroposterior (AP) axis. At E11.5, the genital 

ridge lies on the ventral surface of the mesonephros. The developing gut lies along most 

of the ventral length of the left gonad, whereas on the right side the liver lies along the 

anterior half of the genital ridge (Figure 7C). On both sides of all stages, the posterior 

pole of the ridge is less bounded by adjacent organs, including the mesonephros, than 

the anterior pole. The mesonephros, kidney, adrenal and lung contact the gonad in 

corresponding locations on both sides. The adrenal can be seen in transverse sections at 

E11.5 and E12.5, while the kidney can be seen on the dorsal side of the gonad at E12.5 

(Figure 8).  

To determine the AP position of the gonad and identify landmarks for 

morphological analyses, we established somite correspondences of the anterior and 

posterior ends of the genital ridges, nephric ducts, and limb buds during the early 

development of the genital ridge (Figure 9A) (For an explanation of the process, see 

Methods and Materials – 2.4.5 Embryo analysis). After cataloging the somite alignment 

in all Tg(Nr5a1-GFP) samples, E9.5 to E12.5, we found no general differences between 
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Figure 8. Digital slices of XY whole embryos showing organs adjacent to the 
genital ridges from E10.5 to E12.5. 

Transverse (50µm thick) and sagittal (150µm thick) digital slices. Transverse slices are 
centered at 300µm along the AP axis of the gonads. Gray values are a merge of 
background immunofluorescence signals from multiple antibodies. Organs are false 
colored for identification. 



 

41 

 

Figure 9. Urogenital complex development involves early dynamic shifting 
along the anteroposterior axis. 

(A) Examples of somite alignment results overlayed on isosurface segmentations of 
whole embryos. Arrows point to the anterior and posterior poles of the genital ridges 
(green) and nephric ducts (red) with numbers indicating the somite corresponding to the 
anterior pole. (B) Schematic and graph showing somite alignment of genital ridge 
(green), mesonephric ducts (red), and limb buds (cyan) relative to somites for XX and 
XY embryos at E9.5, E10.5, E11.5 and E12.5. Data come from right sides of embryos and 
are averaged by sex for each stage. ‘n’ represents the number of averaged samples. See 
Figure 10 for individual samples and left sides. 
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Figure 10. Somite alignment of gonad, mesonephric duct, and limbs for 
individual Tg(Nr5a1-GFP) samples. 

Graph showing somite alignment of genital ridge (green), mesonephric ducts (red), and 
limb buds (cyan) relative to somites for all fourteen embryos in the Tg(Nr5a1-GFP) time 
course. Arranged by total somites. Showing right (R) and left (L) sides. 
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right and left sides (Figure 10) and chose to focus our assessment on the right side. One 

or two samples per group were averaged to compare between sexes and stages (Figure 

9B). The anterior end of the genital ridge remains within two somites of the anterior end 

of the nephric duct although the pair of structures undergoes a considerable anterior 

shift relative to somites from E9.5 to E10.5 followed by a minor posterior shift from E10.5 

to E11.5 and a major posterior shift from E11.5 to E12.5. The anterior end of the 

urogenital complex aligns closely with the posterior edge of the forelimb bud between 

E9.5 and E10.5, after which it shifts posteriorly relative to the limbs. These changes 

showed that the genital ridge undergoes considerable AP movement relative to the 

whole embryo during early development. Due to these shifts, general embryonic 

landmarks, including somites and limb buds, are unreliable for morphometric analysis 

of the urogenital complex. 

We next sought to assess the movements of the developing gonad in relation to 

neighboring organs. PAX8 signal was used to construct isosurfaces of the metanephros 

(kidney primordium) and SF1:eGFP was used for the adrenal. Previous studies have 

found that adrenal GFP expression in Tg(Nr5a1-GFP) embryos does not recapitulate 

endogenous NR5A1 production until after E11.5 (Pitetti et al., 2013; Zubair et al., 2009). 

To confirm these reports, we compared GFP to NR5A1 using standard 

immunofluorescent whole mount confocal imaging of urogenital complexes at E10.5, 

E11.5, and E12.5. At all three stages, GFP overlapped endogenous NR5A1 throughout 
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the gonad (Figure 11). In the adrenal, GFP signal intensity was distinctly lower than in 

the gonad and restricted to E12.5. This suggests that at E11.5, the absence of SF1:eGFP 

does not indicate the absence of an adrenal. In our whole embryo time course, we were 

able to detect and segment adrenal GFP starting at E11.5. The difference was likely due 

to these E11.5 embryos being several hours further into development than is typical, as 

indicated by comparing tail somites (Figure 6C). While segmenting the images based on 

a single threshold for the gonad and adrenal prevents us from estimating the degree to 

which the segmentations underestimate adrenal size at E11.5, they are sufficient to 

indicate the position of the developing adrenal.  

We collected several views of the SF1:eGFP-positive and PAX8-positive 

urogenital organs from E11.5 to E13.5 (XY, Figure 12; XX, Figure 13). As previously 

described (Moritz and Wintour, 1999), the metanephros arose at the posterior end of the 

nephrogenic cord (Figure 12, black arrowheads). The adrenal primordium was first seen 

medial to the anterior pole of the genital ridge. Measurements taken from the medial 

point between the center of the gonads to the dorsal body wall at the aligned somite 

(Figure 12, first column, asterisk) showed that the urogenital complex moved away from 

the body wall between E11.5 and E12.5, but did not move further away over the 

following day. The distance between the centers of left and right gonads continuously 

increased, doubling from E11.5 to E13.5 (Figure 12, double asterisk). The most 

prominent movement of an individual organ adjacent to the gonad was that of the  
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Figure 11. Comparison of NR5A1 and SF1:eGFP in Tg(Nr5a1-GFP) urogenital 
complexes. 

Each stage includes a maximum intensity projection of the full urogenital complex as 
well as two single z-slices (2.5 µm thick, region indicated by white box). Slices were 
taken from ventral (v, upper panel) and dorsal (d, lower panel) planes. The adrenal can 
be seen developing dorsomedially to the gonad beginning at E11.5. Organs are indicated 
by dotted lines (white, gonad; magenta, adrenal). Scale bar: 100µm. 
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Figure 12. Urogenital complex development following gonadal sex 
determination involves multidimensional shifts of organs relative to each other. 

Data depicting shifts in position of the ducts, gonads, adrenal and kidneys from XY 
embryos at E11.5, E12.5 and E13.5. Images in the first column contain SF1: eGFP and 
PAX8 immunofluorescence displayed with ‘normal shading’, using urogenital 
segmentations (shown on the right) to mask values outside the urogenital system to 0, 
with semi-transparent whole-embryo isosurfaces to show the position of the complex in 
the embryo. Isosurface segmentations include gonads (green, based on SF1:eGFP), 
adrenals (magenta, based on SF1:eGFP), and mesonephric ducts (M. DUCT) and kidneys 
(red, based on PAX8). Black arrowheads indicate the kidney primordium; white 
arrowheads indicate the growing kidney. R, right side. See Figure 13 for XX embryos. 
Measurements are given for the distance from the center point between the left and right 
gonads to the surface of the embryo between the aligned somites (*) and the distance 
between the center points of the left and right gonads (**). 
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Figure 13. Multidimensional shifts of urogenital organs relative to each other 
in XX embryos. Data depicting shifts in position of the ducts, gonads, adrenals and 

kidneys from XX embryos at E11.5, E12.5, and E13.5. 

Images depicting shifts in position of the ducts, gonads, adrenals and kidneys from XX 
embryos at E11.5, E12.5, and E13.5. Images in the first column contain SF1:eGFP and 
PAX8 immunofluorescence displayed with 'normal shading', using urogenital 
segmentations (shown to the right) to mask values outside the urogenital system to 0, 
with semi-transparent whole embryo isosurfaces to show the position of the complex in 
the embryo. Isosurface segmentations include gonads (green, based on SF1:eGFP), 
adrenals (magenta, based on SF1:eGFP), mesonephric ducts (M. DUCT) and kidneys 
(red, based on PAX8). Black arrowheads indicate the kidney primordium, white 
arrowheads indicate the growing kidney. R, right side. See Figure 12 for XY embryos. 
Measurements are given for the distance from the center point between the left and right 
gonads to the surface of the embryo between the aligned somites (*) and the distance 
between the center points of the left and right gonads (**). 
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kidney, which moved dorsally and anteriorly relative to the gonad as it developed 

(Figure 12, last column, white arrowheads). The adrenal primordium remained medial 

to the anterior pole of the gonad until E13.5, having expanded anteriorly as it grew from 

E11.5 and E12.5 (Figure 12,, magenta). We observed no apparent sex differences in 

urogenital organ movements in this time frame. 

These data suggested the context and position of the genital ridge and adjacent 

organs are variable from specification through gonadal sex determination. While tissue 

and organ movements can be reliably analyzed through this method, the challenge of 

finding stable landmarks suggested that correspondences specific to stages and organ 

regions would be more suitable for identifying potential mechanisms of morphogenesis. 

Before searching for local correlations between the genital ridge and adjacent tissues, we 

compared our data to the previously reported patterns in genital ridge morphogenesis. 
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3.3.3 Genital ridge morphogenesis involves anterior-to-posterior 
patterning as well as distinct center and pole dynamics 

The gonad develops on the coelomic surface of the mesonephros following 

thickening of the coelomic epithelium (CE). Following basement membrane breakdown, 

CE cells accumulate between the CE and the mesonephros, giving rise to the gonad (Karl 

and Capel, 1998). Expression of transcription factors integral to gonad differentiation 

and survival, including Gata4 and Nr5a1, respectively, begins over the anterior end of 

the mesonephros and proceeds toward the posterior (Hu et al., 2013). Coincident with 

differentiation, several morphological features of the cells and tissue have been reported 

to display a similar anteroposterior pattern based on analysis of embryonic histological 

sections and whole-mount staining, including proliferation of the CE, rotation of the 

genital ridge, and separation of the gonad from the mesonephros (Brambell, 1927a, 

Wartenberg et al., 1991). To characterize specification of the gonad, we compared the 

GATA4 and SF1:eGFP domains along the length of the coelomic epithelium and 

between the left and right ridges (Figure 14A). Although the anterior-to-posterior wave 

of GATA4 and SF1:eGFP expression was similar (marking the formation of the 

gonad),  whole embryo analysis showed that GATA4 extended medially into the dorsal 

mesentery while SF1:eGFP was absent from the medial region. As the left and right 

genital ridges moved away from each other, parting of the dorsal mesentery also 

occurred first at the anterior pole prior to E10.5 and proceeded posteriorly. At E11.5, 

GATA4 remained continuous between the posterior poles of the left and right genital  
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Figure 14. Genital ridge development switches from lengthening to shortening 
before E11.5. 

(A) Comparison between SF1:eGFP and GATA4 in early XY urogenital ridges. 
Maximum intensity projection of XY E10.5 B6 mouse embryo labeled with antibodies to 
PAX8 (red), GATA4 (cyan) and TUJ1 (gray). Ventral views of isosurfaces generated by 
segmentation of signals from PAX8 (red), GATA4 (cyan) and SF1:eGFP (green) in XY 
embryos at E9.5, E10.5, and E11.5. Maximum intensity projections of medial transverse 
digital slices from E10.5 genital ridges. Position of sectional planes are indicated by 
boxes on isosurfaces. Gray background signal from a third channel was used in the 
digital sections to examine tissue structure. White arrowhead indicates GATA4 
expression in the dorsal mesentery. DM: dorsal mesentery. (B) Plot of left and right 
genital ridge lengths, calculated from SF1:eGFP in XX and XY embryos, compared to 
total somites and embryonic stage. 
 

ridges. By measuring the length of the SF1:eGFP-positive domain at each stage, we 

found the genital ridge is longest at E10.5 (Figure 14B). These data suggested that gonad 



 

51 

development consists of an early phase of specification wherein coelomic epithelium 

fate becomes progressively refined mediolaterally while extending in an anterior to 

posterior direction, followed by a slower morphogenic process of shortening and 

separating while the gonad grows. 

We next sought to analyze the pattern of growth-based changes the gonad 

undergoes following specification. The majority of reported patterns were identified 

from transverse sections in which several dimensions can be assessed, including 

thickness and width (Brambell, 1927a, Wartenberg et al., 1991). In contrast to previous 

studies, we took advantage of our ability to fine tune digital slices in order to generate 

transverse slices perpendicular to the genital ridge at precise intervals from the anterior 

pole (Figure 15A and 16). In XX and XY samples from E10.5 to E12.5, we made 10m 

digital slices along the AP axis every 100m and measured the SF1:eGFP-positive regions 

(Figure  15B). In the majority of samples at E10.5 and E11.5, the thickness of the gonad 

(corresponding to height of the isosurface) decreased slightly from anterior to posterior 

over the central region (Figure 15C). This pattern is consistent with general anterior to 

posterior growth. In contrast, at E12.5 the XY gonad was thickest near the center in both 

sexes, around 400m from the anterior pole. The earliest sex differences appeared at 

E12.5, when the XY gonads were thicker than the XX gonads (average thickness at 400m, 

XY = 216m; XX = 143m). The width of the gonad also showed an early AP trend, 

increasing from anterior to posterior across the central region at E10.5 and E11.5 (Figure 
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Figure 15. The developing genital ridge displays anterior-to-posterior and 
center-biased patterns of morphological change. 

(A) Showcase of data used for morphological analyses of SF1:eGFP embryos. For one XY 
embryo at each stage, E10.5, E11.5, and E12.5, images (left to right) are: maximum 
intensity projection, whole embryo isosurface, ventral view of region indicated by 
yellow box, rostral view of 10um digital slices collected 300µm and 600µm from the 
anterior end of the genital ridge, magnification of digital slice region indicated by orange 
box. White arrowheads indicate adrenals. White dotted lines indicate the orientation of 
the gonad, which rotates medially throughout the time course. SF1:eGFP, green; PAX8, 
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red; αSMA, blue. (B) Schematic showing the digital slicing scheme for morphology 
analysis. Slices are 10µm thick, perpendicular to the genital ridge, at 100µm intervals 
starting at the anterior pole. See Fig. S6 for a depiction of the analysis process. (C-F) 
Schematics and plots of gonad morphology along the AP axis. XX (circles) and XY 
(triangles) at E10.5 (green), E11.5 (blue), E12.5 (magenta). In C, D, and F, solid and 
dotted lines indicate left and right gonads respectively. (C) Analysis of gonad height 
(thickness). (D) Analysis of gonad width. (E) Analysis of distance between left and right 
gonads. (F) Analysis of angle between gonad and dorsal aorta. 
 
15D). The behavior of the posterior region was dynamic, as the posterior pole became 

the widest part of the XX and XY E11.5 gonad before thinning to the narrowest region by 

E12.5 as the gonad shortened. At E12.5, the gonad was widest in the same region it was 

thickest (e.g. between 200 and 600 m from the anterior pole). Overall, these data 

confirmed the presence of early AP morphological patterns that could be derived from 

the anterior-to-posterior formation of the genital ridge. However, at E11.5 and 

afterwards, distinct mechanisms generate center and pole differences, obscuring AP 

patterns. The central domain undergoes the greatest changes in height and width. The 

mechanisms driving the changes in the central domain are unclear, but one contribution 

likely comes from shortening from its longest length of 1600 m at E10.5. By E11.5 the 

gonad length averages ~1100 m, and by E12.5, ~800 m, half of its longest length. 

Simultaneous with growth changes, the gonad undergoes curvature and 

rotation. By measuring the distance between medial edges of left and right gonads in 

each slice, we captured the AP separation of the ridges as well as their dynamic curving. 

Across all stages, several samples displayed greater distance between the anterior poles 
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Figure 16. Genital ridge morphological analysis pipeline. 

(A) Maximum intensity projections from an E11.5 XY sample showing the whole 
embryo, the genital ridges, and the gonads with a measurement scaffold overlaid for 
analysis with Imaris software. The scaffold includes a centerline over each gonad, cross 
lines every 100µm starting from the anterior pole, and a line below the right gonad 
composed of points used to orient the digital slices. SF1:eGFP, green; PAX8, red; αSMA, 
blue. (B) At every cross line in the scaffold, a digital slice (10µm thick) was created 
perpendicular to the AP axis of the gonad around that point. In each slice, the Imaris 
“measurement” tool (in white) was used to measure morphological features as indicated 
by the schematics based on the gonad (SF1eGFP, green), the nephric duct (PAX8, red), 
and the dorsal aorta (αSMA, blue). 
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than the posterior poles, which is consistent with anterior-to-posterior separation, but 

only the E11.5 group displayed this feature in all samples (Figure 15E). The initial 

increase (E10.5 to E11.5) and subsequent reduction (E11.5 to E12.5) in the difference 

between the distances separating gonadal anterior and posterior poles suggests that 

different regions along the AP axis of the gonad experienced different morphogenic 

force profiles. The pattern of curvature can be seen by comparing the central region to 

the gonadal poles. Each sample displayed some pattern of curvature, though the pattern 

was minor for many E10.5 and E12.5 samples, where the separation distance due to 

curvature was considerably less than the width of the gonad (Figure 15E). The curvature 

was most prominent at E11.5, in the middle of the time course, where the central regions 

of the left and right gonads, around 500 m along the AP axis, were consistently at least 

100 m further apart than either pole, while most of the gonad was less than 200 m wide, 

and less than 100 m thick. To assess the rotation of the genital ridge, we measured the 

angle between the line from the bottom center to the top center of the gonad and the line 

from the bottom center of the gonad to the middle of the dorsal aorta (Figure 15F). From 

E10.5 to E12.5, the angle of the gonad showed a consistent trend, with the anterior pole 

angled more toward the dorsal aorta than the central and posterior domains, suggesting 

a general anterior-to-posterior pattern of gonad rotation. However, the pattern was not 

uniform. The region of the gonad around 400m from the anterior end had the largest 

angle at E10.5 and the smallest angle at E12.5, indicating that this region underwent a 
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considerably greater medial rotation than other regions (Figure 15F). The distinct 

rotational dynamics of the central and pole regions likely contribute to the separation of 

the gonads as measured in Figure 15E. Overall, these analyses suggested that multiple 

forces or tissue movements contribute to the primary morphogenic processes of 

gonadogenesis. If the shape of the gonad is, at least in part, determined by extrinsic 

influences, morphogenic patterns in the gonad may match patterns that occur in 

adjacent tissues. 
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3.3.4 Nephric duct morphogenic patterns correspond to genital ridge 
regions 

The nephrogenic cord is regionally divided along the AP axis into the 

pronephros, mesonephros, and metanephros (Bouchard et al., 2002; Moritz and Wintour, 

1999). While the pronephros degenerates and the metanephros develops into the kidney, 

the mesonephros exhibits further regionality. The main nephric duct forms prior to E9.5 

in an anterior-to-posterior direction (Obara-Ishihara et al., 1999). At E10.0, nephric 

vesicles develop from condensed mesenchyme along the length of the mesonephros 

(Sainio et al., 1997; Smith and MacKay, 1991). Vesicles in the posterior region of the 

mesonephros degenerate, while anterior vesicles connect to buds forming on the main 

nephric duct. The anterior vesicles grow and elaborate into the mesonephric tubules 

(Little et al., 2007). Mutations affecting subsets of vesicles or tubules or causing AP shifts 

revealed that mesonephric development is regionally controlled (Kitagaki et al., 2011; 

Sainio et al., 1997). To determine the correspondence between the regions of the genital 

ridge and the nephrogenic cord, we compared nephric duct morphology across the 

whole embryo time course using PAX8 and the SF1:eGFP transgenic reporter. At E10.5, 

when the genital ridge was at its longest, it extended the full length of the mesonephros 

(Figure 17A-B). At E11.5, the rudiment of the Müllerian duct formed anterior to the 

genital ridge. The posterior end of the ridge at E11.5 remained at the boundary between 

the mesonephros and metanephric mesenchyme, as determined by PAX8 expression in 

the renal anlage (Fig. 12A, E11.5, arrowheads). However, most mesonephric vesicles had 
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Figure 17. Morphogenesis and positional shifting of nephric ducts exhibits 
anteroposterior regionalization. and relation to genital ridge morphogenesis. 

