Chapter 4

Mesonephric Cell Migration into the Gonads
and Vascularization Are Processes Crucial
for Testis Development

Sarah M. Romereim and Andrea S. Cupp

Abstract Testis morphogenesis requires the integration and reorganization of
multiple cell types from several sources, one of the more notable being the
mesonephric-derived cell population. One of the earliest sex-specific morphoge-
netic events in the gonad is a wave of endothelial cell migration from the meso-
nephros that is crucial for (1) partitioning the gonad into domains for testis cords,
(2) providing the vasculature of the testis, and (3) signaling to cells both within the
gonad and beyond it to coordinately regulate testis development. In addition to
endothelial cell migration, there is evidence that precursors of peritubular myoid
cells migrate from the mesonephros, an event which is also important for testis cord
architecture. Investigation of the mesonephric cell migration event has utilized
histology, lineage tracing with mouse genetic markers, and many studies of the
signaling molecules/pathways involved. Some of the more well-studied signaling
molecules involved include vascular endothelial growth factor (VEGF), platelet-
derived growth factor (PDGF), and neurotrophins. In this chapter, the morphoge-
netic events, relevant signaling pathways, mechanisms underlying the migration,
and the role of the migratory cells within the testis will be discussed. Overall, the
migration of mesonephric cells into the early testis is indispensable for its devel-
opment and future functionality.

4.1 Introduction

Mammalian testis development requires the integration of cells from different
sources into a complex structure. Cells from the coelomic epithelium and the
mesonephros contribute to the gonad via migratory events at multiple points during
development. Some of these migrations occur in both male and female gonads,
while some are sex specific. In the male, for example, a wave of cell migration from
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the mesonephros into the gonad initiates key testis architecture changes. This testis-
specific mesonephric migration is dependent on prior sex differentiation and occurs
in response to chemotactic signaling molecules. The cells that migrate into the early
testis are primarily endothelial, and these cells are required for seminiferous cord
morphogenesis and testis vascularization. In this chapter, we present the advance-
ments in understanding that have been made regarding the contribution of meso-
nephric migration to testis development. The studies discussed chiefly focus on
mouse and rat models, as much of the work has necessitated knockout and condi-
tional transgenic mouse lines.

4.2 The Timing of Mesonephric Cell Migration and Initial
Vascularization of the Developing Gonad

The developmental context of testis-specific mesonephric cell migration is a key
part of understanding the importance of this event. The gonad arises as a thickening
and restructuring of the coelomic epithelium to form the genital ridge at the 5-6 tail
somite developmental stage or around 10.25-10.4 days post coitum (dpc) in the
mouse (Hu et al. 2013; Kusaka et al. 2010) (Fig. 4.1). The exact timing of this event
in dpc can vary due to subtle differences in embryonic growth rate in various mouse
lines, which can be caused by variable accelerated preimplantation development
related to the Y chromosome (Burgoyne et al. 1995). Genital ridge formation has
been reported from 9 dpc up to 10.5dpc (Chen et al. 2012; Hacker et al. 1995;
Harikae et al. 2013; Karl and Capel 1995; Nef and Parada 2000; Tanaka and
Nishinakamura 2014). This event involves proliferation and ingression of cells
from the coelomic epithelium to a mesenchymal compartment producing the
genital ridge (Harikae et al. 2013; Karl and Capel 1998; Kusaka et al. 2010;
Schmahl et al. 2000; Schmahl and Capel 2003). Coelomic epithelial migration
prior to 11.5dpc occurs in both XX and XY gonads, and the migratory cells will
eventually become Sertoli cells and interstitial cells in the testis and follicular
granulosa cells in the ovary (Karl and Capel 1998; McLaren 2000; Mork
et al. 2012). The resultant gonad primordia are initially long, thin structures beside
the mesonephros. Primordial germ cells must also migrate into and colonize the
gonad starting at 10.0 dpc and continuing up to 11.5 dpc (Ewen and Koopman 2010;
Gomperts et al. 1994; Molyneaux et al. 2001) (Fig. 4.1). Importantly, up until
11.5 dpc, the early gonad is morphogenetically identical in males and females as the
genital ridge is bipotential and thus can give rise to either a testis or an ovary.
Male sexual differentiation is dependent on the expression of the Sry gene and is
supported by continued expression of a set of male differentiation maintenance
genes (Koopman et al. 1991; Lovell-Badge and Robertson 1990; Sinclair
et al. 1990; Ungewitte and Yao 2013). A network of transcription factors including
Wilms’ tumor 1 (WT1) initiates Sry mRNA expression at ~10.5 dpc beginning in
the center of the gonad and spreading outward in a wave (Bullejos and Koopman
2001; Bradford et al. 2009). The main events in testis development are the
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Fig. 4.1 This timeline of testis development shows a progression from the undifferentiated
urogenital ridge at 9.5 days postcoitum (dpc) in the mouse (11 dpc in the rat) to the vascularized,
compartmentalized testis complete with testis cords at 13.5 dpc in the mouse. Mesonephric cell
migration into the male gonad begins in the mouse at 11.5dpc with the breakdown of the
mesonephric vascular plexus (MVP, arrow), and this MVP dissolution and subsequent events do
not occur in female embryos. The migrating endothelial cells partition the gonad into avascular
domains and form the coelomic vessel (CV, arrowheads) by 12.5 dpc in the mouse. Testis cords
then begin to form between 12.5 and 13.5 dpc

specification of the Sertoli cell lineage, testis cord morphogenesis, and then
pre-Sertoli cell expansion concurrent with testis cord elongation (Ungewitte and
Yao 2013). All of these phases of development are vital to the adult testis structure
and function. This chapter focuses on the second event in that series, the formation
of testis cords, and the critical role that mesonephric cell migration plays in that
process.

While male-specific cellular identities are established earlier, the first two
morphogenetic manifestations of testis differentiation are (1) an Sry-dependent
thickening of the gonad and the coelomic epithelium due to increased cellular
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proliferation in preparation for a second coelomic epithelial contribution of cells to
the testis and (2) a wave of mesonephric cell migration into the XY gonad that is
also dependent on Sry expression (Capel et al. 1999; Schmahl et al. 2000) (Fig. 4.1).
The second, Sry-dependent coelomic epithelium migration to the developing testis
after 11.5dpc, does not contribute to the Sertoli cell lineage but rather to the
interstitium and serves to assist in the rapid doubling in size of the testis from
11.5 to 13.5dpc (DeFalco et al. 2011; Karl and Capel 1998; Nel-Themaat
et al. 2009; Schmahl et al. 2000). The mesonephric cell migration, on the other
hand, has less to do with increasing the overall size of the testis and is instead
required for tissue patterning and testis cord morphogenesis (Bott et al. 2006;
Combes et al. 2009; Cool et al. 2011).

Mesonephric cell migration into the developing testis shares some basic char-
acteristics in common with other developmental migration events. This migration
does not require direct contact with the XY gonad and can actually occur through an
XX gonad placed in between a mesonephros and an XY gonad in culture at
11.5dpc, suggesting that the trigger to migrate must come from a diffusible
signaling molecule (Tilmann and Capel 1999). This functions similarly to morpho-
gen gradients that promote and direct migration during embryonic development.

The events that occur during mesonephric cell migration also mirror cell behav-
iors seen in other migratory events and have been closely observed with time-lapse
confocal microscopy from 11.5 to 13.5dpc in a mouse line with GFP markers
conditionally expressed in endothelial cells (Coveney et al. 2008). The majority of
the migrating mesonephric cells are endothelial in nature, and thus descriptions of
the behavior of the migrating population focus on that cell type (Combes
et al. 2009) (Fig. 4.2). First, the endothelial cells that will migrate are released
from an existing vessel network within the mesonephros in a sex-specific dissolu-
tion of the mesonephric vascular plexus. In XX embryos, the mesonephric vascular
network remains intact. In XY embryos, vascular cells that are released from the
plexus then undergo an endothelial-to-mesenchymal transition (EMT) by losing
their extended squamous shape, detaching from the surrounding endothelial cells,
and then by extending long filopodia and beginning to migrate to the coelomic
domain of the developing gonad. The migrating population does not move as a unit,
but rather individual cells move at different paces along the same general paths.
These cells then form the coelomic vessel, the male-specific main testicular artery
that persists into adulthood in rodents, and vessels branch off into the interstitium
between the testis cords (Figs. 4.1 and 4.2). Ultimately, this process partitions the
gonad into approximately ten avascular domains which form the testis cords and
subsequently the seminiferous tubules (Coveney et al. 2008) (Fig. 4.2).

This wave of patterned endothelial migration does not occur in the XX gonad
(Fig. 4.2). During the 11.5-13.5 dpc timeframe, the female mesonephric vascular
plexus remains intact (Coveney et al. 2008). In fact, very few morphological
changes are seen in the developing ovary until shortly before birth, 18.5 dpc in
the mouse (Brennan and Capel 2004). However, there is research on ovarian
development in domestic livestock such as cattle and sheep that supports a model
involving early migration from the mesonephros. In this model, mesonephric
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Fig. 4.2 Endothelial cells are stained blue in mesonephros (M) and gonads (7 testis, O ovary)
from transgenic mice expressing KDR-LacZ (a VEGF receptor-driven beta-galactosidase marker).
At 11.5dpc in the male, mesonephric endothelial cells are in the process of migrating into the
developing testis (arrowheads). At 12.5 and 13.5 dpc, the coelomic vessel (CV) is visible in the
developing testis, avascular domains have segmented, and testis cords are beginning to form. By
16.5 dpc, the male gonad contains seminiferous tubules as seen in the histological section and a
defined vasculature with a prominent coelomic vessel (arrows) as seen in the whole mount stained
testis with the epididymis (E) attached. Ovaries at 14.5 dpc as shown in histological section and at
16.5 dpc with whole mount staining both lack all male-specific vascular structures and instead
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surface epithelial cells at 10-11.5 dpc in mice (days of gestation 30-50 for cattle
and 22-38 for sheep) differentiate into the Gonad Ridge Epithelial-Like (GREL)
cells (Smith et al. 2014). Based on data primarily from sheep and bovine models,
mesonephric stromal cells, endothelial cells, and the GREL cells all migrate into the
developing ovary after sex specification, but this process has not been definitively
shown in rodent models (Hummitzsch et al. 2013; Smith et al. 2014). The key
sex-specific differences are the relatively disorganized mesonephric migration of
the developing XX gonad and that the processes are regulated by different signaling
pathways (Ungewitte and Yao 2013).