(A) Data from XY embryos at E9.5, E10.5, and E11.5. Isosurface segmentations include 
right genital ridges (SF1:eGFP, semitransparent) and nephric ducts (PAX8). Arrowheads 
indicate the anterior and posterior boundaries of the pronephros (white), mesonephros 
(gray), and metanephros (black). Arrows indicate the Müllerian duct rudiment at the 
anterior pole of the mesonephros (black), the mesonephric duct where it becomes 
unaligned with the genital ridge axis (gray), and PAX8-positive cell aggregates along the 
lateral edge of the gonad (white). See Fig. S7 for dorsal views of mesonephric tubules. 
(B) Schematic depicting views presented in panel A. (C-D) Schematics and plots of 
mesonephric duct morphology along the AP axis. XX (circles) and XY (triangles) at E10.5 
(green), E11.5 (blue), E12.5 (magenta). (C) Analysis of distance between left and right 
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mesonephric ducts. (D) Analysis of angle between genital ridge and mesonephric duct. 
Solid and dotted lines indicate left and right gonads respectively. Inset depicts data 
regions by stage. (E) Urogenital organs at E12.5 with arrows indicating medial rotation 
of the gonad, occurring first (between E10.5 and E11.5) and movement of the 
mesonephric duct and kidneys, occurring second (between E11.5 and E12.5). 
 

degenerated, leaving only a minor series of PAX8-positive cell clumps along the lateral 

edge of the gonad, (Figure 17A, white arrows). From the ventral views, it was clear that 

the gonad and nephric duct developed different curvatures (Figure 17A). At E10.5, the 

AP axis of the genital ridge was fully aligned with the mesonephric duct. At E11.5, the 

gonad and the mesonephric duct had broken their alignment. The central region of the 

gonad extended laterally over the mesonephric duct, whereas the posterior pole was 

entirely medial to the posterior region of the duct (Figure 17A, gray arrow). These 

results reinforced the view that the mesonephric ducts and the gonads exhibited 

independent regional differences in morphogenic dynamics along the AP axis of the 

genital ridge after E11.5. 

We next looked for consistencies in mesonephric tubule development that might 

correspond to gonad morphogenesis. The mesonephric tubules develop between E9.5 

and E10.5 as extensions from the anterior mesonephric duct that connect to vesicles in 

the nephrogenic cord (Sainio et al., 1997; Smith and MacKay, 1991). At E10.5, the 

mesonephric tubules branched from the mesonephric duct in a single plane below the 

gonad (Figure 17A, lateral view). At E11.5, the tubules remained below the gonad, but 
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did not maintain a single plane of branching. While most branches were oriented 

ventrally, the anterior branches were oriented dorsally, possibly due to the emergence of 

the Müllerian duct rudiment (Figure 17A, black arrows). To assess consistencies in 

tubule morphology, we compared mesonephric tubules throughout development 

between left and right sides as well as between XY and XX embryos. At each stage, from 

E10.5 to E14.5, variation between sides and sexes was similar and minor (Figure 18A and 

18B). Differences included the shape of individual tubules and the number of tubules 

connected directly to the mesonephric duct. Although individual tubules differed in 

morphology between sides and samples as well as along the AP axis, the whole group of 

mesonephric tubules occupied the same relative area. The position and quantity of 

mesonephric vesicles was also variable while the general area occupied by the vesicles 

was similar between the left and right nephrogenic cords (Figure 18A). These data 

indicated that individual tubule morphology was likely to be locally controlled, whereas 

the region competent to form tubules is extrinsically constrained or regulated. 

To compare anteroposterior patterns of morphogenesis between the nephric 

ducts and genital ridge, we analyzed the previously collected digital slices taken along 

the anteroposterior length of the genital ridges from E10.5 to E12.5 (Figure 16B). In these 

images, we measured the movement of the mesonephric duct in two ways. 

Measurements of the distance between the left and right ducts captured the increasing 

curvature of the separating ducts, which was primarily due to the ventrolateral  
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Figure 18. Mesonephric tubule isosurfaces comparing embryo sides and sexes. 

(A) Isosurface segmentations of nephric ducts and kidneys (based on PAX8) from XY 
embryos at E10.5, E11.5, and E12.5. Arrowheads indicate pronephric regions (white), 
connections between individual mesonephric tubules and the main mesonephric duct 
(black), and initial separation of the Müllerian duct from the mesonephric duct at E12.5. 
Note the variation in mesonephric tubule morphology between the left and right sides. 
No consistent differences were detected. (B) Isosurface segmentations of nephric ducts 
and kidneys (based on PAX8) form XY and XX embryos as E13.5 and E14.5. At these 
stages, sex-specific duct development is not yet apparent. 
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movement of the central region between E11.5 and E12.5 (Figure 17C). Measurement of 

the angle between the orientation of the genital ridge and position of the mesonephric 

duct supported regional differences between center and poles (Figure 17D). At the 

anterior and posterior poles, the angle remained consistent, indicating that the 

mesonephric duct moves ventrally, given medial turning of the gonad (Figure 15F). 

Along the center of the gonad, where the angle between the genital ridge and 

mesonephric duct was initially the smallest, the angle increased sharply between E10.5 

and E11.5 and then decreased between E11.5 to E12.5 (Figure 17D). This pattern, with 

the movement of the mesonephric duct near the center of the gonad delayed compared 

to the poles, was consistent with the pattern observed in the gonad in the sense that the 

center underwent more dynamic changes than the poles. While the ventrolateral swing 

of the mesonephric ducts between E11.5 and E12.5 was part of the general rotation of the 

genital ridges (Figure 17E), it followed dorsomedial rotation of the gonads which 

occurred between E10.5 and E11.5 (Figure 15F) and was concurrent with antero-dorsal 

movement of the kidneys (Figure 12). Overall, the gonad and mesonephric duct behaved 

in a congruent fashion along the AP axis between E10.5 and E12.5. The similar dynamics 

among corresponding regions may indicate a developmental connection. To investigate 

this possibility, we reasoned that if there are developmental connections between the 

genital ridge and nephric duct, mutations that alter one may alter both in a concerted 

way.  
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3.3.5 Cbx2 mutants display abberant nephric duct morphogenesis 

CBX2 is a subunit of Polycomb Repressive Complex 1, which mediates epigenetic 

repression of target genes and chromatin compaction (Connelly and Dykhuizen, 2017). 

CBX2 mutation is associated with atypical sex development in humans (Biason-Lauber 

et al., 2009) and loss of Cbx2 leads to XY sex reversal in mice due to failure to repress 

Wnt signaling and insufficient upregulation of the testis pathway (Garcia-Moreno et al., 

2019; Katoh-Fukui et al., 1998, 2012). Cbx2 mutants of both sexes are smaller and display 

hypoplastic gonads and mesodermal AP patterning defects (Core et al. 1997, Katoh-

Fukui et al. 1998). Cbx2 is expressed throughout the gonad and mesonephros at E11.5 

(Katoh-Fukui et al., 2012). As no previous studies have used a tissue specific deletion of 

Cbx2, it is unknown whether the gonadal Cbx2 phenotype arises from change 

specifically in gonad cells. We reasoned that if the gonadal effects of Cbx2 mutation 

were not due solely to effects on gonadal cells, adjacent urogenital tissues may display a 

similar Cbx2 mutant phenotype. The known gonadal phenotype and unknown effects of 

the mutation on adjacent tissues made Cbx2 mutants a prime candidate for whole 

embryo imaging analysis. To establish the extent to which whole embryo clearing and 

light sheet imaging can be used to uncover and investigate morphological mutant 

phenotypes, we produced images of Cbx2 mutant embryos at E11.5 and E13.5 and 

assessed whole embryo and genital ridge development through 3D reconstruction and 

digital slices (Fig. 19A-B). We used somite alignment to compare the AP position of 
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Figure 19: Cbx2 mutants isplay reduced nephric duct development at E11.5 

(A) Maximum intensity projections of XX wild type and Cbx2-knockout embryos at 
E11.5 and E13.5. PAX8, red; TUJ1, gray. (B) Sagittal slices (20µm thick) of right genital 
ridges and nephric ducts from E11.5 and E13.5 wild type and Cbx2 mutant embryos. 
Note the reduced genital ridge thickness in XX Cbx2 mutants at E11.5 and apparent XY 
sex reversal at E13.5 (absence of testis cords). PAX8, red; GATA4, green. (C) Comparison 
of nephric ducts between Cbx2 wild type, heterozygous, and knockout embryos at 
E11.5. Whole embryo views show PAX8 (red) and TUJ1 (gray) immunofluorescence 
displayed with 'normal shading'. Nephric duct isosurfaces are colored by side (left, cyan; 
right, red). White arrowheads indicate pronephric regions. Black arrowheads indicate 
connections between individual mesonephric tubules and the main mesonephric duct. 
Mesonephric tubule orientation is indicated with dotted lines. 
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nephric regions between wild type and Cbx2-/- embryos using PAX8 

immunofluorescence. Despite the reduced size of the genital ridge at E11.5 (Figure 19B), 

we found no significant differences in its position relative to the somites and the limb 

buds (Figure 20A).   

 

 

Figure 20: Whole embryo imaging reveals a mesonephric morphology 
phenotype in Cbx2 mutants  

(A) Comparison of somite alignment of pronephros (magenta), mesonephros (red), 
metanephros (orange), and limb buds (cyan) in XX Cbx2 wild type and knockout 
embryos at E11.5. (B) Isosurface segmentations of gonads (green, based on GATA4) and 
nephric ducts (left, cyan; right, red; based on PAX8) in XX Cbx2 wild type and knockout 
embryos at E11.5 and E13.5. White arrowheads indicate pronephric regions. Black 
arrowheads indicate connections between individual mesonephric tubules and the main 
mesonephric duct. Mesonephric tubule orientation is indicated with dotted lines. 
 

We next sought to determine whether the reported delay in gonadal 

development was associated with aberrant nephric duct development at E11.5. We 
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segmented gonads and nephric ducts in E11.5 and E13.5 wild type and homozygous 

Cbx2 mutants to compare duct and tubule development (Figure 20B and 19C). At both 

stages, the mesonephric tubules appeared less elaborate in the homozygous mutant 

compared to the wild type embryo, though the position of the mesonephric tubules at 

the anterior pole of the nephric duct was unaffected (Figure 20B, black arrowheads). 

Based on the ventromedial angle between the mesonephric duct and mesonephric 

tubules, there was also a reduction in the extent of mesonephric duct ventrolateral 

movement in the Cbx2 mutant compared to wild type at E11.5 (Figure 20B, rostral view, 

dotted line). By E13.5, the position and elaboration of the mesonephric duct and 

mesonephric tubules was more similar between wild type and Cbx2-/- embryos. The 

similarity in dysgenic phenotype between structures in the mesonephros and genital 

ridge in Cbx2 mutants supports a mechanistic relationship between the morphologies of 

these adjacent tissues. These results add to the previously hypothesized molecular 

interaction between the mesonephros and gonad by opening the possibility of 

identifying extrinsic morphological influences on gonadal growth and gonadal sex 

determination. The discovery of a mesonephric duct and tubule phenotype in Cbx2 

mutants demonstrates the value of applying a morphologically holistic approach to 

mutants. 
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3.4 Discussion 

These results demonstrate the feasibility and value of whole embryo 

immunofluorescence to investigate tissue interactions and morphogenic relationships 

during development. Holistic data enables exploration of systems interactions which 

have not been captured in prior studies based on 3D reconstruction from serial sections 

of gonads (Brambell, 1927a; Kulibin and Malolina, 2020; Satoh, 1991; Wartenberg et al., 

1991) and mesonephroi (Brambell, 1927b; Upadhyay et al., 1979; Vasquez et al., 1998a, 

1998b). Through contextualizing genital ridge development, we identified changes in the 

position of the early gonad within the embryo. We also showed that development of the 

gonad closely parallels development of the nephric ducts during early stages. For 

example, the central domain of the gonad undergoes more pronounced changes than the 

poles, reflecting the more exaggerated movements of the central domain of the nephric 

ducts relative to the poles. These observations can inform studies of early tissue 

patterning and developmental constraints. Using such data, we can begin to build a 

knowledge of morphogenic interactions and relations between tissues throughout the 

embryo. 

Incomplete morphogenic information about the early gonad has prevented the 

investigation of several hypotheses regarding gonadal sex determination. Harikae et al., 

2013 propose that a relationship exists between genital ridge morphology and molecular 

mechanisms of testis differentiation. The regionalization of the mesonephros, which has 
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been implicated in gonadal fate (Upadhyay et al., 1979) has not been connected to the 

regionalization of the gonad, in which the central domain is more resistant to XY sex 

reversal than the poles (Hiramatsu et al., 2010; Washburn and Eicher, 1983). Our results 

inform these hypotheses by indicating that the anterior-to-posterior pattern of genital 

ridge formation is modified during early development by regional trends, such as the 

more pronounced central changes seen in both sexes through multiple measurements. 

The extent to which the simultaneous processes of compacting, turning, and curving 

influence each other and gonad differentiation remains to be deciphered. These results 

can also inform ex vivo methods widely used to study the developing gonad. For 

example, gonad-mesonephric complexes explanted at E11.5 and cultured in vitro 

contract from their initial long length. However, it was unclear whether this resulted 

from severance of some anchor in the embryo, or whether it occurred in vivo. Here we 

show that similar changes also occur in vivo between E10.5 and E12.5. Based on 

measurements showing more pronounced changes in the width, height, and rotation of 

the central domain, one possibility is that the gonad is compacting toward the center. XY 

genital ridges cultured ex vivo at E11.0 and earlier rarely complete testis cord formation. 

The morphogenic processes analyzed here provide potential explanations for the effects 

of ex vivo culturing which can be tested directly by altering the culture environment. 

Our complete time course dataset is available from the Dryad Digital Repository 

(Bunce et al., 2021; dryad.v41ns1rw4), and we hope this may serve as a resource to 
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investigations into urogenital morphogenesis. As methodology for imaging and image 

processing improve, it will be possible to analyze morphological relations on a smaller 

scale, which may lead to the identification of additional patterns in gonad 

morphogenesis. The early formation and positional shifts of genital ridge open the 

possibility that multiple adjacent tissues influence genital ridge morphology. It will be 

important to expand these analyses to include other tissues and organs, and to analyze 

later embryonic stages, as the gonads undergo sex specific morphogenesis and 

positional changes throughout development. It will also be valuable to perform whole 

embryo studies on other mutants, as loss-of-function mutations in many genes lead to 

genital ridge defects (Stévant and Nef, 2019). Such studies can provide further support 

for developmental connections between tissues and reveal undescribed morphological 

phenotypes that have been challenging to identify using traditional methods. 
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4. Biased precursor ingression rather than Sertoli 
specification underlies center-to-pole pattern of gonadal 
sex determination in the mouse 
4.1 Summary 

Mammalian sex determination is viewed as a competition or balancing between 

testis and ovary gene regulatory programs at the cell and organ level. While 

transcriptional dynamics in individual cells successfully explain fate choice in gonadal 

supporting cells, limitations to our understanding of the opposed organ level patterns 

exhibited by ovary and testis development prevents current models from connecting the 

cell, tissue, and organ scales for a complete model of early gonadogenesis. Using spatial 

analysis of cellular profiles during early gonadal sex differentiation and ex vivo gonad 

reconstruction cultures, we tested the generally purported molecular basis of early testis 

patterning. After ruling out both paracrine relay of pre-Sertoli fate and a centrally 

specified first population of pre-Sertoli cells, we uncovered a center-biased pattern of 

supporting cell precursor ingression. The updated model indicates that differences 

between the patterns of differentiation in the testis and ovary are due to features of their 

respective regulatory networks connecting their fate dynamics to different general 

gonadal organizing principles acting upstream of supporting cell differentiation. This 

mechanism presents a significant change to our understanding of Sertoli cell fate 

activation and stabilization. 
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4.2 Introduction 

Molecular signaling can occur over a variety of spatiotemporal ranges, 

depending on the nature of the signals and the cellular environment. As such, precise 

spatial and temporal information can be integral for interpreting gene regulatory 

dynamics in cellular differentiation and organogenesis. Although considerable tools are 

available to detect and manipulate signals at tissue scales where morphogens are 

employed and at cell-cell contacts, at intermediate scales it becomes challenging to 

distinguish spatial effects from temporal or signal intensity effects. One consequence of 

this difficulty is that populations of cells are often idealized as single cells, preventing 

the investigation of systems behaviors that emerge only in groups. 

The gonad is a model of differentiation and organ fate commitment (Nef et al., 

2019). The currently understood Sertoli GRN was built using both transcriptomic and 

spatial patterning information, but a significant gap in the model hinders further 

understanding. The gap prevents testis development and gonadal sex determination 

from being employed as a model of differentiation integrated with morphogenesis. In 

current GRNs for mouse gonadal sex determination, the most prominent missing link is 

an inducer of Sry. Several genes expressed in the early genital ridge have been reported 

to regulate Sry. Primary among them are Gata4/Fog2, Cbx2, Wt1 (+KTS), and Map3k4 

(Kashimada and Koopman, 2010). Despite having uncovered several upstream 

regulators, the search has been ongoing for over two decades for a factor that 1) induces 
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Sry and 2) is expressed in the center of the gonad before the poles. These requirements 

are based primarily on reports that Sry expression begins in the center of the gonadal 

field of cells and proceeds outwards in a center-to-pole wave, likely via induction relay 

(Bullejos and Koopman 2001, Harikae et al., 2013). 

Several additional lines of evidence point to a centrally located initial factor and 

center-to-pole relay of Sertoli fate. In XY-XX chimera mice, XX cells can become Sertoli 

cells and contribute to testis cords (Figure 21A) (Palmer and Burgoyne, 1991). As these 

cells could not have expressed Y-linked Sry, there must be an alternative method of 

Sertoli fate induction. Multiple secreted signaling factors expressed in Sertoli cells have 

been shown to induce Sox9 in granulosa cells in culture, including FGf9 and PGD2 (Kim 

et al., 2006; Wilhelm et al., 2005). This implies the existence of a paracrine relay 

mechanism. Ovotestes, gonads that have a portion of testis tissue and a portion of ovary 

tissue, arise spontaneously in certain mouse lines and can result from mutations in 

several sex determination genes (Albrecht and Eicher, 1997; Whitten et al., 1979; 

Wilhelm et al., 2009). Across genetic instances and by way of individual samples in mice 

that display spontaneous ovotestes with a variety of organizations, the most common 

organization of an ovotestis is central testis tissue with ovarian tissue at the anterior and 

posterior poles (Figure 21B) (Whitten et al., 1979). Ovotestis are in some cases transient, 

resolving to one organ fate or the other. In the case of XX Sox9 transgenic mice, which 

undergo XX sex reversal, an ovotestis phase precedes resolution to a complete testis  
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Figure 21: Key experiments and interactions in the center-to-pole model of 
testis development 

(A) Depiction of XX!"XY chimera experiments, wherein XX cells adopt a Sertoli fate 

and contribute to testis cords. (B) Ovotestis formation in various mutants and mouse 
line-specific spontaneous hermaphrodites. In some cases, the ovotestis is transient and 
the organ resolves to one or the other organ fate. (C) Depiction of tri-section 
experiments, wherein XY gonad split into three parts fail to maintain Sertoli fate in the 
gonadal poles, resulting in sex reversal. (D) Diagram of the hypothesized mechanism 
underlying the center-to-pole wave of Sertoli fate induction. An unknown factor 
expressed in the central region acts as an organizing principle by activating Sry and 
expanding towards the poles. 
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(Gregoire et al., 2011). Prior to sex determination, if the XY gonad is cut into three pieces 

of equal length in culture, the central region will complete testis development whereas 

the poles will sex reverse to an ovarian tissue fate (Figure 21C) (Hiramatsu et al., 2003; 

Hiramatsu et al., 2010). The resultant pattern is similar to that of the typical ovotestis. 