4.3 How the Knowledge of Mesonephric Cell Migration
Emerged

Based on histological examination, researchers suspected for years that cells from
the mesonephros migrated into and contributed to the structure of both the
undifferentiated gonad and sex-differentiated testes (Upadhyay et al. 1979, 1981;
Wartenberg et al. 1991). Once the technological tools became available in the
1990s, studies using lineage-tracing markers directly demonstrated mesonephric
migration. The first lineage study used mouse testis explants cultured with meso-
nephros containing a transgenic marker that could be detected by in situ hybridi-
zation to show that (1) the mesonephros contributes non-germ and non-Sertoli cells
to the testes by migration, (2) this cell migration is required for normal testis
architecture, and (3) both XX and XY mesonephroi can contribute cells to a
developing testis (Buehr et al. 1993). While the identity of the migrating cells
was inconclusive at this point, the demonstration that mesonephric cell migration is
required for testis morphogenesis was a significant advancement.

A few years later, researchers used gonad explants cultured with mesonephroi of
ROSA26-LacZ mice to show that only XY gonads promote mesonephric cell
migration from 11.5 to 16.5 dpc (Martineau et al. 1997). The ROSA26-LacZ trans-
genic mouse line ubiquitously expresses the enzyme f-galactosidase. When
ROSA26-LacZ mesonephric cells migrated into an XY gonad explant lacking the
transgene, the substrate for f-galactosidase was provided to selectively stain those
cells blue while the surrounding gonad remained unstained. This proved that those
blue cells in the gonad originated in the ROSA26-LacZ mesonephros explant. This
study also provided more insight into the cell types that undergo migration based on
the final morphology and destinations of the migratory cells. The authors suggested
that endothelial cells, cells that migrated to positions near areas of Sertoli cell

Fig. 4.2 (continued) have blood vessels spread uniformly throughout the ovary. Microscopy
images reprinted with publisher (Springer) permission from Bott et al. (2010)
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condensation, and other cells that migrated to locations close to endothelial cells
composed the migratory population (Martineau et al. 1997).

The exact cell types that migrate from the mesonephros have been a topic of
debate over the years. Early on Martineau et al. (1997) and Merchant-Larios
et al. (1993) proposed that peritubular myoid cells and other interstitial cells
migrate into the gonad along with endothelial cells. Peritubular myoid cells form
a thin, flattened layer around the testis cords and future seminiferous tubules,
defining the structure of the cords and potentially contributing to the adult func-
tionality of the tubules by muscular contraction to aid movement of sperm through
the lumen (Wilhelm et al. 2007). Interestingly, these peritubular myoid cells are the
only testis cell type with no known ovarian equivalent. They also have no known
cell type-specific genetic markers and can only be identified by genes common to
muscle cells such as alpha-smooth muscle actin and desmin (Jeanes et al. 2005).

Later studies argue that the migrating population is primarily or even exclusively
endothelial cells based on the expression of endothelial markers before/during the
migratory period. In one such article, Combes et al. (2009) performed coculture
from 11.5 to 12.5 dpc of mesonephros constitutively expressing green fluorescent
protein (GFP) with XY gonads not expressing GFP and showed by immunofluo-
rescence that >99 % of the GFP-labeled cells co-localized with the endothelial
marker cadherin-5 (also designated VE-cadherin, CD144 antigen, and Cadherin
5, type 2). These data support the claim that the majority of the initial wave of
migratory cells is endothelial in nature, but does not rule out subsequent migration
or differentiation of other cell types. In a separate study, Cool et al. (2008) utilized
lineage tracing with an EYFP alpha-smooth muscle actin (@-Sma) marker of
interstitial cells expressed in transgenic mesonephroi cultured with wild-type XY
gonads. This experiment showed that no cells already expressing alpha-smooth
muscle actin were part of the migrating population, which the authors argue
demonstrates that no peritubular myoid cells in the testis originate in the meso-
nephros (Combes et al. 2009; Cool et al. 2008). However, this finding does not rule
out the possibility of precursors that do not yet express the interstitial actin marker
migrating into the gonad and subsequently differentiating. Overall, the literature
supports the idea that the wave of mesonephric cell migration into the gonad
concurrent with male sex specification is primarily endothelial in nature but does
not rule out subsequent migration of other testis cell types or their precursors. In
addition to the evidence for a large migratory endothelial component, there is also
support for the idea that the precursors of peritubular myoid cells migrate from the
mesonephros in response to neurotrophins, though the timing of the migration is
difficult to determine. As will be discussed in more detail in the section specific to
neurotrophin signaling, mesonephric-derived peritubular myoid cells express the
low-affinity neurotrophin receptor NGFR (formerly p75NTR), and these cells do
not appear in the fetal testis unless cocultured with a mesonephros explant (Russo
etal. 1999; Campagnolo et al. 2001). Neurotrophin-3 (NT3) signaling inhibition via
antisense nucleotides against NT3, a pharmacological inhibitor of the receptor
NGFR, and receptor-IgG fusion dominant negative expression also disrupt semi-
niferous tubule formation and testis architecture (Cupp et al. 2000, 2003; Levine
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et al. 2000). Additionally, a small proportion of GFP-expressing mesonephric cells
that migrated into the gonad and subsequently were isolated by fluorescence-
assisted cell sorting (FACS) were shown to express the muscle-specific intermedi-
ate filament desmin, which is a general marker for myoid cells, including the
peritubular myoid cells (Nishino et al. 2001). Furthermore, there is evidence that
some cells that will contribute to the Leydig cell (an interstitial cell adjacent to the
mature seminiferous tubules) population migrate into the gonad from the meso-
nephric border alongside vascular cells (DeFalco et al. 2011). Thus, the mesoneph-
ros contributes migratory cells of both endothelial and non-endothelial cell types,
though the bulk of the migratory population express endothelial cell markers during
migration.