Together, these results build a model of testis patterning where an unidentified factor 

activates Sry in the central domain followed by spreading of Sertoli fate by paracrine 

signaling.  

The nature of the organizing principle that determines the pattern of testis cell 

fate is of particular interest in the study of sex determination because female fate 

exhibits a different pattern (Figure 21D) (Suzuki et al., 2015). Although gonadal sex 

determination has been worked out successfully as a competition between mutually 

repressive pathways in gonadal supporting cells, the tissue level competition between 

patterns is poorly understood. 

To uncover the unknown factors in the center-to-pole model of testis 

development, we tested the paracrine relay capabilities of gonads and analyzed the 

spatial pattern of the earliest cells expressing testis fate determinants. After establishing 

evidence against the hypothesized mechanism, we explored patterns of sex reversal and 

cell cycle regulation in the gonad and gonadal precursors. We discovered a center-bias 

in supporting cell precursor ingression, which feeds into a new model wherein two 

organizing principles are active in the bipotential genital ridge and sex-specific patterns 
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of differentiation arise from differences in the system structure of the pro-ovarian and 

pro-testis networks. Specifically, density-dependent regulation in the pro-testis network 

causes it to broadly follow the pattern of pre-supporting cell accumulation. This study 

lays the foundation for a new appreciation of the relationship between competing gene 

regulatory networks and patterns of organogenesis. 
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4.3 Results 

4.3.1 Testis tissue fails to relay pre-Sertoli fate specification to XX 
supporting cells in ex vivo reconstructed gonads 

The prominent theory of testis fate organization in the field purports that pre-

Sertoli cells located in the central region of the testis induce neighboring cells to a Sertoli 

fate in a paracrine relay. In order to test the ability of the central region of the 

developing testis to induce Sertoli fate in pre-supporting cells, we used gonad 

reconstruction cultures. Specifically, using the SF1:eGFP reporter to trace cell genotypes 

(Figure 22A), we bisected testes and ovaries at E12.5 and cultured the halves with the 

exposed central regions together (denoted XY<>XX, Figure 22B). While gonad 

reconstruction cultures have been performed previously (Hiramatsu et al., 2010), this is 

the first demonstration that organs of opposing sexes will fuse together in culture. Sry 

and Sox9 are expressed across the full AP axis of the XY gonad within 12 hours of their 

initial expression (Bullejos and Koopman, 2001; Bullejos and Koopman, 2005). As ex vivo 

culturing typically leads to reduction in rates of developmental processes, reconstructed 

gonads were checked for induction of opposing fates after 24 hours culture. By 6 hours, 

XY<>XX samples maintain integrity when assembled together in culture. Though the 

connection between the tissue types is strong, a gap remains in the basement membrane 

of the coelomic epithelium at the site of the interface. This gap persists even in control 

XY<>XY reconstruction cultures (Figure 22C, arrow).  As it is unknown whether the 

paracrine signaling potential of Sertoli cells increases or decreases over development,  
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Figure 22: Ex vivo cultured gonads survive bisection and fuse together in 
XY<>XX reconstructions 

(A) Experimental design for goand reconstruction experiments. (B) Phase contrast 
images of XY<>XX gonad reconstruction cultures showing fusion of gonad halves over 
time. (C) Immunofluorescence image of reconstructed XY;GFP+/- and XY;GFP-/- gonads 
cultured for 1 day. Box ‘a’ shows basement membrane gap break at border between 
GFP+ and GFP- halves (LamininB1, arrow). Scale bar: 50µm. 
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reconstructions were performed with gonads collected at E11.75 (soon after sex 

determination), E12.75 and E13.75. To assess the XX cell response, XX;SF1:eGFP+/- gonads 

were paired with XY;SF1:eGFP-/- gonads for reconstruction and cultured for 1 day 

(Figure 23A). Only a few cells were found to be GFP+/SOX9+ across samples for all 

stages, while separate GFP-only and SOX9-only cells are plentiful at the interface (Figure 

23A, arrowheads). In the opposing reconstructions, XY;SF1:eGFP+/- paired with 

XX;SF1:eGFP-/-, no GFP+/FOXL2+ cells were found after 1 day culture starting from any 

of the three initial stages (Figure 23B). These results indicate that central gonadal tissue 

does not induce differentiation in neighboring cells through paracrine relay.  

A domain of gene expression can also expand through cell migration. Having 

identified mixing of GFP+ and GFP- cells at the interface of XY<>XX reconstructions, we 

performed gonad reconstructions with SF1:eGFP+/- and SF1:eGFP-/- gonads of the same 

sex at the same time points, E11.75, E12.75, and E13.75. The GFP border in 

XX;GFP+<>XX;GFP- reconstructions remained intact, and appeared slightly more solid 

than the border in XX;GFP+<>XY;GFP- samples (Figure 24A). In contrast, the XY;GFP+ 

border remained intact when reconstructed with XY;GFP- gonads but not when 

reconstructed with XX;GFP- gonads (Figure 24B). These results indicated that 

reconstructions of same-sex gonads underwent little cellular rearrangement between 

chimeric halves while opposing-sex reconstructions resulted in substantial XY cell 

rearrangement. In investigating this further, it was found that the XY cells responsible  
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Figure 23: Supporting cells in reconstructed XX<>XY gonads do not express 

markers of fate reversal 

(A) XX;GFP+/- gonads reconstructed with XY;GFP-/- gonads at E11.75, E12.75, and E13.75 
and cultured for 1 day. To the left, schematic of reconstruction and FOXL2 expressed in 
GFP+ cells. Channel breakouts show region of XX tissue and indistinct border between 
XX and XY tissue for each stage. Arrowheads point to SOX9+ cells, few of which also 
have GFP, indicating insubstantial supporting cell fate reversal. (B) XX;GFP-/- gonads 
reconstructed with XY;GFP+/- gonads at E11.75, E12.75, and E13.75 and cultured for 1 
day. To the left, schematic of reconstruction and SOX9 expression in GFP+ cells. 
Breakouts show region of XY tissue and border between XX and XY tissue for each 
stage. Arrowheads point to FOXL2+ cells, none of which were found to be GFP+. Scale 
bars: 50µm. 
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Figure 24: Somatic cells at the chimeric interface of XX<>XX and XY<>XY 

reconstructed gonads maintain a distinct boundary 

(A) Immunofluorescent images of XX;GFP-/- and XX;GFP+/- control ovary reconstructions 
performed at E11.75, E12.75, and E13.75 and cultured for 1 day. Right side shows 
ovotestis reconstructions with GFP+ ovarian tissue for comparison.  (B) XY;GFP-/- and 
XY;GFP+/- control testis reconstructions performed at E11.75, E12.75, and E13.75 and 
cultured for 1 day. Right side shows ovotestis reconstructions with GFP+ testis tissue for 
comparison. Scale bars: 50µm. 
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for disrupting the boundary were SOX9+ at all stages cultured, indicating migration of 

Sertoli cells was responsible (Figure 25A). In E11.75 cultures of XY;GFP+<>XX;GFP- 

reconstructions, GFP+/SOX9+ cells extended far under the GFP- coelomic epithelium of 

the XX tissue (Figure 25A, arrowhead). Individual migrating Sertoli cells were often in 

close proximity to disrupted testis cords (Figure 25A, arrow) in reconstructions 

assembled after the development of testis cords (E12.75 and E13.75), indicating that the 

pattern of GFP+/SOX9+ cells may be due to limited rearrangement during initial phases 

of fusion of the bisected halves, as testis cords were often disrupted in the bisection 

procedure. We reasoned that if cell intermingling was due to initial bisection and fusion, 

the amount of migrated cells should not increase over time. To test this, we compared 

XY<>XX reconstructions cultured for 1 to 4 days. As expected, after 1 day in culture, 

SOX9+ cells were found in the XX tissue along the interface (Figure 25B, left). 

Unexpectedly, after 4 days culture, SOX9+ cells had accumulated throughout the XX 

tissue, and a noticeable reduction in the diameter of testis cords was observed (Figure 

25B, right). Together, these results indicate that supporting cell migration along the AP 

axis does not occur in single-sex gonads, but supporting cells in the testis develop a 

disposition to migrate into developing ovarian tissue. Interestingly, this phenomena is 

inconsistent with the formation of regionalized ovotestes it argues that testis cord cells 

would migrate into the ovarian region. It is possible that one or both tissue fates in an 

ovotestis experience incomplete differentiation. For instance, the Sertoli cells may not  
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Figure 25: XY supporting cells in XY<>XX reconstructed gonads migrate into 

XX tissue 

(A) Schematic and immunofluorescence images of XX;GFP-/- and XY;GFP+/- gonads 
reconstructed at E11.75, E12.75, and E13.75 and cultured for 1 day. White boxes in upper 
images correspond to images below, focusing on the border between XX and XY tissue, 
showing SOX9 in migrating GFP+ cells. Arrowhead indicates the GFP- coelomic 
epithelium extending over the GFP+ gonadal cells. Arrow indicates disruption in the 
testis cord. Scale bars: 50µm. (B) XX<>XY gonads reconstructed at E12.75 and cultured 
for 1 or 4 days. Dotted line indicates border between the ovary and testis tissue, 
excepting the SOX9+ cells that accumulate in the ovarian region. Scale bars: 100µm. 
 

develop the disposition to migrate. Alternatively, there may be some particular feature 

of the region between testis and ovary regions that opposes Sertoli cell migration. To our 

knowledge, spatial resolved transcriptomic studies of ovotestes have yet to be 
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performed. Altogether, these results suggest that the central region of the testis does not 

exhibit potential to induce Sertoli fate in non-Sertoli supporting cells through paracrine 

relay. Though the center-to-pole pattern of Sertoli fate determination cannot be 

explained through paracrine signaling, center-first induction of Sry may be sufficient 

alone to drive the pattern. 
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4.3.2 Central bias in Sertoli fate regulators develops from a broad and 
variable initial distribution 

Though Sry and Sox9 are reported to initiate their expression in the central region 

of the XY gonad, a mechanism to explain the specificity has not been identified (Harikae 

et al., 2013). Factors found to upregulate Sry are general to the genital ridge, such as 

Gata4, Wt1 (Wilms’ tumor 1), and Cbx2 (Kashimada and Koopman, 2010). As most 

transcriptome studies that provide candidate factors for testing regulation of Sry are 

limited to the gonadal tissue (Stévant and Nef, 2019), it is possible that Sry receives input 

from factors produced in adjacent tissues, such as the mesonephros. Before determining 

candidate adjacent tissues, we sought to identify the specific anteroposterior position 

along the gonad that Sry and Sox9 are first expressed. Previous studies of the Sry and 

Sox9 pattern have been limited to RNA in situ experiments (Bullejos and Koopman, 2001; 

Bullejos and Koopman, 2005). To first confirm the same patterns are detected in 

immunofluorescence data and estimate the extent of the male pathway they apply to, we 

analyzed SRY, SOX9, and AMH in sagittal sections of XY gonads following E11.0. 

Immunofluorescence data was thresholded to produce a binary set of positive and 

negative regions which were then aligned to an anteroposterior skeleton of the gonad. 

As expected, at E11.0, the SRY+ region was thickest around the center of the gonad 

(Figure 26A, red line). Compared to SRY at the same time, SOX9 showed a distinctly 

sharper increase in central expression over expression at the poles. By E11.25, the 

increased SOX9 was over a much broader AP region, but remained reduced in the poles 
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Figure 26: Consecutive steps of the Sertoli specification cascade display center-

biased distributions of expression in immunofluorescence analysis 

Sagittal planes of XY (A-C) or XX (D) gonads at E11.0, E11.25, and E11.75. Gonads are 
oriented with the anterior to the left. Histograms above images depict distribution of 
immunofluorescence signal for green channels plotted as a probability density function. 
Number of samples analyzed for each graph is indicated as 'n'. Red line (A) shows the 
levels of SRY for comparison. Scale bar: 100µm. 
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(Figure 26B). AMH is expressed downstream of SOX9 following sex determination and 

is reported to be produced with a center-to-pole pattern. It begins expression between 

E11.5 and E11.75 and reaches the poles by E12.0. In IF sections, AMH was found to be 

reduced in the poles, but had a variable AP position of greatest coverage. This results in 

a broad distribution of signal when averaging across several samples (Figure 26C). 

While these results for AMH support the center-to-pole pattern of expression, the 

variability suggests that later factors in the Sertoli differentiation cascade are unreliable 

for finding the position where earlier factors are first expressed. In comparison, analysis 

of FOXL2 at E11.75 resulted in a pattern of strong anterior enrichment, agreeing with the 

known anterior-to-posterior wave of FOXL2 and other markers of female fate (Figure 

26D) (Suzuki et al., 2015). 

Having demonstrated that the center-to-pole patterns of male fate could be seen 

in IF analysis, and ruling out the use of late Sertoli factors, we decided to analyze the 

anteroposterior distribution of the earliest SRY-expressing and SOX9-expressing cells. 

SRY and SOX9 are first expressed between E10.75 and E11.0 when the gonad remains 

thin and very elongated. In ventral views of XY genital ridges, SRY+ and SOX9+ cells 

were identified by eye and aligned to the AP skeleton of the gonadal region as 

determined by the presence of germ cells (PECAM) or coelomic epithelium (GATA4 or 

SF1) (Figure 27A-C). The earliest population of SRY+ cells exhibited considerable 

distance between cells and was widely spread across the gonad by the time there were 



 

87 

 
Figure 27: SRY and SOX9 are initially expressed in multiple and variable 

anteroposterior positions in the XY gonad 

(A-C) Frontal planes of genital ridges immunolabeled for SRY (A, C) and SOX9 (B, C) at 
E10.75 and E11.0. Schematic below images depict data from whole gonad projected onto 
a single plane as used for AP axis analysis. Region with white background corresponds 
to region of above image. Grey line depicts edge of tissue. Red outline depicts region of 
gonad (A, B) or SRY+ region (C). Scale bar: 100µm. (D-F) Plots of SRY+ and SOX9+ cell 
position along the anteroposterior axis of the gonad (D-E) or SRY+ region (F) against 
quantity of positive cells. Points are colored by sample. 
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20 to 30 cells (Figure 27A,D). The initial population of SOX9 was found to have a similar 

distribution, reaching across more than half of the gonad prior to reaching a count of 10 

cells (Figure 27B, E). Both SRY+ and SOX9+ cell populations stretched across the full AP 

length of the gonad prior to the accumulation of 200 positive cells for each marker. 

Although both groups showed a bias in appearing over the anterior portion of the gonad 

faster than the posterior, neither revealed a single position comprising less than 40-50% 

of the AP axis. When the position of SOX9+ cells was compared to the SRY+ region 

rather than the full gonadal axis, SOX9+ cells were found to extend across the majority of 

the SRY+ region at a similar rate to the extension over the full gonad (Figure 27C, F). The 

distributions found in these results demonstrate that there is no single AP position 

where SRY or SOX9 is first expressed, and the large distance between cells first 

expressing SRY and SOX9 support the conclusion that paracrine signaling is not used to 

spread Sertoli fate across the gonad following SRY induction. Together, the absences of a 

paracrine relay mechanism and a specific central region of initial SRY expression present 

a strong argument against the currently proposed explanation for the center bias of male 

fate disposition during testis development. Consequently, the molecular role in testis 

differentiation of factors proposed to underlie this mechanism is brought into question. 
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4.3.3 FGF9 has limited influence on central bias in Sertoli fate 
disposition and cell cycle re-entry 

Fibroblast growth factor 9 (FGF9) is the primary factor purported to underlie the 

center-to-pole pattern of Sertoli differentiation (Harikae et al., 2013). FGF9 stimulates 

proliferation and differentiation in several organ systems (Yun et al., 2010). In the 

context of sex determination, FGF9's primary role is in opposition of the ovarian 

pathway via repression of Wnt signaling (Jameson et al., 2012b; Kim et al., 2006). 

Mutants for Fgf9 as well as its primary gonadal receptor, Fgfr2, undergo XY sex reversal 

(Bagheri-Fam et al., 2008; Bird et al., 2020; Colvin et al., 2001; Kim et al., 2006). Alongside 

its role in suppressing the female pathway, FGF9 is able to induce SOX9 expression in 

XX pre-granulosa cells in culture (Kim et al., 2006; Li et al., 2020). The pole specific sex 

reversal in gonad tri-sections was rescued by addition of FGF9 to the culture media 

(Hiramatsu et al., 2010). In computational models of sex determination, FGF9 has 

autocrine and paracrine functions, allowing it to simultaneously suppress the female 

fate in pre-Sertoli cells autonomously and influence the gene networks of neighboring 

cells to favor testis development (Sánchez and Chaouiya, 2016). Such models, which are 

constructed with the premise of a paracrine expansion of Sertoli cell fate, may 

inappropriately assign a paracrine role to FGF9 if paracrine relay is not a significant 

feature of testis development. To determine the extent to which FGF9 plays a role in the 
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formation of a center-bias of testis fate disposition, we looked at the anteroposterior 

pattern of sex reversal in FGF9 mutants.  

First, we confirmed and characterized sex reversal in a recently produced FGF9 

mutant line, Fgf9lacZ(Huh et al., 2015). As reported for previous lines, SOX9 is apparent 

across the full AP axis at E11.5 in XY Fgf9lacZ/lacZ embryos and lost by E14.5, when the 

gonad expresses FOXL2 (Figure 28). Fgf9 heterozygote gonads undergo differentiation 

with wild type dynamics. At E12.5, the XY Fgf9lacZ/lacZ is partially sex reversed, with an 

apparent bias in SOX9 expression to the posterior half of the gonad. To more precisely 

determine the pattern of sex reversal, we analyzed confocal optical sections of Fgf9lacZ/lacZ 

gonads at E12.5 for spatial distributions of SOX9, FOXL2, and p27, also known as 

CDKN1B. p27 is a cell cycle inhibitor associated with granulosa cell fate (Nef et al., 

2005). The same temporal dynamics of XY cell fate reversal seen in maximum intensity 

projection (as in Figure 28) can be seen in single optical sections, with the added benefit 

of analyzing expression overlap in individual cells (Figure 29A). Analyzing the pattern 

of sex reversal in Fgf9 mutants allows us to determine the extent that FGF9 is playing a 

role in the typical spatial pattern of sex determination (Figure 29B). We reasoned that 

three outcomes were likely to occur. Firstly, if FGF9 is responsible for the center-to-pole 

pattern and the Sertoli GRN is otherwise downstream of general gonadal factors such as 

WT1 and GATA4, the absence of FGF9 would result in a sex reversal that followed the 

general gonadal pattern, which is anterior-to-posterior. This would be the case whether  
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Figure 28: Fgf9lacZ/lacZ XY gonads are sex-reversed by E14.5 

(A-I) Whole-mount fluorescent immunostaining of gonads from Fgf9lacz/+ XY (A, D, G), 
Fgf9lacz/lacZ XY (B, E, H) and Fgf9lacz/+ XX (C, F, I) embryos at E11.5 (A-C), E12.5 (D-F) or 
E14.5 (G-I). All samples were stained for the Sertoli cell marker SOX9 (red) and the 
granulosa cell marker FOXL2 (cyan). All samples were counterstained with DAPI 
nuclear dye (grayscale). All images are maximum intensity projections from confocal Z-
Stacks. Scale bars: 100µm. 
 