Migration from the mesonephros into the gonad after the period of sex specifi-
cation also occurs in the developing ovary. After 12.5 dpc the transcription factor
GLI1 is expressed in the mesonephros but not the ovary. GLI1+ mesonephric cells
then migrate into the XX gonad starting at 18.5 dpc, just before birth, to contribute a
small but crucial subpopulation to the theca cells of the ovarian follicles (Liu
et al. 2015). Mesonephric migration into the gonad thus has the possibility to
occur at multiple points during development and contribute to its architecture and
function.

4.4 Signals That Promote Mesonephric Cell Migration

The signaling pathways that coordinately regulate testis development are numer-
ous. This section will discuss those pathways that are involved in mesonephric cell
migration into the XY gonad and the phenotypic results if those signals are
inhibited (Table 4.1). Some signaling pathways are directly required for mesoneph-
ric cell migration, while others act in a permissive capacity or modulate the effects
of other signals.

4.4.1 Sex Determination and Pleiotropic Regulators
of Migration

SRY and SOX9 Male sex determination is a prerequisite for migration of meso-
nephric cells (Fig. 4.3). The initiator of the male-specific genetic program is Sry
expression, which occurs from 10.5 to 12.5 dpc in the mouse and is necessary for
cell migration into the testes from the mesonephros (Capel et al. 1999; Koopman
et al. 1991). Shortly after the initiation of Sry expression, the SRY-box containing
gene 9 (Sox9) is expressed in the pre-Sertoli cells via synergistic action of SRY and
the transcription factor steroidogenic factor 1 (SF1, also known as NR5A1) on a
Sox9 enhancer (Luo et al. 1994; Sekido and Lovell-Badge 2008). Unlike Sry, Sox9
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expression is maintained throughout embryogenesis and into adulthood (Kent
et al. 1996). Mutations in Sox9 or its regulatory regions result in male-to-female
sex reversal (Wagner et al. 1994). Conversely, transgenic expression of Sry or Sox9
in XX gonads causes female-to-male sex reversal (Koopman et al. 1991; Vidal
et al. 2001). The transcription factors SRY and SOX9 do not directly initiate or
control the mesonephric cell migration, but they put into effect a male develop-
mental program involving several signaling molecules and pathways that result in
the migratory event and seminiferous tubule morphogenesis (Fig. 4.3). These
signaling factors will be discussed in more detail in this section.

FGF9 Within the developing testis, the male-specific genes expressed regulate sex
specification maintenance and/or the morphogenetic changes crucial for testis
architecture. Many of these genes exist in feedback loops and interacting signaling
pathways. A prime example of a sex maintenance gene involved in feedback loops
and pathway interaction is fibroblast growth factor 9 (FGF9), which upregulates
and maintains Sox9 expression after sex determination in the XY gonad (Fig. 4.3).
Fgf97~ mice can initiate but not maintain Sox9 expression, resulting in impaired
Sertoli cell differentiation and testis cord formation (Kim et al. 2006). This signal-
ing occurs primarily via FGF receptor 2 (FGFR2), as Fgfr2”~ mice have similar
phenotypes to Fgf9'~ mice and experience sex reversal (Bagheri-Fam et al. 2008;
Kim et al. 2007; Schmahl et al. 2004). A crucial reason that FGF9 and FGFR2 are
required for testis development is that FGF9 signaling actively represses the WNT4
signaling that would otherwise promote female gonad development (Jameson
et al. 2012) (Fig. 4.3). Conditional knockout of either Fgf9 or Fgfi2 in the SfI-
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expressing cells of XY gonads causes male-to-female sex reversal, while testis
morphology is rescued in Fgf9/Wnt4 and Fgfr2/Wnt4 double mutants (Jameson
etal. 2012). Together these data suggest that the primary role of FGF signaling is to
suppress the female developmental program.

Factors with Pleiotropic Effects in XX and XY Gonads Additionally, it is
important to note that signals from the female gonad can actively inhibit meso-
nephric cell migration into the XX gonad. WNT4 must be downregulated in the XY
gonad in order for endothelial cell migration into the developing testes and the
formation of a coelomic blood vessel (Jeays-Ward et al. 2003). Interestingly,
signaling pathways in gonad development are often pleiotropic and can function
in both the male and female developmental programs (Fig. 4.4). One such example
involves the transcription factor SF1 (which is commonly considered a marker for
the Sertoli cell lineage) and its cofactor Cbp/p300-interacting transactivator
2 (CITED2). By looking at a Cited2”~ mouse and the resulting decrease in SF1
activity, researchers discovered that in XY mice SF1/CITED?2 function is important
for proper testis architecture, but in XX gonads SF1/CITED2 signaling is also
crucial for female patterning and without it there is ectopic mesonephric cell
migration (Combes et al. 2010) (Fig. 4.4).

Another such factor with pleiotropic effects is R-spondin 1 (RSPO1), which
enhances canonical p-catenin/Wnt signaling to drive female gonad development
(Carmon et al. 2014; Wilhelm 2007). This is required for ovarian development as
masculinization and loss of female morphology is observed in XX gonads in Rspol
knockout mice (Chassot et al. 2008). In XY gonads of Rspo~’~ mice testis morpho-
genesis appears normal, indicating that RSPO1 is not required in vivo for testis
development (Chassot et al. 2008; Lavery et al. 2012). However, a recently
published study shows that there may be a complex balance between RSPO1 and
Dickkopf homolog 1 (DKK1), an inhibitor of the canonical WNT/RSPO signaling
pathway regulating testicular angiogenesis with R-spondin 1 driving vasculariza-
tion (Caruso et al. 2015) (Fig. 4.4). In cultured explants of XY gonads/mesonephroi,
DKKI1 treatment inhibits endothelial cell migration into the gonad while RSPO1
treatment rescues this inhibition (Caruso et al. 2015). Thus, molecules that promote
mesonephric cell migration in the XY gonad such as SF1/CITED2 or RSPO1 have
the opposite effect in the XX gonad and prevent ectopic vascularization.

4.4.2 VEGFA

The VEGF Family The vascular endothelial growth factor (VEGF) family con-
tains five mammalian proteins: VEGFA, VEGFB, VEGFC, VEGFD, and PGF
(placental growth factor, formerly known as PIGF). The factor for which the family
is named is VEGFA, originally known simply as VEGF, and it was originally
discovered as a gene vital for embryonic blood vessel development (Carmeliet
et al. 1996; Ferrara and Henzel 1989; Ferrara et al. 1996). VEGFB and PGF are both
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involved in blood vessel development, but do not appear to be expressed in the
developing gonad at the time of mesonephric cell migration into the testis (Olofsson
et al. 1998; Park et al. 1994). VEGFC and VEGFD primarily function in lymphatic
angiogenesis (Achen et al. 1998; Jeltsch et al. 1997; Joukov et al. 1996; Karkkainen
et al. 2002).

VEGFA A great deal of investigation has been centered on VEGFA, as it is critical
for vascularization in many contexts (Ferrara et al. 2003). The function of VEGFA
is also multifaceted because it undergoes alternative splicing of its eight exons that
produces many isoforms with varying functions (Dehghanian et al. 2014; Olsson
et al. 2006). The known human isoforms include VEGFA-111, -121, -145, -148,
-165, -183, -189, and -206 (named for the length of the protein in amino acids),
while the mouse isoforms are one amino-acid residue shorter than the
corresponding human isoform and named accordingly (Dehghanian et al. 2014).
However, there is an additional alternative splicing variation in which the previ-
ously known version of exon 8 of the VEGFA transcript, now called exon 8a, is
replaced with exon 8b which gives the protein anti-angiogenic properties (Bates
et al. 2002). This creates a set of anti-angiogenic isoforms corresponding to the
pro-angiogenic isoforms containing exon 8: VEGFA-121b, -145b, -165b, -183b,
and -189b (Dehghanian et al. 2014). Most of the research regarding mesonephric
endothelial migration and the role that VEGFA plays in this process has looked at
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broad inhibition of VEGF receptors or other methods that are not able to distinguish
the function of individual isoforms. Thus, as the field moves forward, it will be
interesting to discover how much the complexity and nuance in signaling is
available from so many signaling molecules factors into testis vascularization.

What is currently known is that manipulations of VEGFA can have strong effects
on testis vascularization. Immunohistochemistry and explant culture in the presence
of signaling inhibitors SU1498 (a selective inhibitor of one VEGF receptor),
VEGFR-TKI (a general VEGFA receptor antagonist), Je-11 (competitively binds
VEGFA to prevent receptor binding), and LY 294002 (a phosphoinositide 3-kinase
(PI3K) pathway inhibitor) demonstrated that angiogenic isoforms of VEGFA
including Vegfal20, Vegfal64, and Vegfal88 are expressed in the developing
testis in the rat and that VEGFA signaling via KDR is required for vascularization
and testis cord formation (Bott et al. 2006) (Fig. 4.3). Inhibition of VEGFA
signaling with pharmacological treatments blocks the action of both angiogenic
and antiangiogenic isoforms, showing that the vascularization and structural defects
are due to impaired VEGFA signaling as a whole without distinguishing the roles of
individual variants (Bott et al. 2006; Cool et al. 2011). Specific inhibition of anti-
angiogenic VEGFA using antibody treatment, on the other hand, results in exces-
sive vascularization and thus suggests that those isoforms inhibit over-
vascularization (Baltes-Breitwisch et al. 2010). VEGFA signaling can thus either
promote vascularization or inhibit it based on the splice variants produced.