Sertoli fate loss is being suppressed by an anterior-to-posterior wave of granulosa fate or 

Sertoli fate is unstable and going off in the same pattern it came on, because the anterior-

to-posterior organizing principle would be the only one guiding the pattern. In contrast, 

if FGF9 is not responsible for the center to pole pattern, meaning some other factor is 

creating the center-bias, two patterns may follow the loss of FGF9. 1) if the pattern is 

based on some paracrine relay mechanism, fate reversal would follow in the order it was 

initially established, and so be lost in a center-to-pole wave. Imaging of intermediate  
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Figure 29: XYFgf9lacZ/lacZ supporting cells display expression patterns partially 

consistent with anterior-to-posterior sex reversal 

(A) Individual planes of immunoflourescence data for XY Fgf9lacZ/lacZ gonads at E11.5 and 
E14.5, before and after sex reversal. (B) Schematic of rationale for interpretation of the 
XY Fgf9lacZ/lacZ pattern of sex reversal. (C) Immunoflourescence images of XY Fgf9lacZ/lacZ 
gonads at E12.5, during sex reversal. Samples were immunolabeled for SOX9, FOXL2, 
and p27 and a plane from the mediolateral center was used for analysis. (D) Histograms 
displaying signal distributions of SOX9 (red), FOXL2 (green), and p27 (gray) in E12.5 
Fgf9lacZ/lacZ sex reversing gonads. AP axis position is depicted as ranging from 0 (anterior 
pole) to 1 (posterior pole). Histograms were calculated as a probability density function 
with 20 bins. 
 



 

93 

stages would catch SOX9 exclusively in the poles. 2) if the center-bias is based on 

autocrine feedback and maintenance of cell fate, the region that upregulated the Sertoli 

GRN initially would become the most stable and be the last to lose it. In this second case, 

imaging intermediate stages would catch SOX9 expression exclusively in the center of 

the gonad. 

Images were collected of E12.5 XY Fgf9lacZ/lacZ gonads and immunolabeled for 

SOX9, FOXL2, or p27 (Figure 29C). Analysis of pattern was performed by quantifying 

the label-positive regions and aligning them to an AP skeleton for the gonad. SOX9 

exhibited an intermediate pattern in probability density distribution (Figure 29D). From 

AP position 0.0 to 0.75, SOX9 signal increased from anterior to posterior, suggesting an 

anterior-to-posterior pattern of fate reversal and indicating FGF9 was responsible for the 

center-to-pole pattern. From AP position 0.75 to 1.0, SOX9 signal dropped off sharply. 

This feature causes the pattern to portray a central enrichment as well, indicative of a 

mechanism based on autocrine feedback and a center-to-pole pattern that FGF9 is not 

responsible for (Figure 29D). These results suggest that FGF9 may be partially 

responsible for the center-to-pole pattern and reconfirm that the expansion of Sertoli fate 

is not through paracrine relay, which would have resulted in a pole-enriched pattern for 

SOX9. FOXL2 presented a shallow pattern of anterior-to-posterior decrease in signal 

with a strong enrichment at the anterior pole, consistent with an anterior-to-posterior 

wave of granulosa differentiation in the absence of Wnt repression (Figure 29D). p27 
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presented a similar pattern with a larger signal differential and stronger gradient from 

anterior to posterior (Figure 29D). The pattern of p27 more directly opposed the SOX9 

pattern than did FOXL2, suggesting that the loss of SOX9 was less connected to the 

wave of female fate and more connected to cell cycle. Of note though, p27 was absent 

from SOX9+ cells across the full AP axis, indicating that p27 is downregulated in the XY 

Fgf9lacZ/lacZ gonad and subsequently re-expressed as sex reversal occurs.  

The mixed pattern of SOX9 distribution in the XY Fgf9lacZ/lacZ gonad at E12.5 could 

be due to different sex determination mechanisms regulating different regions of the 

gonad. In order to determine if the different regions of the gonad were experiencing 

different cellular sex reversal dynamics, we analyzed triple-labeled gonads for co-

expression and region-specific profiles. An example of the triple labeled E12.5 XY 

Fgf9lacZ/lacZ gonad can be seen in Figure 30A. In sex reversal of XY Fgf9lacZ/lacZ gonads, 

supporting cells begin as SOX9+/FOXL2-/p27- (Sertoli cell profile) and as SOX9-

/FOXL2+/p27+ (granulosa cell profile). In triple-labeled gonads, single labeled cells with 

each marker can be found (Figure 30A). This indicates that it is very unlikely that the 

same profile path is taken by all sex reversing supporting cells, as it would require cells 

to turn on and off components of granulosa cell fate before reaching a final state. We 

analyzed the amount of colabeling by thresholding IF channels for each label and 

quantifing pixels by profile. While multiple states had near negligible representation, 

examples of all combinations of labels were found (Figure 30B). This was confirmed by  
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Figure 30: XY Fgf9lacZ/lacZ supporting cell transdifferentiation exhibits multiple 

state paths 

(A) Immunoflourescence image of XY Fgf9lacZ/lacZ gonad at E12.5 highlighting 
SOX9/FOXL2/p27 cell profiles. boxes with 'a', 'b', and 'c' are enlarged below, showing 
regions from the anterior, center, and posterior, respectively. Arrowheads indicate 
examples of single-labeled cells (SOX9 only: orange, FOXL2 only: yellow, p27 only: 
purple). (B) Bar plot of portion of positively labeled pixels for each combination of 
SOX9/FOLX2/p27, averaging over 3 samples. Bar colors depict pixel position along the 
AP axis, divided into 3 regions of equivalent length. (C) Same data as in B, plotting pixel 
profile against portion of pixels with each profile in the gonadal region, such that for 
each profile, the sum of the 3 bars is equal to 1. 
 

eye. The main profiles found were as follows: SOX9-only, FOXL2-only, p27-only, 

SOX9+/p27+, and FOXL2+/p27+. None of the intermediate profiles found, FOXL2-only, 

p27-only, and SOX9+/p27+ were absent from one of the three regions of the gonad, 
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though both FOXL2-only and p27-only were more frequently found in the anterior third 

of the gonad. While no regionality in the sex reversal pathway was found, the 

considerable difference in p27-only cells compared to FOXL2-only cells indicates that 

p27 expression occurs more often prior to FOXL2 expression during sex reversal.  

FGF9 is known to stimulate proliferation in the coelomic epithelium (Schmahl et 

al., 2004), but its mitogenic potential for Sertoli cells has not been fully assessed. The 

results of the XY Fgf9lacZ analysis suggest that p27 is downregulated in the absence of 

FGF9, though transiently. To determine whether FGF9 could induce cell cycle re-entry in 

supporting cells, we used FGF9-soaked beads applied to XX gonads in culture. Though 

FGF9 is not expressed in the XX gonad during ovary differentiation, FGF9's major 

gonadal receptor, FGFR2, is maintained at high levels in the developing ovary until at 

least E13.5 (Figure 31A). This suggests that differentiating pre-granulosa cells remain 

sensitive to FGF9. In prior experiments with FGF9 beads which showed that FGF9 could 

induce SOX9 in the XX gonad, beads were placed on the surface of the gonad. To avoid 

conflating the sensitivities of the coelomic epithelium with those of differentiating 

supporting cells, we developed a strategy for inserting beads inside the gonad (Figure 

31B). In comparing three strategies: 1) placing the beads on the surface, 2) placing the 

bead in a wedge cut out of the surface to allow contact with underlying supporting cells, 

and 3) placing the bead inside the gonad, all strategies induced SOX9 in bead-adjacent 

cells of XX gonads by 24 hours following bead application (Figure 31C). Surface  
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Figure 31: FGF9-soaked beads induce SOX9 expression and FOXL2 loss in XX 

supporting cells 

(A) Temporal transcription of Fgf9 and Fgfr2 in supporting (blue) and interstitial 
(purple) cells. Data from Jameson et al. 2012a. Fgf9 and Fgfr2 are differentially regulated 
in XX (dotted lines) and XY (solid lines) by E11.5. Fgfr2 is expressed at high levels in XX 
supporting cells at all three time points. (B) Experimental design of FGF9-soaked bead 
treatments in ex vivo organ culture. FGF9-soaked beads were applied with three 
strategies. See Methods and Materials - 2.7.3 FGF9 bead culture for details. (C) 
Immunofluorescence optical sections of FGF9-soaked bead treated samples using three 
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strategies for bead application. SOX9 (green) is upregulated in cells adjacent to the bead 
in all three cases, with surface and wedge applications having a stronger influence than 
application inside the gonad. Scale bars: 30µm. (D) Optical sections of FGF9-soaked bead 
treated E12.5 ovaries showing variability in SOX9 induction after 24 hours culture. Cells 
on the coelomic surface (white dotted line) show higher SOX9 intensity than cells within 
the gonad despite being further from the bead (upper image). Scale bars: 30µm. (E) 
FGF9-soaked bead application compared with control BSA-soaked bead application in 
XX gonads collected at E11.5, E12.5, and E13.5 cultured for 24 hours. XX gonadal cells 
are competent to express SOX9 upon FGF9 application at all time points. Scale bars: 
50µm. 
 

application produced the strongest SOX9 upregulation. Though the strategy of placing 

the bead inside the gonad led to generally less upregulation of SOX9, and exhibited 

variable results (Figure 31D), induction levels were sufficient to analyze the response of 

supporting cells within the gonad. To assess the potential for FGF9 to induce SOX9 in 

the developing ovary, FGF9-soaked bead application was compared to control BSA-

soaked bead application performed at E11.5, E12.5, and E13.5, and cultured for 24 hours. 

SOX9 was induced in all FGF9-bead cultures, while no SOX9 was seen with control 

beads (Figure 31E). 

To determine which components of the granulosa regulatory network FGF9 

preferentially interacted with, we performed a time course of FGF9-soaked bead 

applications, placing the bead inside the gonad, and immunolabeling for SOX9, FOXL2, 

and p27. SOX9 is expressed in cells adjacent to the bead as early as 3 hours in culture 

following bead application (Figure 32A). p27 and FOXL2 are absent from several SOX9+ 

bead-adjacent cells after 6 hours and after 18 hours a much wider area around the bead  
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Figure 32: FGF9-soaked bead-induced cell cycle re-entry and Sertoli 

transdifferentiation are incomplete and unstable 

(A) Immunofluorescence optical sections of XX E12.5 gonads exposed to FGF9-soaked 
beads using an inside application strategy cultured for 3, 6, or 18 hours. Magenta 
asterisks indicate bead location. Boxes indicate areas shown as individual channels 
below merge. Arrows indicate SOX9+ cells adjacent to beads. SOX9 is apparent in cells 
adjacent to beads as early as 3 hours after application and is expressed in cells that also 
express FOXL2 and p27. FOXL2 loss and p27 loss occur over the time course. By 18 
hours, most SOX9+ cells near the FGF9-soaked bead are FOXL2- and p27-. Scale bars: 
30µm. (B) Images of XX E12.5 gonads exposed to FGF9-soaked beads for 24, 48, and 96 
hours. 24 hours after bead application, Ki67 (green) can be seen in SOX9 (red) expressing 
cells around the bead (arrow). 48 hours after bead application, SOX9 is expressed over a 
wide area while AMH (gray) is not detected. Arrows point to SOX9+/FOXL2+ cells near 
bead, indicating potential return to granulosa fate. At 96 hours, SOX9 is no longer seen 
in gonadal cells around the bead. p27 (gray) is expressed throughout gonadal cells 
indicating return to cell cycle arrest. SOX9 expression remains in the coelomic 
epithelium (arrows) and mesonephros (arrowheads). Scale bars: 50µm. 
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lacks FOXL2 and p27 signal (Figure 32A). There was no overt difference between the p27 

and FOXL2 response, suggesting that these components of the granulosa pathway may 

be equivalently downstream of FGF9. As p27 is a cell cycle inhibitor, these results 

indicated that FGF9 was able to induce cell cycle re-entry in pre-supporting cells. We 

confirmed this through immunolabeling Ki67, a marker of active cell cycle, on XX E12.5 

gonads treated with FGF9-soaked beads for 24 hours (Figure 32B). As the extent of Ki67 

was limited, we wondered if the cells were stably committing to Sertoli fate. By checking 

additional markers and extending culture times, we found that the transdifferentiation 

induced by FGF9 was not stable. AMH, which is downstream of SOX9 in the Sertoli 

differentiation cascade, was absent from SOX9 expressing cells after 48 hours culture 

(Figure 32B). When samples were cultured for 96 hours following FGF9-soaked bead 

application, the gonad was found to be full of p27+ cells, and devoid of SOX9+ cells, 

indicating a return to granulosa cell fate, likely occurring after all FGF9 in the bead had 

diffused away (Figure 32B). Interestingly, SOX9 induced in the coelomic epithelium by 

FGF9-soaked beads appears to be more stable than gonadal SOX9, although SOX9 is not 

typically expressed in the CE (Figure 32B, arrows). While XY Fgf9 knockout gonads 

failed to stabilize cell cycle re-entry, the FGF9-soaked bead results suggest that FGF9 is 

not the basis of stable cell cycle reentry. The combination of partial absence of a center-

to-pole pattern in XY Fgf9lacZ/lacZ E12.5 gonads as well as failure to stably induce Sertoli 

cell fate or cell cycle re-entry indicates that FGF9 is not solely responsible for the center-
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to-pole pattern of Sertoli differentiation in the XY gonad, and that the additional 

unknown factor is likely to play a role in cell cycle regulation. 
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4.3.4 Pre-supporting cell cycle arrest and XY-specific re-entry do not 
constrain Sertoli fate progression 

There is already ample evidence that the supporting cell fate decision is 

integrated with cell cycle regulation. For example, Sry upregulates proliferation in the 

XY gonad, and disruption of receptors involved with insulin signaling, a pathway linked 

to proliferation, cause XY sex reversal phenotypes (Nef et al., 2003; Pitetti et al., 2013; 

Schmahl et al., 2000). Blocking proliferation during a narrow window of time around 

E11.0 leads to a high incidence of sex reversal in XY gonads (Schmahl and Capel, 2003). 

The importance of cell cycle was originally attributed to a requirement for a threshold 

number of Sertoli progenitor cells to induce male development of the entire community 

of cells. This idea was derived from the finding that in XXÛXY chimeric mice, the gonad 

must be composed of at least 30% XY cells to establish testis development (Burgoyne et 

al., 1988). More recently, the relevance of cell cycle regulation has been connected to cell 

cycle arrest in supporting cells. Commitment to granulosa cell fate is invariably 

associated with p27-mediated cell cycle arrest until after birth (Mork et al., 2012). Loss of 

female identify of granulosa cells, and transdifferentiation marked by expression of 

Sertoli markers, rarely occurs before birth, when granulosa cells resume proliferation. In 

the case of Wnt4 mutants, which show some expression of male markers just prior to 

birth, transdifferentiation is preceded by downregulation of p27 and exit from cell cycle 

arrest (Maatouk et al., 2013). There are several ways that cell fate may be influenced 

through cell cycle regulation in the gonad (Bunce and Capel, 2016). In one scenario, 
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steps of a differentiation cascade may only be completed in a particular cell cycle state 

due to the interaction between components of the pathways. In the gonad, as cells of the 

coelomic epithelium ingress into the space below the epithelium to form the gonad, the 

cells fated to be supporting cells enter p27-associated cell cycle arrest (Figure 33A). XY 

supporting cells downregulate p27 after sex determination coincident with commitment 

to pre-Sertoli fate. It remains unknown whether any steps in the sex determination or 

Sertoli differentiation cascade require cells to be in arrest or actively cycling.  

The AP pattern of XY cell cycle re-entry has not been reported. To assess this 

pattern, p27 immunolabeling was performed in E11.75 XY gonads. In whole gonads, 

stages of p27 loss were found wherein p27 was extensively expressed in the poles, but 

almost entirely absent from the center of the gonad (Figure 33B). To confirm that cells 

were actively entering a proliferative state, labeling with 5-ethynyl-2'-dexoyuridine 

(EdU), was performed. EdU is a nucleoside analog that is incorporated into DNA during 

S-phase and is subsequently lost only through division. EdU can be detected in labeled 

cells for multiple generations. To determine whether Sertoli cells were actively 

synthesizing DNA, at E11.75, EdU was administered 1 hour before sample collection. In 

the resultant samples, SOX9 was found to overlap with EdU in several cells across the 

gonad (Figure 33C). While p27 loss shows a clear center-to-pole pattern, EdU was seen 

in clusters of cells sporadically along the mesonephric side of the gonad.  
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Figure 33: XY supporting cell cycle re-entry exhibits a center biased pattern 

following sex determination 

(A) Diagram of transient cell cycle arrest in XY pre-supporting cells. XY pre-supporting 
cells derive from precursors in the coelomic epithelium (CE) that are actively 
proliferating. Upon ingression into the gonad (below the CE), pre-supporting cells enter 
cell cycle arrest in both sexes. XY cells re-enter cell cycle around E11.75. (B) 
Immunofluorescence optical section (left) and maximum intensity projection (right) of 
XY gonad at E11.75 showing p27 (green) expressed at the gonadal poles overlapping 
with SOX9 (red). Arrows indicate SOX9+/p27+ cells present at both poles. (C) 
Confirmation of S-phase entry upon p27 loss in pre-Sertoli cells at E11.75. EdU (green) is 
incorporated into DNA during synthesis. Arrowheads indicate SOX9+/EdU+ cells, which 
are present at both gonadal poles (a, c) and prominent more centrally (b). Scale bars: 
50µm. 
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In order to determine whether Sertoli fate progression is dependent on cell cycle 

state, we performed co-labeling of p27 with various Sertoli fate markers, including SRY, 

SOX9 and AMH. Knowing that pre-Sertoli cells turn on SRY, SOX9 and AMH 

consecutively and also turn on and off p27, we checked to see if any of the potential 

combinations of markers was absent from the developing gonad at corresponding time 

points. At E11.0, pre-supporting cells are upregulating p27 and SRY as they enter from 

the coelomic epithelium. Images revealed cells that were SRY-only, p27-only, and 

SRY+/p27+, demonstrating that initiation of SRY expression does not require a cell to be 

actively proliferating or in cell cycle arrest (Figure 34A). At E11.25, co-labeling with 

SOX9 and p27 revealed that pre-Sertoli cells can activate SOX9 in a p27+ or p27- state 

(Figure 34A). At E11.75, co-labeling with p27, SOX9, and AMH revealed that SOX9+ 

Sertoli cells do not need to re-enter cell cycle (be p27-) in order to express AMH, as 