VEGFA Signaling Transduction In addition to the variety of VEGFA isoforms
possible, the ways in which VEGFA signaling can occur are quite varied and
include both canonical ligand—-receptor interactions and ligand-independent signal-
ing, involving various receptor dimers and interactions with co-receptors (Domigan
et al. 2015). Many of these unconventional signaling pathways are recently discov-
ered, and the extent to which they might function in the developing gonad is not yet
known. Within the early gonad, most of the research to date has focused on
traditional ligand—receptor signaling. Two major receptors play important roles in
transduction VEGFA signaling in the early gonad: the fms-like tyrosine kinase
receptor (FLT1, sometimes cited as VEGFR-1) and the kinase insert domain
receptor (KDR, alternatively called FLK1 or VEGFR-2) (de Vries et al. 1992;
Shibuya et al. 1990; Terman et al. 1992). KDR and FLT1 have different modes of
signal transduction and binding affinities for the VEGFA ligand. Binding analyses
showed that VEGFA has a ~50-fold greater binding affinity for FLT1 than for KDR
(Waltenberger et al. 1994). However, KDR is the primary receptor through which
VEGFA signal transduction occurs (Kroll and Waltenberger 1997; Waltenberger
et al. 1994). VEGFA binding-induced tyrosine kinase autophosphorylation of KDR
results in its downstream signal transduction in endothelial cells (Waltenberger
et al. 1994). When VEGFA binds to FLT1 in endothelial cells autophosphorylation
and signal transduction do not occur, though in non-endothelial cells FLT1 can
transduce VEGFA signaling (Caires et al. 2012).
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The expression patterns of FLT1 and KDR impart critical sex-specific differ-
ences to VEGFA signaling. In the XY gonad and mesonephros, FLT1 is not
expressed until after testis cord formation (18 dpc in the rat) (Bott et al. 2006). In
XX embryos, FLT1 is expressed much earlier and may prevent ectopic endothelial
cell migration by acting as a “decoy” receptor that sequesters VEGFA away from
KDR to attenuate the signal transduction (Fong et al. 1999; Gille et al. 2000;
Hiratsuka et al. 1998; McFee et al. 2009). Interestingly, this FLT1 decoy func-
tion/lack of kinase activity is defined by a single amino acid (Meyer et al. 2006).

There are many proteins that can modulate VEGFA signaling in addition to its
receptors. VEGFA itself can bind to heparan sulfate proteoglycans within the
extracellular matrix, which can alter its diffusion through tissues (Park
etal. 1993; Vieira et al. 2010). In addition, the heparan sulfate proteoglycan binding
domain of some VEGFA isoforms allows them to bind to co-receptors of the
neuropilin family which includes neuropilin 1 (NRP1) and neuropilin 2 (NRP2)
(Chen et al. 1997; Fidder 1996; Gitay-Goren et al. 1996; Kawasaki et al. 1999). The
way that NRP1 functions to modulate VEGFA signaling is to bind VEGFA and
form complexes with either KDR or FLT1 (without directly binding to either
receptor) (Soker et al. 1998, 2002). The angiogenic isoforms of VEGFA such as
Vegfa-165 can bind NRP1 and KDR, and proteins that interact with the C-terminus
of NRP1 can then enhance KDR signal transduction (Wang et al. 2006). Addition-
ally, NRP1 binding may promote KDR trafficking and recycling and thereby further
enhance VEGFA signaling (Kofler and Simons 2015). The anti-angiogenic
isoforms, on the other hand, cannot bind to NRP1 which may help explain why
those isoforms do not have strong KDR signaling properties (Kawamura
et al. 2008).

VEGFA in Mesonephric Chemotaxis Within the developing testis, the most
studied VEGFA signaling pathway is the traditional angiogenic ligand—KDR
receptor interaction. Based on a transgenic marker line (KDR-LacZ), mesonephric
endothelial cells that undergo migration express KDR prior to and after migration
(Bott et al. 2010) (Fig. 4.2). KDR as a lineage marker, however, may also include
hematopoetic stem cells due to KDR expression beginning in a shared precursor,
the hemangioblasts (Ziegler et al. 1999). Importantly, pharmacological inhibition of
KDR alone with SU1498 or KDR and FLT1 both with VEGFR-TKI (a general
VEGFA receptor antagonist) and VEGF-Trap (which contains domains of KDR
and FLT1) prevent endothelial migration and testis cord formation (Bott et al. 2006,
2010; Cool et al. 2011). VEGFA does not act in isolation, however, as both platelet-
derived growth factor (PDGF) and NRP1 act in concert with VEGFA. As will be
discussed further in the next section, PDGF is crucial for coelomic vessel formation
and likely participates in VEGFA-mediated cross talk between the migrating
endothelial cells and the mesenchymal cells of the gonad (Brennan et al. 2003;
Cool et al. 2011; Uzumcu et al. 2002). NRP1, on the other hand, can function as
both a modulator of canonical VEGFA signaling and can regulate endothelial cell
function independently of KDR (Kofler and Simons 2015). NRP1 can regulate
adhesion and motility of endothelial cells by interacting with integrins and the
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non-receptor tyrosine kinase ABL1 (Fukasawa et al. 2007; Murga et al. 2005;
Raimondi et al. 2014; Valdembri et al. 2009). Thus, VEGFA signaling plays a
major role in testis vascularization and testis cord morphogenesis, but it is
supported by other signaling pathways and potentially made redundant based on
the observation that a pDmrtl-Cre-driven Vegfa knockout (excision of exon 3 spe-
cifically in the Sertoli and germ cells) does not prevent vascularization or testis cord
formation (Lu et al. 2013).

4.4.3 PDGF

Platelet-derived growth factor (PDGF) is a family of signaling molecules that are
made of dimers of four subunits (A, B, C, and D), resulting in PDGF-AA, -BB, -CC,
-DD, and -AB (Heldin 2013). The receptors for these factors are also dimers with
alpha and beta subunits corresponding to separate PDGF subunits (Heldin 2013).
Within the developing testis, PDGF-AA, -BB, and -CC have been shown to be
expressed and to play a role in testis cord morphogenesis (Hoch and Soriano 2003;
Puglianiello et al. 2004). PDGF-BB has various functions in vasculature throughout
embryonic development. In the developing testis, selective PDGF signaling inhi-
bition with AG1296 (tyrphostin) prevents testis cord formation while treatment
with PDGF factors in culture partially rescues testis cord morphogenesis, but the
resulting cords are of a smaller diameter (Ricci et al. 2004; Smith et al. 2005)
(Fig. 4.3). Additionally, genetic knockouts of the alpha PDGF receptor subunit
show disrupted vascularization and compartmentalization prior to testis cord for-
mation in XY gonads at 13.5 dpc (Brennan et al. 2003). The interactions between
PDGF signaling and VEGEF signaling, both of which are known regulators of testis
cord morphogenesis, are a great example of cooperative signaling driving two
interdependent morphological processes. Using inhibition of VEGF signaling
with VEGF-Trap (which inhibits both KDR and FLT1) and mouse transgenic
lineage markers for various cell types, Cool et al. (2011) showed that somatic
cells of the early testis express VEGFA to promote endothelial migration and
respond, by proliferation, to that endothelial migration (Fig. 4.3). Interestingly,
there is some cell culture-based evidence that VEGFA can directly signal via PDGF
receptors in cells lacking VEGF receptors (Ball et al. 2007). Overall, the interac-
tions and complexities of these interconnected signaling pathways likely provide
precision of control and potential redundancy in the regulation of mesonephric
endothelial migration, vascularization of the testis, and testis cord morphogenesis.

4.4.4 Neurotrophins

Another chemotactic factor that has been shown to be involved in mesonephric cell
migration into the early testis, but not endothelial cells, are the neurotrophins
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(Fig. 4.3). Beginning at 13 dpc in the developing rat testis and 11.5dpc in the
mouse, immunohistochemistry can be used to localize neurotrophin 3 in the Sertoli
cells and the neurotrophin receptors in the mesonephros and subsequently in the
peritubular myoid cells (Campagnolo et al. 2001; Cupp et al. 2000; Levine
et al. 2000; Russo et al. 1999). In fact, Campagnolo et al. (2001) showed that the
low-affinity neurotrophin receptor NGFR can be used as a lineage marker for
mesonephric-derived peritubular myoid cells and that these cells do not appear in
the fetal testis unless cocultured with a mesonephros explant. Neurotrophin signal-
ing inhibition with antisense nucleotides against NT3, a pharmacological inhibitor
of the receptor NGFR, and receptor-IgG fusion dominant negative expression in rat
testis explants also inhibit seminiferous tubule formation, and mouse genetic
knockout of the neurotrophin ligand or its receptor results in decreased testis
interstitial volume (Cupp et al. 2000, 2003; Levine et al. 2000). In addition,
neurotrophin receptor knockout mice (Ntrkl, Ntrk3) show impaired seminiferous
tubule formation and reduced interstitial area in the testis at 13—14 dpc (Cupp
et al. 2002). Thus, the mesonephros contributes both endothelial cells and at least
part of the peritubular myoid cell population to testis architecture.

4.4.5 Other Signaling Factors Contributing to Mesonephric
Migration

In addition to the more well-studied contributors to mesonephric cell migration into
the testis, there are other signaling pathways that can influence this migration. Anti-
Miillerian hormone (AMH) deficient mice do not have testis abnormalities, but
exogenous AMH in an organ culture can induce both mesonephric cell migration
into XX gonads and testis cord formation (Ross et al. 2003; Vigier et al. 1987). Amh
mRNA is expressed at 12.5 dpc in the mouse testis and thus could play a contrib-
uting role in inducing mesonephric migration into the XY gonad, though it is likely
not the main initiator of the migration in vivo due to the timing of the expression
(Hacker et al. 1995; Miinsterberg and Lovell-Badge 1991) (Fig. 4.3).