SOX9+/AMH+/p27+ cells were found. Also, Sertoli cells do not need to upregulate AMH 

prior to loss of p27 (Figure 34A). If AMH is interpreted as an indicator of Sertoli fate 

stabilization based on the lack of AMH expression in transient FGF9-bead induced fate 

reversal, this would indicate that Sertoli cells do not need to re-enter cell cycle to 

undergo maintenance phase and stabilize their fate. Until a more accurate means of 

detecting the stability of Sertoli fate is established, this inference remains speculative. All 

together, these data suggest that Sertoli fate progression in the gonad is not constrained 

by cell cycle dynamics (Figure 34B). As such, patterns of cell cycle regulation in  
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Figure 34: Early steps of Sertoli fate progression are not restricted to cell cycle 

states 

(A) Immunofluorescence optical sections of XY gonads at E11.0, E11.25, and E11.75 
comparing p27 (red) to components of the Sertoli fate gene regulatory network (SRY, 
SOX9, AMH: green). Boxed areas enlarged on the right with individual channels shown 
for p27 and Sertoli factors. Diagrams on right depict potential state paths. Arrowheads 
indicate cells with profile on left side of diagram. Arrows indicate cells with profile on 
right side of diagram. Scale bar: 100µm. (B) Diagram of state paths comparing Sertoli 
fate progression with cell cycle status. All states depicted were found in the developing 
XY gonad with immunofluorescence labeling.  
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supporting cells are unlikely to be a mechanism underlying the center-bias in Sertoli cell 

fate disposition. However, this does not rule out the possibility that cell cycle regulation 

in supporting cell precursors in the coelomic epithelium may explain the pattern.  
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4.3.5 Supporting cell precursors in the coelomic epithelium ingress in 
a center-biased pattern prior to SRY expression 

Cell cycle exit upon coelomic epithelium (CE) cell ingression into the gonad has 

been dissociated from the gonadal cell fate transition with the use of Numb/Numbl 

mutants in which CE cells fail to differentiate into supporting cells following ingression 

but still undergo cell cycle arrest (Lin et al., 2017). Little is known about the regulation of 

CE cell potencies. The CE gives rise to interstitial and supporting cells (Karl and Capel, 

1998). In XY genital ridges, the CE stops giving rise to pre-Sertoli cells around E11.5, 

whereas the XX CE will continue to give rise to granulosa cells until postnatal day 6 (P6) 

(Karl and Capel, 1998; Mork et al., 2012). It is possible that the XY-specific increase in CE 

proliferation induced downstream of SRY (Schmahl et al., 2000) is connected to the later 

loss of CE competency to produce Sertoli cells. The patterns of CE Sertoli precursor 

proliferation and ingression are unknown and could play a role in the center-to-pole 

pattern of testis differentiation. To determine whether the CE exhibits a biased pattern of 

proliferation, we examined the CE in samples XY samples following EdU 

administration. At E11.0, E11.5 and E12.0, EdU is incorporated into all three AP regions 

of the CE (Figure 35A-C). This indicates that all three regions are proliferating 

throughout embryonic day 11, which includes gonadal sex determination, final 

ingression of Sertoli precursors from the CE, and gonadal re-entry into cell cycle. As the 

CE gives rise to both supporting and interstitial cells, it is difficult to determine whether 

the EdU in the early samples is being incorporated into precursors of one fate or the  
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Figure 35: Sertoli cell precursors in the coelomic epithelium do not exhibit a 

center-biased pattern of proliferation 

(A-C) Immunofluorescence optical sections of XY gonads at E11.0 (A), E11.5 (B), and 
E12.0 (C) collected 1 hour after EdU administration. Images are sagittal sections with 
anterior to the left and posterior to the right. EdU (green) indicates cells in S-phase. 
White boxes indicate areas shown enlarged below image of whole gonads, taken from 
the anterior (a), central (b), and posterior (c) regions. (D) Histograms of EdU signal 
across coelomic epithelium at E11.5 and E11.75. EdU was administered between 1 and 4 
hours before collection. AP axis position is depicted as ranging from 0 (anterior pole) to 
1 (posterior pole). Histograms were calculated as a probability density function with 10 
bins. As the CE stops producing pre-Sertoli cells after E11.5, only the E11.5 data includes 
Sertoli cell precursors. 
 

other. To circumvent this challenge, we performed AP axis analysis on CEs of XY genital 

ridges that received EdU within four hours of collection at E11.5 and E11.75. As the CE 

stops producing pre-Sertoli cells soon after E11.5, EdU incorporated into the CE prior to 
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E11.5 includes both populations whereas EdU incorporated after E11.5 will label only 

interstitial cell precursors. At E11.5, the CE was found to have a pattern of EdU 

incorporation that decreased from anterior to posterior (Figure 35D). In contrast, EdU 

incorporated into the CE just prior to E11.75 exhibited a pattern of enrichment in the 

center. If we imagine the pattern of Sertoli precursor proliferation to be the pattern of 

combined incorporation (E11.5) minus the pattern of interstitial precursor proliferation 

(E11.75), the result would be a pattern of reduced central proliferation for CE Sertoli 

precursors. This pole-biased pattern is unexpected, as FGF9, which induced CE 

proliferation, is expected to be stronger in the central region and most Sertoli factors are 

biased towards greater activity in the central region of the gonad. However, this pattern 

fits with a model of a center-to-pole wave of Sertoli precursor production from the CE, 

as such a wave would begin with production in the center and end with production at 

the poles and the E11.5 CE is producing the final contributions to Sertoli cells. If this 

were the case, it would follow that CE Sertoli precursor ingression should follow a 

center-to-pole wave as well. 

The mechanism of CE cell ingression is currently unknown. As such, markers of 

ingression have not been established, preventing direct assessment of an ingression 

pattern. Two alternative methods were employed to assess the pattern of ingression 

indirectly. The first method was EdU lineage tracing. Pre-supporting cells enter cell 

cycle arrest upon ingression from the CE and remain in arrest until around E11.75 in XY 
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gonads, and much later in XX gonads. RUNX family transcription factor 1 (RUNX1) is a 

marker of supporting cell fate (Figure 36A) (Nicol et al., 2019; Nef et al., 2005). As such 

when EdU is administered prior to E11.5, it will be incorporated into supporting cell 

precursors in the CE but not RUNX1+ or SOX9+ supporting cells within the gonad. 

Delay of sample collection by several hours allows labeled CE cells time to ingress into 

the gonad such that co-labeling of cells with EdU and the supporting cell marker 

indicates a cell that ingressed from the CE and upregulated gonadal markers between 

EdU administration and sample collection (Figure 36B). To determine the viability of 

this method, preliminary experiments were conducted wherein samples were collected 

at E11.5, 2 hours, 4 hours, and 12 hours after EdU administration, as well as variable 

durations leading up to collection at E11.75. Images were analyzed to determine the 

percentage of supporting cell area that was EdU+. Sample collection 4 hours following 

EdU administration resulted in more than twice as much EdU+/RUNX1+ area compared 

to collection 2 hours after administration (Figure 36C). EdU administered following 

E11.5 did not lead to a similar increase in EdU+ supporting cell area when collected at 

E11.75, as expected (Figure 36C). This data indicates the viability of the method for 

assessing CE cell ingression. Alignment of the EdU+ area to the AP axis of the gonad 

revealed that ingression in the gonads collected 4 hours after EdU administration at 

E11.5 occurred in a center-biased pattern (Figure 36D). In the control groups, where 

samples were collected 2 hours following EdU administration at E11.5 or 5 hours  
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Figure 36: Final Sertoli cell precursor ingression exhibits central AP 

enrichment 

(A) Immunofluorescence optical section of XY E11.5 gonad showing EdU incorporation 
in the coelomic epithelium (dotted lines) and supporting cells (red, RUNX1). EdU was 
administered 4 hours prior to collection and fixation. Arrowheads indicate cells 
EdU+/RUNX1+. Scale bar: 50µm. (B) Diagram of experimental design for EdU lineage 
tracing to assess CE cell ingression into gonad. Supporting cells in the XY gonad are in 
cell cycle arrest until E11.75. EdU injected prior to E11.5 will be incorporated into 
proliferating cells of the CE and not supporting cells of the gonad. EdU-labeled CE cells 
that ingress into the gonad will upregulate supporting cell factors (i.e. RUNX1), such 
that at sample collection, only supporting cells that were in the CE at the time of EdU 
administration will be double-positive. The pattern of EdU/RUNX1 double labeling 
captures the pattern of CE cell ingression. (C) Preliminary results demonstrating 
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viability of experimental design. Sample collection 4 hours following EdU 
administration results in more than twice as much EdU+/RUNX1+ area compared to 
collection 2 hours after administration. EdU administered following E11.5 does not lead 
to a similar increase in EdU+ supporting cells when collected at E11.75 due to the CE no 
longer producing supporting cells in the XY gonad. (D-E) Histograms of EdU+/RUNX1+ 
signal in XY E11.5 gonads collected 2 and 4 hours after EdU administration (D) and 
EdU+/SOX9+ signal in XY E11.75 gonads collected 4 hours after EdU administration (E). 
AP axis position is depicted as ranging from 0 (anterior pole) to 1 (posterior pole). 
Histograms were calculated as a probability density function with 20 bins. The E11.5 4-
hour pattern of supporting cell EdU is distinct from both E11.5 2-hour and E11.75 4-hour 
patterns. 
 

following EdU at E11.75, the EdU+ supporting cell area did not show any central 

enrichment (Figure 36D). These data indicate that CE cell ingression at the final stages of 

supporting cell precursor production is center biased. This suggests that the CE Sertoli 

precursor EdU enrichment inferred to be in the anterior and posterior poles of the CE at 

E11.5 was not due to a center-to-pole wave but resulted from more ingression (lower 

retention) of EdU+ cells in the center region. These preliminary results indicate that the 

pattern of Sertoli precursor ingression may play a role in the center-biased pattern of 

Sertoli fate disposition in the XY gonad. 

Our second method of determining supporting cell ingression patterns allowed 

for assessment of ingression at earlier stages. As RUNX1 is specifically expressed in 

supporting cells in the gonad (Figure 37A), we sought to determine when it was first 

expressed in supporting cell differentiation. Immunofluorescent antibody labeling 

revealed that RUNX1 is expressed in supporting cells immediately under the CE and  
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Figure 37: Initial RUNX1 expression indicates a center-biased pattern of 

supporting cell precursor ingression from the coelomic epithelium in both sexes 

(A) Temporal transcription of Runx1 in supporting (blue), interstitial (purple), and germ 
(green) cells. Data from Jameson et al. 2012a. Runx1 is specific to supporting cells in both 
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sexes at E11.5 and differentially regulated in XX (dotted lines) and XY (solid lines) by 
E12.5. (B) Immunofluorescence optical section of XX E11.5 gonad showing RUNX1 in 
cells immediately below the coelomic epithelium. Arrowhead indicates a faintly 
RUNX1+ cell in the epithelium. (C) Lateral view  of Runx1-GFP throughout gonadal 
supporting cells, excluded from the coelomic epithelium (dotted line: surface). (D-F) 
Maximum intensity projections of XY and XX urogenital complexes at E10.75, oriented 
with the anterior left and posterior right. Image on far left is a merge, with individual 
channels displayed in the center and right. Gray dotted line indicates gonadal region as 
determined by GATA4, red dotted line indicates gonadal region as determined by SF1 
(D) Runx1-GFP exhibits a non-anterior biased pattern of signal strength and region 
width. Arrows indicate region of widest Runx1-GFP expression. Arrows indicate 
posterior pole of main SRY+ region. (E) Runx1-GFP expression is scattered across the 
majority of the AP axis on both sides. (F) Variability in the amount of Runx1-GFP 
between left and right sides. Arrows indicate spots of Runx1-GFP signal in upper genital 
ridge. Arrowheads indicate anterior and posterior ends of the Runx1-GFP+ region in 
lower genital ridge. (G) Semi-lateral view of Runx1-GFP accumulation in the central 
region of the gonad. Red dotted line indicates gonadal area as determined by GATA4. 
Scale bars: 100µm.  
 

sometimes faintly in cells of the CE (Figure 37B, arrowhead). This pattern suggested that 

RUNX1 was first expressed in supporting cell precursors as they ingress from the CE, 

and indicated that RUNX1 could be used as a marker of supporting cell precursor 

ingression. As our antibodies against RUNX1 and SRY cannot be used together, we 

obtained a transgenic Runx1-eGFP reporter mouse line. In this line, GFP is specific to 

gonadal cells in the urogenital complex (Figure 4). Within the gonad, GFP is expressed 

in cells immediately below the coelomic epithelium at early stages of gonad 

development, and SRY can be found within a subset of the GFP+ cells (Figure 37C). 

These data indicate that the Runx1-eGFP reporter can be used as a marker of CE 
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supporting cell precursor ingression. We subsequently characterized the distribution of 

Runx1-eGFP in genital ridges prior to E11.0. At E10.75, when SRY is apparent over most 

of the genital ridge, Runx1-eGFP had a larger region of expression than SRY (Figure 

37D, arrowheads), and had greater signal intensity and width of domain around the 

center of the AP axis of the genital ridge (Figure 37D, arrows). In samples with less 

Runx1-eGFP signal, indicating an earlier developmental time point, Runx1-eGFP had a 

scattered pattern across the genital ridge (Figure 37E), and degrees of left-right 

variability (Figure 37F). Similar patterns of early Runx1-eGFP were found in XY and XX 

genital ridges. Runx1-eGFP+ cells were not clustered and were distributed over much of 

the anterior two thirds of the ridge (Figure 37F, arrows and arrowheads). This pattern 

resembled the early SRY pattern (Figure 27A, D). The earliest distinct accumulation of 

Runx1-eGFP, likely representing the initial position of Runx1-eGFP expression, was in 

the central region of the gonad (Figure 37G). These data indicate that Runx1-eGFP is 

upregulated in a center-biased manner. As Runx1-eGFP is being used as a proxy for 

detecting supporting cell precursor ingression, this suggests that the pattern of 

ingression giving rise to supporting cells is center-biased. Unexpectedly, the bias found 

using Runx1-eGFP represents an event upstream of Sry expression and is not sex-

specific. A center-bias in the rate of supporting cell precursor ingression may explain the 

center bias in accumulation of Sertoli-specified cells, but as the biased ingression is not 

sex-specific, it conflicts with the anterior-to-posterior pattern of granulosa specification. 
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It is possible that the sex-generic pattern of ingression only affects the pattern of testis 

development because of a pathway-specific connection to the process of supporting cell 

precursor ingression. 
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4.3.6 Central bias in Sertoli fate disposition may be connected to 
epigenetic fate maintenance through Lef1 and Fgf9 

While several instances of XY sex reversal can be attributed mechanistically to a 

failure to upregulate Sry or Sox9, the FGF9 mutant line reaches the point of SOX9 

expression across most, if not all, supporting cells prior to sex reversal (Figure 28). FGF9 

mutant sex reversal is considered a failure to maintain Sertoli fate, rather than a failure to 

specify Sertoli fate. The 'maintenance phase' of Sertoli fate commitment is an essential 

step. The idea of FGF9 as integral for maintenance rather than specification is also seen 

from the tri-section experiments, wherein SRY and SOX9 are seen in the isolated poles 

prior to sex reversal, and FGF9 rescues the pole phenotype (Hiramatsu et al., 2010). 

Models that distinguish specification from maintenance of Sertoli fate consider the major 

step to be the establishment of a feedback loop between SOX9 and FGF9 (Sánchez and 

Chaouiya, 2016). The instability of SOX9 induction following FGF9-soaked bead 

application (Figure 32B) argues against FGF9 forming a strong autocrine feedback loop 

as a mechanism of fate maintenance. Recent work has established epigenetic regulation 

as a potential means of stabilization of Sertoli cell fate following sex determination 

(Garcia-Moreno et al., 2019). Lef1, a downstream target of Wnt signaling, has been 

implicated as a factor requiring epigenetic silencing for stable commitment to Sertoli 

fate. As FGF9 is known to regulate Wnt signaling, we investigated the relationship 

between FGF9 and LEF1 to better understand how FGF9 might be connected to 

epigenetic regulation. 
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Lef1 is known to be downregulated in Sertoli cells upon sex determination, and 

subsequently becomes ovary specific (Figure 38A) (Jameson et al., 2012a; Nef et al., 

2005). In the genital ridge, LEF1 is expressed in most cell types at E11.5 in both sexes, 

including supporting, interstitial, and germ cells as well as the coelomic epithelium 

(Figure 38B). By E12.5, LEF1 is lost from all gonadal cells except germ cells (Figure 38B). 

Given that LEF1 is downregulated in Sertoli cells at the same time as p27 is being 

downregulated, we were prompted to assess the AP pattern of LEF1 downregulation. At 

E11.5, XY gonads exhibit enrichment of LEF1 at the anterior and posterior poles, 

indicating LEF1 loss follows a center-to-pole pattern (Figure 38C). Interestingly, this 

pattern appears to apply to all cell types LEF1 is lost from, including the coelomic 

epithelium, presenting the possibility of a connection between LEF1 loss and the end of 

Sertoli precursor production from the CE following E11.5. To determine whether FGF9 

signaling is connected to Lef1, we performed immunolabeling targeting LEF1 in XY 

E12.5 Fgf9lacZ/lacZ and Fgf9lacZ/+ gonads. In the absence of FGF9, LEF1 is maintained in 

SOX9+ Sertoli cells (Figure 39A, arrowheads). This data suggests that the failure to 

maintain Sertoli cell fate in the FGF9 mutant may be related to failure to silence Lef1 and 

indicates a relationship between FGF9 signaling and epigenetic regulation which may 

underlie the role of FGF9 in the maintenance phase of Sertoli differentiation. Lef1 

conditional knockout in the gonad does not result in XX sex reversal (Figure 39B), 

suggesting there are compensatory pathways in ovarian development. 
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Figure 38: XY-specific loss of LEF1 exhibits a center-to-pole pattern in the 

gonad and coelomic epithelium following sex determination 

(A) Temporal transcription of Lef1 in supporting (blue), interstitial (purple), endothelial 
(red), and germ (green) cells. Data from Jameson et al. 2012a. Lef1 is differentially 
regulated in XX (dotted lines) and XY (solid lines) by E11.5 and absent from XY 
supporting cells by E12.5. (B) Immunofluorescence optical sections of XX and XY gonads 
at E11.5 and E12.5. Individual channels from merge are shown to the right. FOXL2 and 
SOX9 are not included in merged image. LEF1 is similarly expressed in XX and XY 
gonads at E11.5. At E12.5, LEF1 is present throughout the XX gonad, but absent from all 
cells except germ cells in the XY gonad. Arrowheads indicate LEF1-/SOX9+ cells in testis 
cords. (C) Sagittal section of an XY E11.75 gonad showing loss of LEF1 in a center-to-
pole pattern. Boxes indicate regions shown as individual channels below merged 
(without GATA4) whole gonad. LEF1 is prominent throughout GATA4+ cells in the 
anterior and posterior poles and restricted to cells (GATA4-) in the central region. 
Arrowheads indicate SOX9+/LEF1+ cells. Arrows point to sharp decreases in LEF1 signal 
in the coelomic epithelium similar to the gonadal distribution. Scale bars: 50µm. 
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Figure 39: Fgf9lacZ/lacZ gonads fail to downregulate LEF1 though LEF1 is not 

necessary for XX ovary development 

(A) XY Fgf9lacZ/+ and Fgf9lacZ/lacZ gonads at E12.5. LEF1 is absent from SOX9+ cells in the 
Fgf9 heterozygote and present in SOX9+ cells in the Fgf9 homozygous mutant 
(arrowheads). LEF1 is present throughout interstitial regions of the Fgf9 homozygous 
mutant. Scale bars: 50µm. (B) Immunofluorescence on optical sections of XX 
Sf1:creTg/0;Lef1fx/fx gonads at E11.5 and E15.5. SOX9 (red) is absent from XX Lef1 conditional 
knockouts at both stages. FOXL2 (green) marks granulosa cells at E15.5. Scale bar: 
100µm.  
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4.4 Discussion 

Stabilization of supporting cell fate is considered more significant in Sertoli 

differentiation than for granulosa fate. This is probably due to the relative rarity of XX 

sex reversal models, and data indicating that the bipotential pre-supporting cell state is 

more similar to a granulosa cell state (Jameson et al., 2012a). The results here argue that 

FGF9, which is known to be integral to repression of Wnt signaling, plays a more 

significant role in Sertoli fate stability than it does in relay of Sertoli fate across the 

gonad. In particular, compared to several other sex reversal mutants, FGF9 mutants do 

not exhibit a transient ovotestis. This implies that FGF9 may be the basis of the ovotestis 

phenotype in other mutants. The ability of exogenous FGF9 to activate SOX9 in pre-

supporting and granulosa cells indicates that FGF9 may be used for intercellular 

communication in testis development, but the failure to stabilize SOX9 expression seen 

in XX supporting cells exposed to FGF9 suggests that an FGF9/SOX9 positive feedback 

loop may not be the mechanism by which FGF9 promotes fate stability. The connection 

between FGF9 and epigenetic regulation of Sertoli cell fate should be further explored. If 

Lef1 downregulation in gonadal cells is connected to epigenetic silencing promoted by 

FGF9, relevant epigenetic changes may also occur in other gonadal cells, such as the 

interstitium and coelomic epithelium, where Lef1 is simultaneously lost.  

Formation and differentiation of the genital ridge follows an anterior-to-posterior 

pattern. This pattern has been taken to be the primary organizing principle for 
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bipotential gonad development. The finding that CE supporting cell precursor 

ingression follows a different pattern demonstrates that there is a second organizing 

principle in the gonad prior to sex-specific differentiation. We propose that these two 

organizing principles overlap in the bipotential gonad and the patterns of gonad 

differentiation for the ovary and testis are dependent on their connection to the 

organizing principles (Figure 40). Center-biased accumulation of pre-supporting cells 

creates a larger and denser population of pre-supporting cells in the center. Pathways 

that involve paracrine reinforcement of cell fate will be stronger in the region where the 

cells are denser, leading to dominance of the center-biased organizing principle. 

Pathways that lack density dependent features will not be influenced by the center-

biased accumulation of cells. This indicates that the ovarian pathway lacks such a 

density dependent feature, leading to primary relevance of the anterior-to-posterior 

organizing principle and a matching pattern of differentiation. While the ovarian 

pathway certainly involves extracellular signaling molecules, paracrine signaling is not 

considered to be significant, as ovarian differentiation reaches the posterior pole of the 

gonad even when the testis pathway is dominating in the center. This model explains 

how the testis and ovarian patterns of differentiation arise from different systems 

features imposed on the same set of initial organizing principles. 

A significant result of this model is that it does not involve an Sry-inducing factor 

expressed specifically in the center of the gonad. This presents a distinct change in the  
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Figure 40: Model of proposed relationship between organizing principles, 

regulatory pathways, and patterns of gonadal fate disposition 

Two distinct organizing principles are present in the presumptive gonad. Genes of the 
supporting cell networks are activated by upstream general gonad genes that exhibit an 
anterior-to-posterior pattern of expression. Accumulation of pre-supporting cells in the 
gonad is enriched in the central region due to faster or greater ingression of supporting 
cell precursors in that region. The testis gene regulatory network involves an 
extracellular signaling feedback that also functions as paracrine reinforcement of Sertoli 
fate and accelerates stabilization of the Sertoli network. This population density 
dependent system feature causes the center-biased accumulation of pre-supporting cells 
to become the dominant organizing principle for the testis, leading to a center-bias in 
testis fate disposition. The ovary gene regulatory network lacks a density dependent 
feature, resulting in dominance of the anterior-to-posterior organizing principle and a 
pattern of anterior-to-posterior upregulation for ovary genes. 
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thinking surrounding the molecular dynamics of initial Sry activation and the 

accompanying problem agenda. Future experiments should focus on the gene 

regulatory network controlling CE cell differentiation and ingression, some of which has 

been previously established (Lin et al., 2017). The loss of LEF1 in the XY CE following 

sex determination, which occurs soon after the CE stops giving rise to pre-Sertoli cells, 

may offer some insight into the regulation of gonad precursor cell fate in the CE. The 

extension of the sex determination GRN to the CE will be an important step towards 

building a complete model of gonad development, allowing for assessment of how the 

gonadal sex determination network is connected to or disconnected from other aspects 

of gonadogenesis. Data may already be available in published transcriptomes of gonads 

to better connect these cellular processes (Stévant and Nef, 2019). Following the 

incorporation of finer spatial information and subsequent revision of the sex 

determination GRN presented here, it may be beneficial to revisit prior transcriptomic 

results. 
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5. Common signatures of nephrogenic origin in early 
mouse urogenital cell populations implicate plasticity in 
pre-gonadal fate 

Portions of the work presented in this chapter were done in, or for, a 

collaboration with several members of the lab, including Jennifer McKey, Tetsuhiro 

Yokonishi, and Dilara Anbarci. Figure 43 and Figure 44 were constructed for 

collaboration with Serge Nef, at the University of Geneva, to pair with their group's 

single cell RNA-seq study that examines the transcriptional dynamics of the 

presumptive rete (manuscript in preparation). 

5.1 Summary 

Gonadogenesis and sex determination require robust genetic regulatory cascades 

in order to ensure fully functional development of the reproductive system. Recent work 

on the rete associated with the testis and ovary suggests that a greater variety of cell 

lineages may contribute to the mouse supporting cell population than currently thought. 

To establish preliminary theories of unknown lineage relationships in early urogenital 

development, we compared the primary marker profiles of established tissues to 

intermediate profiles in neighboring cell populations, precursors, and derivatives. 

Comparison of mesonephric and gonadal cells to the GATA4+/PAX8+ presumptive rete 

revealed previously undescribed patterns in mesonephros development that presented 

potential precursor populations and highlighted uncharacterized processes in 

mesonephric tubule development. Cell cycle analysis revealed both the mesonephric 
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tubules and early rete to be a largely non-proliferating population of cells, suggesting 

elaboration or expansion through recruitment of new cells. This study clarifies a set of 

hypothetical lineage relationships that will be later tested through lineage tracing and 

transcriptomics. 

 

5.2 Introduction 

The process of cellular differentiation is often conceptualized as a progression 

through a linear series of states. While the complexity and variability across a 

population of cells undergoing collective differentiation is well established, it is 

practically useful to disregard that variability which is most often inconsequential for 

experimental aims. Recent advances in cellular systems methods such as single cell RNA 

sequencing (scRNA-seq) are faced with a challenge. They must balance the goal of 

assessing heterogeneity of a population of cells with assessing generic dynamics of the 

population such as stages of differentiation. As scRNA-seq studies become more 

frequently used to analyze gonadal fate differentiation and sex determination, they are 

informed by the currently held models of gonad differentiation (Stévant and Nef, 2019). 

Historically, the origins of gonadal cells and lineage relationships between them have 

been extensively debated across multiple species (Brambell, 1927b; Satoh, 1985,1991; 

Upadhyay et al., 1979; Upadhyay and Zamboni, 1982). Current theories in the literature 

on sex determination purport that supporting cells in the embryonic gonad derive 
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exclusively from the coelomic epithelium (Karl and Capel, 1998), but newer information 

is bringing the strictness of these premises into question. 

The differentiation potential of gonadal cells is particularly relevant due to sex 

determination. In the embryonic mouse gonad, the testis determining factor, Sry, is 

expressed in supporting cells, and a subsequent competition ensues between pro-testis 

and pro-ovary gene regulatory networks (Nef et al., 2019). Bifurcation of fate choice in 

the gonadal supporting cells determines the fate of the gonad, which in turn determines 

the fate of the reproductive system and influences organism physiology. While all cells 

in the developing mouse undergo cell fate decisions and reduce potency over time, the 

bipotentiality of supporting cells is considered unique because of the spatiotemporal 

context and consequences of the decision. Sertoli and granulosa cell fates, the male and 

female supporting cell fates respectively, must separate quickly and strongly to prevent 

sex reversal (Figure 41A). Recent work indicates a precarious stability of the mature cell 

fates against sex reversal. Adult knockdown of Foxl2 in follicle cells (granulosa) causes 

them to express Seroli markers (Uhlenhaut et al., 2009). Similarly, adult Sertoli cell 

knockdown of Dmrt1, a pro-testis gene, leads to transdifferentiation into granulsoa cells 

(Minkina et al., 2014). Conceptualized on an epigenetic landscape, two strategies may be 

used evolutionarily to reduce fate switching, increasing the depths of the basins of 

attraction for the fates, or increasing the distance between the basins (Figure 41B). These 

two strategies produce consequences on the variability in the differentiation profile for  
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Figure 41: Influence of sex determination on cell fate regulation 

(A) Gene regulatory network and epigenetic landscape of sex determination. The male 
(red, testis) and female (blue, ovary) pathways oppose each other, causing a bifurcation 
in the cell state trajectory around E11.5 (sex determination). Differentiation is associated 
with loss of potency, corresponding to downward movement in the epigenetic 
landscape. The stability against transdifferentiation in mature Sertoli and granulosa cells 
implies occupation of separate basins of attraction. (B) Epigenetic landscape depiction of 
potential mechanisms for stabilizing the male and female supporting cell fates against 
transdifferentiation and their consequences. Mechanisms to increase depth of basins of 
attractions include feedback loops and redundancies. Increasing basin of attraction 
depth may lead to an increase in canalization as the steeper sides of the basin cause 
varying initial states to converge sooner. Mechanisms to increase the distance between 
basins of attraction include eliminating shared pathway elements and increasing steps in 
the differentiation cascades. Increasing distance between basins may lead to increased 
plasticity as a wider range of fates gain access to a probability of descending into the 
basin. 
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supporting cells. If cell fates increase canalization, less variability is likely to be present 

in supporting cell differentiation, whereas an increase in plasticity results in greater 

likelihood of variability during supporting cell differentiation (Figure 41B).  

Contrary to the dominant opinion in the field, several areas of evidence point to 

variability in the differentiation pathway and lineage for Sertoli cells. For instance, 

timing of cell cycle arrest in pre-Sertoli cells suggests that the final group of Sertoli 

specified cells may not experience the same cell cycle regulation as earlier specified cells. 

Sry expression in the XY gonad is limited to the embryonic days around sex 

determination (Sekido et al., 2004), but recent evidence suggets that cells from the rete 

testis in the adult mouse may contribute to the Sertoli cells of the testis. This would 

suggest that Sertoli cells may arise without expression of Sry, which has already been 

established tangentially by the development of XX Sertoli cells in XX--XY chimeric mice 

(Palmer and Burgoyne, 1991). Ongoing work in our lab and others suggests that at some 

embryonic stages, the rete may contribute supporting cells to the gonad in both sexes. 

In this study, the embryonic rete was examined for molecular signatures 

indicating potential for contribution to gonadal cells. The ovarian rete consists of three 

regions: intraovarian, extraovarian, and connecting (Byskov, 1978; McKey et al., 2021). 

While the extraovarian rete of the female and efferent ducts of the male are thought to 

derive from mesonephric tubules (Satoh, 1985), the specific cellular lineage giving rise to 

the intraovarian and connecting rete of the female and rete testis of the male are 
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unknown (Kulibin and Malolina, 2020; Wenzel and Odend’hal, 1985). Following 

characterization of the presumptive rete in XX and XY embryos, we compared early 

mesonephric and gonadal development. The spatial and temporal details of the cell 

profiles observed allowed for the construction of hypotheses regarding the contribution 

of rete cells to the gonad and the required extent of differentiation plasticity. These 

results will be influential for interpretations of sequencing data and lineage tracing 

studies.   
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5.3 Results 

5.3.1 The presumptive rete may contribute supporting cells to the 
developing gonad 

The presumptive rete was identified in whole embryo imaging studies as a 

population of PAX8+ cells along the lateral border of the genital ridge (Figure 42A). The 

position of the rete and overlap with the SF1:eGFP, a factor specific to the gonad in the 

urogenital complex, suggested a potential cell lineage relationship between the gonad 

and the presumptive rete. At 12.0, in XX and XY urogenital complexes, overlap of 

PAX8+ cells and SF1:eGFP could be seen across the whole lateral edge of the gonad 

(Figure 42B; Bunce et al., 2021). The exact origin of this population is unknown. To assist 

in the construction of hypotheses, we performed a more thorough characterization of the 

PAX8+ gonad border population during its establishment through sex differentiation of 

the gonad. The presumptive rete population of cells was found to arise between E10.5 

and E11.0 in both XX and XY embryos (Figure 43). At these early stages, it was 

continuous with the mesonephric tubules and identifiable as a population of 

GATA4+/PAX8+ cells (Figure 43). On the mesonephros side of the rete, there were 

sometimes populations of PAX8+ cells that were not clearly part of any mesonephric 

tubules which may be related to the rete lineage (Figure 43, arrow). At E11.5, 

PAX8+/GATA4+ cells expressed SOX9 in both sexes. At this stage, SOX9 is a marker of 

male supporting cell fate as well as mesonephric mesenchyme around the anterior 

mesonephric tubules. At later stages, SOX9 is expressed in the mesonephric tubules.  
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Figure 42: The presumptive rete may contribute supporting cells to the 

developing gonad 

(A) Isosurface segmentations of gonads (green) and adrenals (magenta) based on 
SF1:eGFP and mesonephric/metanephric duct systems (red) based on PAX8 (see Chapter 
3). Presumptive rete and mesonephric tubules are indicated at E11.5 (B) 
Immunofluorescence frontal sections of XY and XX urogenital complexes at E12.0. The 
presumptive rete can be seen along the lateral border of the SF1eGFP+ gonad and is 
composed of cells that are PAX8+/SF1eGFP+ as well as PAX8+/SF1eGFP-. 
 

 



 

134 

 
Figure 43: PAX8+ cells are present at the border of the XY and XX gonad by 

E11.0 and exhibit gonadal supporting cell signatures 

Immunofluorescence optical sections of XY and XX genital ridges from E10.5 to E12.5. 
Boxes in merged images indicate regions shown as isolated channels on right. Dotted 
line corresponds to the gonadal side of the PAX8+ population of cells along the gonad 
border. Arrowhead indicates SOX9+/PAX8+ cell within the XY gonad at E11.0. Arrow 
indicates PAX8+/GATA4- cells adjacent to the presumptive rete population that are not 
within mesonephric tubules. Scale bar: 50µm. 
 



 

135 

Some SOX9+ cells could be found in the gonad expressing PAX8 (Figure 43, arrowhead), 

indicating a potential relationship to the rete, as suggested by single cell RNA-seq data 

(Serge Nef, manuscript in preparation). Analysis of laminin subunit Beta-1 revealed that 

PAX8+/GATA4+ cells along the gonad/mesonephros border were associated with a 

basement membrane (Figure 43, XX E10.5 and XX E12.5). This LAMB1 expression is 

continuous with LAMB1 in the PAX8+/GATA4- mesonephric tubules and the PAX8-

/GATA4+ coelomic epithelium from E10.5 to E12.5. Similar to Sertoli and granulosa cells, 

PAX8+/GATA4+ cells along the border of the gonad are NR2F2-, whereas mesonephric 

mesenchyme and gonadal interstitial cells are NR2F2+. NR2F2 is also known as 

COUPTFII. 

Given the apparent expansion of the presumptive rete over the time course, we 

wanted to assess the relative contribution of two mechanisms of growth: recruitment of 

new cells from an external source and proliferation of established rete cells. To check the 

cell cycle state, we performed S-phase labeling with 5-ethynyl-2'-deoxyuridine (EdU). 

Few PAX8+/GATA4+ cells along the gonad/mesonephros border are EdU+ one hour 

after administration at E11.5 and E13.5, indicating that the population is not actively 

proliferating (Figure 44A). To confirm the relative quiescence of these cells we 

performed EdU lineage tracing, taking advantage of the fact that cells labeled with EdU 

progressively lose the label with each division (Figure 44B). At E15.5, cells within the XY 

presumptive rete, gonad, and developing ducts incorporate EdU within an hour after  
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Figure 44: EdU labeling of PAX8+ gonadal border cells reveals cell cycle arrest 

in early population and a mixed population of cells in the rete testis at E15.5 

(A-B) Immunofluorescence optical sections of gonads pulsed with EdU (green). Overlap 
of PAX8 (red) and GATA4 (cyan) was used to identify cells of the presumptive rete testis 
(dotted line). Boxes in merged images indicate regions shown as isolated channels to the 
right. (A) XY gonads pulsed with EdU an hour before collection at E11.5 or E13.5. (B) XY 
gonads pulsed with EdU either 1 hour or 5 days before collection at E15.5. Scale bars: 
50µm. 
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administration, indicating that they are actively proliferating. When EdU is 

administered at E10.5 and embryos collected at E15.5, EdU signal is absent from the 

gonad and ducts but retained in cells of the presumptive rete (Figure 44B). This indicates 

that many rete progenitor cells remained quiescent between initial incorporation of EdU 

at E10.5 and E15.5. Together these data suggest that expansion of the PAX8+/GATA4+ 

population at the gonad/mesonephros border is due to recruitment and differentiation 

of new members, rather than proliferation. Together these data indicate that the 

PAX8+/GATA4+ presumptive rete population of cells along the gonadal border may be 

contributing cells to the gonad over the course of development.  
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5.3.2 Cell condensates of mesonephric mesenchyme are potential 
precursors to mesonephric tubules and presumptive rete 

As our guiding theory was that the presumptive rete contributes cells to the 

gonad, we were interested to find the source of the rete cells, likely to be in the 

mesonephros (Wenzel and Odend’hal, 1985). We reasoned that the presumptive rete 

cells may be derived in a similar manner to cells in the nephron of the kidney (Georgas 

et al., 2011). In nephrogenesis, mesenchyme is induced to form condensates in a similar 

manner to the development of the mesonephric vesicles (Krause et al., 2015; Lindström 

et al., 2018). First, we looked for markers of the rete at later stages to identify candidate 

markers for initial cell states. At E15.5, the developing rete in both sexes expresses SOX9 

and WT1 and lacks COUPTFII (Figure 45, arrowheads). At this stage, SOX9 could be 

clearly seen in the mesonephric tubules, and a distinct border where the tubules 

connected to the rete could be seen in both sexes (Figure 45, arrows). WT1 presented 

itself as a good candidate to label the early rete, as it is also an important factor in 

nephrogenesis and gonadogenesis. At E11.5, clusters of WT1+/COUPTFII- cells were 

seen adjacent to the mesonephric tubules, but distinct from them. In order to identify 

whether these cells expressed PAX8, we employed a PAX8:rtTA;tre:H2B-GFP reporter 

line, which expresses H2B-GFP in the presence of doxycycline, and performed 

immunolabeling targeting GFP and WT1. The PAX8 reporter was found to have low 

expression in several cell populations known to express strong PAX8, such as in the 

kidney and presumptive rete. While reporter expression was strong in the mesonephric  
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Figure 45: WT1+/COUPTFII- clusters of mesonephric mesenchyme appear 

adjacent to developing mesonephric tubules 

(A) Immunofluorescence optical sections of XY and XX E15.5 gonad/mesonephros 
complexes. Boxes indicate regions shown enlarged on right. SOX9 and WT1 are 
expressed in the presumptive rete testis and rete ovarii (arrowheads). WT1 and 
COUPTFII are expressed in the mesonephric mesenchyme and absent from the 
mesonephric tubules. Arrows indicate the border between the presumptive rete and 
mesonephric tubules. (B) XY E11.5 gonad/mesonephros complex. Arrows indicate 
WT1+/SOX9+/COUPTFII- populations of cells in the mesonephros. SOX9 is absent from 
the mesonephric tubules at E11.5. Scale bars: 100µm. 
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tubules, it was sporadic in the WT1+/COUPTFII- clusters of cells outside the tubules 

(Figure 46A, arrows). The minimal amount of GFP seen in the cluster suggested the 

population might be under a similar PAX8 regulation profile as the presumptive rete or 

kidney population where the GFP was also sporadic. Analysis of E11.25 mesonephric 

tubules with the PAX8 reporter and WT1 revealed a continuous transition from WT1+ 

cells to GFP+ cells with a transition faintly positive for COUPTFII (Figure 46B, arrows). 

We acquired a new immunofluorescent antibody to examine PAX8 simultaneously with 

WT1. Examination of mesonephric tubules using PAX8 and WT1 co-labeling revealed 

populations of PAX8+/WT1+ cells in cap-like structures over the mesonephric tubules 

and vesicles at E11.0 (Figure 46C). These structures support the idea of a parallel 

between the events of the mesonephric tubules and the kidney nephron. It is possible 

that these cap-like populations of cells give rise to the clusters of WT1+/COUPTFII- cells 

disconnected from tubules at E11.5 (Figure 45B).  

As the WT1+ cap-like structures seen over the mesonephric tubules and vesicles 

at E11.0 exhibited some variability, we decided to assess variability across the 

mesonephric tubules. The mesonephros is known to exhibit anterior-posterior 

regionality to the extent that mesonephric tubules are regulated distinctly from 

mesonephric vesicles, which condense but do not connect to the mesonephric duct. WT1 

is reported to play a role in that distinction (Sainio et al., 1997). Due to the broad 

distribution of WT1 across cell types associated with the mesonephros, it is difficult to  
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Figure 46: WT1+ condensates can be continuous with mesonephric tubules 

(A) Immunofluorescence optical section of the gonad/mesonephros complex and 
developing kidney in XY Pax8:rtTA;tre-H2B-GFP embryos at E12.5. GFP is expressed 
homogeneously throughout mesonephric tubules but variably in kidney epithelium. 
Arrows indicate populations of WT1+/COUPTFII- cells with scattered GFP+ cells. 
Arrowhead indicates GFP+ cells in the testis. (B) Image of E11.25 Pax8:rtTA;tre-H2B-GFP 
anterior portion of mesonephric tubules. A continuous tubule epithelium can be seen 
containing a transition from WT1+ cells to GFP+ cells with a transition zone faintly 
positive for COUPTFII (arrow). Arrowhead indicates WT1+ cluster of cells. (C) XX E11.0 
gonad/mesonephros complex showing WT1+/PAX8+ cell cluster adjacent to WT1-
/PAX8+ cells of mesonephric vesicles/tubules (arrowheads). XY Scale bar: 200µm. 
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attribute its role in regulation to a particular source. At E15.5, E-CADHERIN (CDH1) is 

expressed in the mesonephric tubules and germ cells in XX and XY gonads, as well as in 

the WT1+ rete of XY gonads, but not XX gonads (Figure 47A, top row). At E11.5, E-

CADHERIN expression in mesonephric tubules is more variable, suggesting a 

regionality at the scale of neighboring mesonephric tubules (Figure 47A, bottom row). E-

CADHERIN-low tubules were seen to have faint expression of WT1. The spatial pattern 

of WT1 and partial staining in tubules suggested that it may be an indicator of cells that 

were closer in state to a mesenchymal identity, either due to recent recruitment, or 

impending expulsion. The variability in E-CADHERIN levels might also correspond to 

tubule region age. In XX E11.5 mesonephric tubules, E-CADHERIN is highly variable, 

being strong in some tubules and weak in others (Figure 47B, top row). One day later, at 

E12.5, E-CADHERIN exhibits much reduced variability across the tubules (Figure 47B, 

bottom row), indicating that E-CADHERIN intensity may also be indicative of tubule 

age. At E12.5, E-CADHERIN-low tubules were biased towards the gonadal side of the 

mesonephros, similar to the faint WT1 expression in mesonephric tubules at E11.5. 

These data suggested that regionalization of the mesonephric tubules may be based on 

tubule age. The possibility of variable ages across the cells of the tubules increases the 

challenge of determining whether cells are contributing to or deriving from the tubules 

or surrounding mesenchyme. 
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Figure 47: Variable intensity of E-CADERHIN and PAX8 across mesonephric 

tubules may represent regionalized cell populations 

(A) Comparison of WT1 and E-CADHERIN in developing mesonephric tubules. Boxes 
indicate region enlarged to the right of whole complex views. Arrows at E15.5 indicate 
E-CADHERIN+/WT1- cells of the mesonephric tubules adjacent to WT1+/GATA4+ cells 
of the presumptive rete and gonad. Arrows in E11.5 image indicate E-CADHERIN-low 
mesonephric tubule cells faintly expressing WT1. Arrowheads indicate WT1+/GATA4- 
cells of the presumptive rete adjacent to the gonad. (B) Optical sections of XX 
gonad/mesonephros complexes at E11.5 and E12.5. The presumptive rete is E-
CADHERIN- (arrowhead). Portions of the mesonephric tubules can be seen that are E-
CADHERIN-low (arrows) and E-CADHERIN-high along the full AP domain of the 
mesonephric tubules. The E-CADHERIN-low state may represent newer mesonephric 
tubule epithelium. Scale bars: 200µm. 
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5.3.3 Developing mesonephric tubules undergo cell cycle arrest and 
exhibit limited signatures of nephron patterning 

Within the developing metanephros, nephron formation is serially induced by 

continuous branching of the ureteric bud (Krause et al., 2015). This creates a situation 

where adjacent nephrons may be at distinctly different stages of development. As the 

situation may be similar in the mesonephros, to better understand the patterns of 

growth of the mesonephric tubules, we looked at the initial formation of the 

mesonephric condensates to compare to the appearance of the tubules at later stages. At 

E10.5, in both sexes, mesonephric vesicles are condensing from the nephrogenic cord in 

an anterior to posterior direction (Figure 48A). The series of mesonephric vesicles 

present at this stage potentially offer a look at a timeline of mesonephric tubule 

development, with the earliest stage being located the most posterior, and the most 

developed structure located at the anterior end. Within the middle range of the 

developing structures, mesonephric vesicles can be seen with regions that appear as 

clusters of cells with a separate cluster capping them. LAMB1 immunolabeling is 

dimmer around the cap-like structure compared to the rest of the vesicle (Figure 48A, 

arrowheads). Derivatives of these structures cannot be clearly identified in the 

mesonephric tubules located more anteriorly. At E12.5, the mesonephric tubules have a 

smaller diameter and have no apparent LAMB1-dim regions (Figure 48A). The smaller 

diameter may be due to elongation of the tubules as they expand. To determine whether  
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Figure 48: Mesonephric tubule development from mesonephric vesicles 

involves cap-like structure formation and cell cycle exit 

(A) Immunofllourescence optical sections of XY E10.5 and E12.5 mesonephric tubules. 
At E10.5, LAMB1 can be seen in the developing condensates (arrows) and around the 
mesonephric tubules/vesicles. LAMB1 signal is dimmer around the PAX8+ cluster of 
cells above the main vesicles (arrowheads), which may represent more recently induced 
mesenchyme. By E12.5, LAMB1-dim cap-like PAX8+ structures are no longer part of the 
mesonephric tubules. (B) XY E11.75 anterior gonad/mesonephros complex. p27, 
indicative of cell cycle arrest, can be seen with variable signal intensity in the epithelial 
cells of the mesonephric tubules (arrowheads). SOX9 (green) can be seen in the Sertoli 
cells of the gonad as well as mesonephric mesenchyme bordering the mesonephric 
tubules. Scale bars: 100µm. 
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the mesonephric tubules were actively proliferating during this phase, they were first 

checked for the cell cycle inhibitor p27 (CDKN1B). p27 was seen in cells of the 

mesonephric tubules (Figure 48B, arrowheads) but not within the SOX9+ mesonephric 

mesenchyme.  

To further confirm that the mesonephric tubule cells were in cell cycle arrest, 

EdU was administered and samples collected 1 hour later. When EdU administration 

was performed at E13.5, cells of the mesonephric tubules did not incorporate the label, 

while at E11.5, a few cells showed EdU incorporation (Figure 49A). This result 

demonstrated that the mesonephric tubule cell cycle state was similar to the 

presumptive rete (Figure 44A). As we believe that elaboration of the cell cycle inactive 

rete involved incorporation of cells from a proliferating source, either mesonephric 

mesenchyme or epithelium, over time, we speculated that the mesonephric tubules 

receive cells from the surrounding mesenchyme as well, which exhibited considerable 

EdU incorporation (Figure 49A). At E11.0, when mesonephric tubules are undergoing 

considerable elaboration, they do not incorporate EdU within 1 hour after 

administration, but acquire a considerable EdU+ population of cells following a 6 hour 

delay between administration and collection (Figure 49B). These results indicate that 

addition of mesonephric tubule cells occurred through incorporation of new cells from a 

proliferating population outside the tubules, likely the adjacent mesenchyme.  
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Figure 49: EdU lineage tracing captures incorporation of cells into non-

dividing mesonephric tubules 

(A) Immunofluorescence optical sections of XY E11.5 and E13.5 gonad/mesonephros 
complexes. Boxes indicate areas enlarged on right. EdU (red) was administered 1 hour 
prior to sample collection and fixation. Few PAX8+ (green) mesonephric tubule cells are 
EdU+ (arrowheads) compared to the adjacent PAX8- mesenchyme, indicating general 
cell cycle arrest of mesonephric tubule cells. Scale bar: 200µm. (B) XY E11.0 
gonad/mesonephros complexes collected 1 and 6 hours after EdU administration. 
Substantially more PAX8+/EdU+ cells appear with 6 hours between EdU administration 
and collection (arrowheads), demonstrating recruitment of cells from a proliferating 
source. Diagrams of experimental design can be seen on far right. Scale bar: 50µm.  
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Several genes are known to be expressed in both mesonephric tubule formation 

and nephrogenesis (Georgas et al., 2011). To better characterize potential patterns in the 

mesonephric tubules, genes expressed with specific patterns in developing nephrons 

were tested in the mesonephric tubules. Jagged1 (JAG1), a component of the Notch 

signaling pathway, exhibits a limited region of expression in the nephron at E12.5 

(FIgure 50A, arrow). In the mesonephros at the same stage, it can be seen throughout the 

mesenchyme surrounding the tubules but is absent from the PAX8+ presumptive rete 

(Figure 50A, arrowhead). MAFB, expressed in a small population of cells in the 

developing nephron at E12.5 (Figure 50B, arrowhead), is weakly expressed in the 

mesonephric tubules regionalized towards the anterior (Figure 50B, arrows). Cyclin D1 

(CCND1) is also regionally expressed in the developing kidney. At E12.5, CCDN1 is 

apparent in the Mullerian duct and mesonephric duct as well as portions of the 

mesonephric tubules adjacent to the mesonephric duct (Figure 50C, arrows). 

Interestingly, CCND1 is also enriched in the anterior and posterior poles of the testis at 

this stage, sometimes overlapping with SOX9 (Figure 50C, arrowheads). Though some 

similarities to nephron development were found, none of the factors tested presented 

any overt patterns in the mesonephric tubules that could be used to delineate stages of 

mesonephric tubule development or regions with particular functionalities. 
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Figure 50: Mesonephric tubules exhibit some regionalization of nephron 

patterning genes 

(A-C) Immunofluorescence optical sections of XY E12.5 gonad/mesonephros complexes 
with kidneys. (A-B) boxes indicate regions of mesonephric tubules and kidney enlarged 
to right. (A) Arrows indicate JAG1 (cyan) specific expression in the developing nephron. 
JAG1 does not show regional enrichment in the mesonephric tubules, and is absent form 
the PAX8+ presumptive rete (arrowheads). (B) Arrowheads indicate clear regional 
MAFB expression in the developing nephron. Arrows indicate weak MAFB signal in the 
mesonephric tubules regionalized towards the anterior. Scale bars: 100µm. (C) Boxes 
indicate regions of the mesonephric tubules and posterior gonad enlarged to the right. 
CCND1 is expressed in the developing nephron in a pattern similar to JAG1. In the 
mesonephric tubules, CCND1 is expressed in the portions adjacent to the main 
mesonephric duct and the duct itself (arrows). In the gonad, CCND1 expression is 
enriched in the anterior and posterior poles (arrowheads), sometimes overlapping with 
SOX9. Scale bar: 200µm. 
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5.3.4 Lgr5 offers potential for lineage tracing mesonephric vesicle 
derivatives 

Lgr5, a marker of adult stem cell populations. It is present in the mature ovarian 

surface epithelium (Ng et al., 2014; McKey et al., 2021). It is also a marker of the growing 

nephron tip in the kidney (Barker et al., 2012). We assessed Lgr5 in the mesonephric 

ducts using a transgenic reporter line, Lgr5-GFP-creER. The reporter can be seen in 

PAX8+ cells of the developing nephron at E15.5, as well as in the epididymis of the testis 

at the same stage (Figure 51A, top row, arrows). Within the XX gonad/mesonephros 

complex, Lgr5 is found in the ovarian surface and granulosa cells near the surface, as 

well as in the mesonephric tubules (Figure 51A, bottom row). Though the majority of 

reporter signal is seen in the presumptive extraovarian rete, the epoophoron, which 

shows a continuous epithelium up to the connecting rete, GFP is also seen in the 

disconnected mesonephric vesicles, the paroophoron (Figure 51A, arrowheads).  

EdU analysis was performed to determine whether the Lgr5+ region of the 

extraovarian rete was proliferating, as would be expected if Lgr5 marked a stem cell 

population in this tissue. EdU was incorporated into GFP+ cells (Figure 51B, arrowhead) 

as well as GFP- cells (Figure 51B, arrow) of the mesonephric tubules in E15.5 XX 

embryos. It is considered unlikely that the Lgr5+ cells of the degenerating XX 

mesonephric tubules are acting as a stem progenitor population at E15.5, but it remains 

unknown. It is also unknown whether the Lgr5+ epididymis in XY embryos derives from 

Lgr5+ precursors. To determine whether the mesonephric tubule derivatives expanded  
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Figure 51: Lgr5 displays different patterns in XX and XY mesonephric tubule 

derivatives 

(A-B) Immunofluorescence optical sections of Lgr5-GFP-creERTg/+ gonads/mesonephros 
complexes and kidneys. Boxes in whole organ images indicate regions enlarged on right 
(A) XY kidney and testis/mesonephros showing Lgr5 in the developing nephron and 
epididymis (arrows). XX ovary expresses Lgr5 in the ovarian surface as well as portions 
of the mesonephric tubules. Connection between intraovarian rete and developing 
extraovarian rete can be seen. Lgr5-GFP-creER is also expressed in unconnected 
degenerating mesonephric vesicles (paroophoron, arrowheads). (B) EdU labeling in the 
XX E15.5 ovary/mesonephros compared to Lgr5-GFP-creER. EdU (cyan) can be seen in 
GFP+ cells (arrowhead) as well as GFP- cells of the mesonephric tubules (arrow). 
Diagram of experimental design can be seen on far right. Scale bars: 200µm. 
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Lgr5 expression in the male or reduced expression in the female, we examined the Lgr5 

reporter pattern at earlier stages. In the E12.5 XY testis/mesonephros complex, GFP was 

found in a portion of the mesonephric tubules near the anterior pole (Figure 52A, 

arrow), as well as in the Sertoli cells in testis cords. Expression was not seen in the 

presumptive rete at E12.5, similar to what was seen at E15.5 (Figure 52A, arrowhead). 

This demonstrated that Lgr5 expression expanded in the XY mesonephric tubules 

between E12.5 and E15.5, but left the mystery of what distinguished the particular 

region of the tubules that expressed Lgr5, which were a limited region neither proximal 

to the Wolffian duct nor at the distal end. Assessment of Lgr5 expression in E10.5 

mesonephric tubules revealed an explanation. At E10.5, GFP was enriched specifically in 

the lateral regions of several mesonephric tubules and expressed to a weaker extent in 

the mesonephric vesicles (Figure 52B, arrows). As the early mesonephric tubules 

develop with a partial S shape (shown in Figure 52C), lateral induction of Lgr5 would 

result in expression in a region between the distal end and the main nephric duct 

(precursor to the Wolffian duct).  

Expression of the Lgr5-GFP-creER reporter in the early developing mesonephric 

tubules opened the possibility of lineage tracing. To our knowledge, lineage tracing of 

the mesonephric tubules has not been reported. As such, the extent to which the early 

mesonephric tubules contribute to later sex-specific ducts remains unknown. To lineage 

trace the early Lgr5+ cells, we crossed the reporter to a rosa-Tomato reporter, which  
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Figure 52: Association of Lgr5 with mesonephric vesicles at E10.5 is obscured 

by tubule elaboration 

(A-B) Immunofluorescence intensity sum projections (left) and optical sections (middle, 
right) of XY Lgr5-GFP-creERTg/+ mesonephric ducts. (A) E12.5 lateral view showing GFP+ 
cells in portions of the anterior mesonephric tubules (arrow) and absent from the 
presumptive rete (arrowhead). (B) E10.5 ventral view showing strong GFP expression in 
lateral portions of the mesonephric tubules as well as weaker GFP expression in 
condensing mesonephric vesicles in the posterior region of the mesonephros (arrows). 
Scale bars: 200µm. (C) Diagram of mesonephric tubule (red) at E10.5 viewed as a 
transverse section showing regional expression of Lgr5 (green). 
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expresses a red fluorescent protein (RFP) from the Rosa locus following cre-activated 

recombination. We administered tamoxifen at E10.5 and collected embryos at E12.5 or 

E15.5. At E12.5, a few RFP+ cells were found in the mesonephric tubules (Figure 53, 

arrows). At E15.5, RFP was seen in a similarly limited set of cells: a couple of epithelial 

cells in the epididymis and a few Sertoli cells in the testis (Figure 53B, arrows). The close 

proximity of RFP+ cells in the testis was indicative of clonality, indicating minimal 

recombination efficiency in the early genital ridge. These results could be interpreted as 

suggesting that Lgr5+ cells minimally contribute to the mesonephric duct derivatives 

and Sertoli cells, but it is likely an incomplete picture due to low recombination 

efficiently in the early mesonephric tubules. While Lgr5 may provide clues as to the 

lineage dynamics of the mesonephric tubules, its absence from the presumptive rete 

means alternative reporters will need to be identified for lineage tracing rete cells to 

determine their contribution to the gonad. 
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Figure 53: Lineage tracing of early Lgr5-GFP+ cells is hindered by poor 

recombination efficiency in the urogenital complex 

(A-B) Immunofluorescence optical sections of Lgr5-GFP-
creERTg/+;RTMTg/0  gonad/mesonephros complexes at E12.5 and E15.5 following E10.5 
Tamoxifen administration. Diagram of experimental design shown to left. Boxes indicate 
regions enlarged to right or below. (A) A few RFP positive cells can be seen in the 
mesonephric tubules (arrows). Many tubules lack RFP as well as the GFP+ testis cords 
(arrowheads). (B) RFP can be seen in a few cells in the epididymis and Sertoli cells 
(arrows). The close proximity of RFP+ cells in the testis is indicative of clonality, 
suggesting minimal recombination in the early genital ridge. Scale bars: 200µm. 
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5.3.5 Overlap of PAX8 and WT1 in nephrogenic cord implies close 
relationship between coelomic epithelium and mesonephric 
condensate formation 

Pax8-based lineage tracing may offer clues to the descendent populations of the 

presumptive rete as well as the mesonephric tubules, but the extent of PAX8 expression 

in the mesonephric duct system at all stages complicates interpretation. The urogenital 

ridge derives from intermediate mesoderm, of which PAX8 is an early marker (Sasaki et 

al., 2021). Similarly, WT1 is among the first markers of the entire genital ridge as well as 

being later expressed in the presumptive rete and adjacent mesonephric mesenchyme. It 

is essential for genital ridge and nephric development (Armstrong et al., 1993, Kreidberg 

et al., 1993, Wagner et al., 2003). Lineage tracing for WT1 can result in whole-

gonad/mesonephros complex labeling (Sasaki et al., 2021). To determine how early 

PAX8 and WT1 expression compare to each other as well as to later rete development, 

whole mount confocal imaging was performed on whole embryos immunolabeled for 

PAX8 and WT1 at E10.5 and E9.5. WT1 is among the first markers of the genital ridge. At 

E10.5, WT1 is expressed in the coelomic epithelium (CE) immediately above the PAX8+ 

developing nephric ducts (Figure 54). Clusters of cells under the E10.5 CE could be 

identified that were WT1+/PAX+, while the main nephric duct was WT1-/PAX8+. The 

clusters may be the condensing mesonephric vesicles. At the anterior end of the main 

nephric duct, the mesonephric tubules were forming. The early tubules are largely WT1- 

with some WT1+ cells adjacent to the overlying CE (Figure 54, arrows in image b). At  
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Figure 54: PAX8 and WT1 overlap in condensates along the early mesonephric 

duct 

Immunofluorescence intensity sum projections (left) and optical sections (right) of whole 
mount XX embryos at E10.5. Arrows in whole embryo image indicate anterior and 
posterior ends of the distinct WT+ coelomic epithelium. Bracket indicates the region 
imaged in (a) and (b), which are taken at different Z-planes. Boxes indicate regions 
enlarged below and displayed with DAPI or as individual channels. WT1 can be seen 
throughout the coelomic epithelium and overlapping with PAX8 in condensates along 
the main nephric duct (a, asterisks) as well as in coelomic epithelium-adjacent cells of 
the developing mesonephric tubules (b, arrows). Scale bar: 300µm. 
 

E9.5, WT1 was seen in only a portion of the epithelial cells over the nephric duct, 

suggesting that it is being upregulated at this stage (Figure 55). The populations of 

PAX8+/WT1+ cells are similar to the E10.5 populations, though the WT1 in the 

presumptive mesonephric tubules extends farther away from the CE, and instead of  
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Figure 55: WT1 associated with PAX8 precedes heterogeneous upregulation of 

WT1 in the coelomic epithelium 

Immunofluorescence intensity sum projections (left) and optical sections (right) of whole 
mount XX embryos at E9.5. Arrows in whole embryo image indicate anterior and 
posterior ends of the main nephric duct. Optical sections are 2.5µm captured at 10µm 
intervals. Arrows in middle section indicate regions of WT+ coelomic epithelium cells, 
indicated by full nuclear staining rather than the punctate staining seen in adjacent cell 
populations at this stage. Boxes indicate regions enlarged and displayed with separated 
channels below. Asterisk in a' indicate developing mesonephric tubules, which express 
WT1 in ventral cells (arrows). (b) shows WT1+/PAX8+ in presumptive condensates 
adjacent to main nephric duct. Scale bars: 300µm. 
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clusters of forming condensates, PAX8+/WT1+ cells line the WT1- main nephric duct as 

the nephrogenic cord (Figure 55). It is possible that the PAX8-/WT1+ cells of the CE 

derive from one of the PAX8+/WT1+ cell populations.  

To determine the cell cycle state of the early PAX8+ and WT1+ cell populations, 

EdU labeling was performed. EdU was administered 1 hour prior to sample collection. 

All populations of PAX8+ and WT1+ cells were found to have some EdU incorporated 

(Figure 56). EdU signal was greater in the coelomic epithelium than the nephric duct or 

mesonephric tubules. The CE contained several small arches of cells (Figure 56, arrows), 

and several clusters of EdU incorporation. It is not clear from images where the arches 

and clusters of synchronously dividing cells are related. The occurrence of EdU 

incorporation in CE clusters as well as the differential incorporation of EdU between the 

nephric duct and CE indicates that EdU may offer a potential tool for lineage tracing. 

This possibility remains to be explored. 
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Figure 56: EdU incorporation is low in the mesonephric duct and may be 

associated with formation of cell arches in the coelomic epithelium 

(A-B) Immunofluorescence optical sections of developing genital ridges at E9.5, collected 
1 hour after EdU administration. Boxes indicate regions shown enlarged and as isolated 
channels below. Diagram of experimental design in lower left. (A) EdU (green) is 
apparent in cells of the coelomic epithelium and to a lesser extent in the nephric duct 
(PAX8, red). Dotted line indicates PAX8+ region. Arrows point to arches of cells in the 
coelomic epithelium. (B) EdU overlaps with WT1 (red) in the coelomic epithelium and 
adjacent nephrogenic population. Dotted line indicates WT1+ region. Arrows point to 
arches of cells in the coelomic epithelium. Scale bars: 50µm. 
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5.4 Discussion 

Development of the gonad and mesonephros can be largely summarized into an 

apparent set of cell populations and their signatures (Figure 57). While most cells appear 

in these discrete states, many transitional and intermediate states were observed that 

suggest lineage relationships based on location in the tissue and similar profiles. Given 

established lineage relationships and observations made here, it seems likely that the 

established trajectory of gonadal cell differentiation from intermediate mesoderm 

through a coelomic epithelium intermediate is closely paralleled by contribution of 

gonadal cells from the presumptive rete (Figure 58). Little is known about the molecular 

pathways that regulate coelomic epithelium as distinct from other mesonephric 

populations. The early mesonephros and genital ridge is little studied compared to the 

gonad, on which the focus has been the days around sex determination, or the 

metanephros and formation of the kidney. It will be important for future studies to 

better establish the spatiotemporal and lineage relationships of the early intermediate 

mesoderm derivatives. Recent lineage tracing work has confirmed some of the elements 

of current theories of urogenital development, including anterior-to-posterior 

development of the system, but the temporal scale observed was too broad to 

characterize the rapid development of the early mesonephric tubules (Sasaki et al., 2021). 

These data and the resultant hypotheses suggest revisiting early data on the 

formation of the gonad and mesonephros. While the most prominent lineage trajectories  
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Figure 57: Primary signatures of cell fates in the developing mesonephros 

Diagram of stages of urogenital complex development. Sagittal and transverse views are 
given for E9.5, E11.0, and E12.0. Genetic signatures are provided to the right for 
populations of interest. 
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Figure 58: Comparison of hypothesized cell state transitions leading to 

gonadal cells 

Diagram of hypothesized cell state transitions in nephrogenic and gonadogenic lineages. 
It is unknown whether cells from the intermediate mesoderm become nephric 
epithelium before contribution to the coelomic epithelium (mechanism of induction 
versus differentiation). At E12.0, the presumptive rete resides in a position relative to the 
mesonephric ducts and mesenchyme that was occupied by coelomic epithelium 
precursors at E9.5. The contextual parallel and similar transcriptional signature 
implicate the rete as a source of gonadal cells. If the rete does contribute cells to the 
gonad, it would demonstrate a more plastic pathway of gonad differentiation than 
found in the currently held models in the field. 
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for supporting cell differentiation are well established, the existence of alternative and 

additional contributions would be informative for studies of gonadogenesis and sex 

determination. Evolutionary constraints on sex determination pathways have been 

considered in depth (Capel, 2017), but the systems consequences of sex determination 

evolution beyond sex determination itself have been challenging to assess in vertebrates. 

And although genetic information on sex determination systems is becoming more 

abundant faster and faster, information on the stability of sex cell fates and the 

organogenetic context of sex determination remain challenging to establish. We hope 

that a better understanding of plasticity and canalization in gonad differentiation in the 

mouse will be transferable to other systems and provide means for building more 

contextualized accounts of sex determination in other systems, while also highlighting 

additional strategies of engaging with mouse sex determination and gonadogenesis. 

Two features of the hypothesized lineages are of particular importance. Firstly, a 

mesonephros-based route to Sertoli fate may not involve expression of Sry, as many of 

the factors shown to regulate Sry are absent from the mesonephros (Figure 59). Sry is 

integral to activating the Sertoli regulatory network in bipotential supporting cells. It is 

unclear how Sertoli cells derived from the rete upregulate the testis pathway and 

downregulated the female pathway. Though, it is at this point unknown whether the 

transcriptional network of bipotential rete cells are sex-biased in the same way that the 

bipotential cells of the coelomic epithelium and early gonad are.  Derivation of the  
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Figure 59. A model of Sertoli cell differentiation through multiple lineages. 

 

gonadal supporting cells from the mesonephros may represent the vestiges of the 

ancestral system. In several non-mammalian species, including turtles and frogs, 

gonadal supporting cells derive from a coelomic epithelium (Piprek et al., 2016), 

whereas in the chicken, gonadal supporting cells derive from the mesonephros 

(Estermann et al., 2020). Gonadal cell differentiation has yet to be fully characterized in 

enough lineages to establish the ways the supporting cell lineage changes over 

evolution, or what impact the mammalian invention of Sry would have on its regulation. 

A second significant feature of the proposed lineage is the contribution of cells 

from mesonephric condensates to the coelomic epithelium first followed by 

mesonephric tubules and the rete. Detailed steps in the lineage between early 

intermediate mesoderm and coelomic epithelium have not been established. If the 



 

166 

coelomic epithelium derives from PAX8+ mesonephric condensates or vesicles, it would 

substantially improve our understanding of coelomic epithelium regulation and offer 

several new hypotheses for understanding gonadal dysgenesis. It would also inform 

ongoing efforts to develop an organoid culture system for bipotential gonadal cells. 
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6. Conclusions and future directions 
Research on gonadal sex determination has proceeded on three levels.  Studies at 

the genetic level seek to identify gene regulatory interactions that underlie cell fate 

decisions.  This is the level that differences first appear between XX and XY gonads, with 

the expression of Sry (Nef et al., 2019). Genetic decisions scale up to cell state stabilities 

and cell-cell interactions occurring across the gonad field.  At the highest level of the 

structural hierarchy, and the end of the functional hierarchy, is the gonad as an organ, 

where research focuses on understanding intermediate organ fates. The work here 

sought to improve our understanding of sex determination through better 

contextualization within the processes of organogenesis. The primary way this was done 

was to better analyze spatial information. The majority of the work in the field that has 

deciphered patterns of sex determination did not perform quantification of patterns or 

consider individual cells. Adding these analyses presented several challenges to the 

work. Though much spatiotemporal information was incorporated into ideas about 

gonad development for this work, there are many more which remain to be deciphered 

for a complete understanding of how cellular decisions scale to organ level patterns. 

The whole embryo imaging was initially pursued to address several challenges 

to work in other areas. For instance, the early genital ridge differentiates in an anterior-

to-posterior pattern (Brambell, 1927a, Hu et al, 2013), after which it shortens through an 

unknown mechanism. In conducting analyses of cellular positions along the 
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anteroposterior axis to identify the location of the first cells to express Sry and SOX9, it 

became apparent that determining the AP position required assurance that the genital 

ridge would not continue expanding, which would lead to inappropriate estimates 

between the stages. Fortunately, analysis of gonadal length in SF1:eGFP whole embryos 

revealed that the gonad shortened from E10.5 to E11.5 (Figure 14), meaning the AP 

positions of cells checked at E11.0 were likely to remain the same at later stages. The 

data also offer an opportunity to develop hypotheses as to the mechanism of gonad 

shortening. The studies of the mesonephric duct and mesonephric tubule development 

in cleared whole embryos also provided an initial set of exploratory data for generating 

hypotheses about the early development of the rete. The complete time course dataset 

has been made available to the community and we hope it will provide similar help to 

others. 

Initial descriptions of the patterns of mouse gonad development were made in 

the 1920s, followed by a surge in observations of the early gonad in several species in the 

1970s and 80s. It was important to update these characterizations with new 

methodology in order to confirm that the patterns of gonad development we were 

attempting to find a mechanism for were present. For instance, early work indicated that 

the gonad develops through an anterior-to-posterior wave of thickening of the coelomic 

epithelium (Brambell, 1927a). While this piece of information provides a distinct 

organizing principle for studying morphogenesis and patterning in the gonad, it can't be 
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assessed properly with techniques that remove the gonad from the body, and as such 

was a premise for analyses of gonadal patterns that could have been wrong. Given the 

repetition in the field that the gonad grows from anterior to posterior, we were surprised 

to find such a minimal anterior-to-posterior trend in these samples (Figure 15C-F). At 

the time, we were unaware of the central bias in coelomic epithelium supporting cell 

precursor ingression. This study emphasized the importance of considering organ 

development as a contextual process, mirroring the emphasis on cell fate decisions 

occurring in the context of a population. 

Current models of sex determination and testis patterning assume a center-first 

expression of Sry and an outward expansion of Sertoli specification, the center-to-pole 

wave. Our initial efforts in this area were meant to study the mechanisms underlying 

this process. When gonad reconstruction cultures failed to produce any induction of 

SOX9 in XX cells, and early SRY+ and SOX9+ cells were found to have a broad 

distribution across the gonad, we were forced to revisit the literature that claimed to 

identify a center-to-pole wave. Many experiments point to the central bias towards male 

fate disposition in the gonad and several factors display distinct enrichment in the center 

(Harikae et al., 2013), but until we could determine a new mechanism that could 

underlie the pattern, it was difficult to be certain we were seeing what we thought we 

were. The feature of density dependence in Sertoli fate commitment was established 
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with early chimera experiments (Burgoyne et al., 1988; Palmer and Burgoyne, 1991), but 

the only patterns reported for the coelomic epithelium were anterior-to-posterior ones.  

The second piece of evidence that Sertoli fate was connected to cell density 

dependence was the sex reversal seen upon inhibition of cell cycle (Schmahl et al., 2003). 

The mechanism underlying these results still isn't known. While initially it was 

supposed that the relevant cell cycle suppression was in pre-Sertoli cells based on the 

XXÛXY chimera data, once p27 was found in pre-supporting cells, suggesting they were 

not actively cycling at the relevant time, other hypotheses had to be generated. As we 

considered it possible that Sertoli fate differentiation required a specific phase of cell 

cycle, either arrest or re-entry (Bunce and Capel, 2016), we analyzed the state profiles of 

Sertoli fate markers and p27 (Figure 34). We also attempted to recreate the cell cycle 

inhibition experiments, to no avail. It is possible that the 5-fluorouracil used in those 

studies to inhibit cell cycle subsequently influenced cell ingression. Having a better idea 

of how the testis differentiation pattern derives from behavior of CE cells, we can now 

design experiments to test the mechanism and attempt to remove the center bias or 

expand it. The role for cell cycle arrest in early Sertoli cells and granulosa cells remains 

unknown. We have begun to explore experimental strategies to inhibit the cell cycle 

arrest in pre-supporting cells or inhibit cell cycle re-entry in Sertoli cells. 

To further elaborate the model of two gonadal organizing principles becoming 

differentially dominant based on gonadal sex, several of the analyses need to be carried 
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further. It is surprising that sex reversal in the XY Fgf9lacZ/lacZ gonad does occur though a 

single profile trajectory, even regionally. These data indicate a variability in the 

connection between the gene networks governing cell cycle, Sertoli fate, and granulosa 

fate. It is possible that SOX9 in these samples is turning off in the same cellular order 

that it initially turned on. The pattern of p27 could be connected with one of its earlier 

patterns as well. We did not determine the pattern of initial p27 upregulation in the 

gonad or the pattern of initial p27 suppression in the XY FGF9 knockout gonads. As few 

sex reversal mutants have had their transcriptomic sex reversal trajectory studied in 

detail, it remains unclear whether the patterns seen in the FGF9 knockout are common. 

p27 has been reported as a likely direct target of FOXL2 (Nicol et al., 2018). Construction 

of a simulation of sex reversal in FGF9 mutants may help to explain the relative 

appearance of each profile. EdU lineage tracing from the CE has so far been very 

preliminary. A better method of analyzing ingression using dual-S-phase labeling with 

EdU and BrdU has been developed for the task but has yet to be employed. Even so, 

EdU lineage tracing is an indirect way to look at ingression. It will be important in the 

future to determine the mechanism of CE cell ingression and identify markers of the 

process that can be analyzed directly. Previous work on the fate regulation of CE cells 

during ingression (Lin et al., 2017) will be useful to pair with cell cycle analysis and cell 

migration tools. 
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Some of the exploratory work in chapter 5 was performed to look for a possible 

explanation of the center-biased coelomic epithelium ingression. There have been 

limited studies of CE cell behavior, and many transcriptomic studies fail to differentiate 

between the CE and other populations. WT1 is among the earliest markers of the genital 

ridge (Armstrong et al., 1993). Although differentiation of the CE cells has been reported 

to proceed from anterior to posterior along the genital ridge (Sasaki et al., 2021), WT1 

located at several AP positions in the CE at E9.5 suggests that this initial event in genital 

ridge formation may not be strictly anterior-to-posterior. As a way to explain the pattern 

of CE cell ingression into the gonad, we are interested in analyzing the difference 

between CE development over the developing mesonephric tubules versus posterior to 

the tubules. The degree to which the tubules and nephrogenic cord are contributing cells 

to the CE at this stage remains unknown. In EdU incorporation experiments at E9.5, EdU 

was seen in clusters in the CE posterior to the bulk of developing mesonephric tubules 

and small arches of cells were apparent (Figure 56), possibly connected to the 

proliferation dynamics. At E10.5, WT1+ CE cells over the developing mesonephric 

tubules are more loosely packed than cells over the mesonephric duct and condensates 

posterior to the tubules (Figure 54). We are interested in determining how extensive this 

difference in cell packing is and whether it has any relationship to the earlier clusters of 

EdU incorporation or cell arches. It is possible that the center-bias in CE supporting cell 

precursor ingression is due to an effect of the mesonephric tubules on CE development. 
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An important aspect of these studies has been the incorporation of more 

information and more context into our theories. Mathematical models of sex 

determination so far have been oversimplified and have been focused on FGF9 as a 

paracrine relay factor and in a feedback loop with SOX9. Models have yet to incorporate 

epigenetic regulation for fate stability. If FGF9's function in epigenetic stabilization is the 

system feature that connects the testis pathway to the center-to-pole organizing 

principle, it will be important to look at patterns of sex reversal in epigenetic mutants, 

such as the Cbx2 mutants analyzed in Chapter 3. A more comprehensive model and 

simulation of sex determination and gonadogenesis would allow us to generate 

hypotheses for several unanswered questions in this area. For instance, there is mixed 

evidence as to whether the ovarian pathway requires or is influenced by external factors, 

and to what degree the anterior-to-posterior pattern is a cell-autonomous way. Another 

question, relevant to the study of organogenesis, is how the shape and rate of the 

patterns change with each consecutive step in the pathway. Later factors in the testis fate 

cascade, such as AMH, seem to become activated across the field more rapidly than 

earlier factors, and to have more variability in AP intensity profile. This change may 

play a role in achieving a cohesive stabilization of population fate. 

 Finally, part of the challenge of this work has been of a discursive nature. 

For example, the idea of a center-to-pole 'wave' of differentiation carries mechanistic or 

phenomenological content. The patterns of differentiation in the ovary and testis are 
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both referred to as 'waves' even though their mechanisms of action are understood to be 

quite distinct. Testis fate was proposed to spread through active paracrine relay whereas 

ovary fate through an underlying predisposition or canalization that was derived from 

the anterior-to-posterior growth of the early embryo and so no longer actively 

generating the pattern. I have chosen to refer to the upstream causes of the patterns as 

'organizing principles' because it is mechanistically ambiguous. Hopefully, as more is 

learned about the development of the gonad and the contexts that produce these 

organizing principles, this will allow for a wider conceptualization of the potential 

influences on molecular patterns and the processes of hierarchical decision making in 

organogenesis. 
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