Another pathway with an incompletely defined role in testis cord formation is
Hedgehog signaling involving two ligands: desert hedgehog (DHH) and sonic
Hedgehog (SHH). DHH is required for the formation of the basal lamina that
surrounds the testis cords and is also involved in testicular somatic cell fate
specification (Clark et al. 2000; Pierucci-Alves et al. 2001; Yao et al. 2002). In
fact, DHH expression in the XY gonad shortly after Sry expression is one of the
earliest signs of sex-specific differentiation of Sertoli cells (Bitgood et al. 1996).
SHH, on the other hand, is expressed in the Wolffian duct epithelium of the
mesonephros (Bitgood and McMahon 1995). The Hedgehog receptor Patched,
which binds and transduces signals for both DHH and SHH, is expressed in the
mesonephric mesenchyme as well as the testis interstitium (Franco and Yao 2012;
Yao et al. 2002). Importantly, the migration of mesonephric endothelial cells into
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the early testis and its vascularization do not depend on Hedgehog signaling based
on data from DHH genetic null mice and pharmacological inhibition of the Hedge-
hog co-receptor Smoothened (Yao et al. 2002; Yao and Capel 2002). Instead, a
primary role of DHH appears to be to promote differentiation of fetal Leydig cells
(Barsoum et al. 2009; Yao et al. 2002). However, DHH also plays a role in
peritubular myoid cell function or differentiation, as Dhh™~ mice have peritubular
myoid defects (Clark et al. 2000; Pierucci-Alves et al. 2001). In addition to the
likely DHH signaling to peritubular myoid cells from Sertoli cells, it is possible that
SHH from the mesonephric epithelium may play a role in peritubular myoid cell
function either through direct interaction with myoid cells in the early testis or by its
function within the mesonephros. NOTCH signaling (like DHH) is also a key
regulator of the Leydig cell lineage, though NOTCH acts to promote maintenance
of the progenitor line by inhibiting Leydig cell differentiation (Tang et al. 2008).
Interestingly, Notchl receptor and the ligands Jagged! and Jagged? have been
reported to be expressed in the testis vasculature during the period of mesonephric
endothelial migration and testis cord formation (Brennan et al. 2002). There is also
evidence that this results in active NOTCH signaling due to coincident expression
of a downstream target, Hes-5 (Brennan et al. 2002). Other cells such as Sertoli
cells and the interstitium can also express Notch2 and Notch3 with corresponding
expression of the downstream target genes Hes-/ and Hes-5 (Tang et al. 2008).
Inhibition of NOTCH signaling with mouse genetic knockout of Hes-/ and phar-
macological treatment with DAPT (a gamma-secretase inhibitor) results in
increases in differentiated Leydig cell numbers. Constitutive overexpression of
Notch driven by the Sfl promoter, on the other hand, results in a loss of Leydig
cells. And, ultimately, both Hes-I~ and ectopic Notch result in smaller and
irregularly shaped testis cords (Tang et al. 2008). However, the possible connection
between the mesonephric-derived endothelial cell migration and regulation of
Leydig cell differentiation in the testis via NOTCH signaling has not been thor-
oughly investigated.

4.5 Mechanisms of Mesonephric Cell Migration

Actively migrating cells must undergo several coordinated changes to detach from
the original tissue, receive and interpret polarizing cues to orient their movement,
translocate, and integrate into the target tissue (Ridley et al. 2003). The first step,
disengaging from the original tissue, often requires the change from an epithelial
state to a mesenchymal cell morphology. In the case of the mesonephric endothelial
cells that migrate into the XY gonad, this is actually an endothelial-to-mesenchy-
mal transition (EMT), though it still follows the same pattern of events based on
immunofluorescence and cell shape changes (Combes et al. 2009; Thiery
et al. 2009). The vascular plexus of the mesonephros and the endothelial cells
that migrate into the early testis express classic endothelial cell adhesion molecules
such as VE-cadherin (Combes et al. 2009). Though there is currently little direct



88 S.M. Romereim and A.S. Cupp

Endothelial cells in Loss of adhesions, Migration towards
vasculature within increase in morphogen source
mesonephros cytoskeletal dynamics Trailing

edge
retraction
9 9 Leading
edge
extension
Intact ‘
adhesions

)

Fig. 4.5 During the process of migrating into the XY gonad, endothelial cells within the vascular
plexus of the mesonephros must lose their existing adhesions and structure and acquire a mesen-
chymal phenotype with greater cytoskeletal dynamics and multiple filopodia-like extensions. In
response to a gradient of a signaling molecule such as VEGFA, the closer filopodia extend toward
the source of the morphogen and the further edges retract. This results in directional migration

evidence, it is conceivable that the endothelial-to-mesenchymal transition that
allows migration would cause a change in cell-cell binding by internalizing adhe-
sion molecules from the membrane and sequestering or degrading them temporar-
ily. Simultaneously, the endothelial cells lose their extended squamous shape and
become elongated with filopodia-like extensions (Combes et al. 2009; Coveney
et al. 2008). The loss of existing cell adhesion and changes in cytoskeletal structure
required for these cell shape changes permit the cell to undergo directed movements
with polarized adhesion formation and cytoskeletal filament elongation (Fig. 4.5).

4.5.1 Cues to Orient Mesonephric Migration

An obvious candidate for an endothelial chemotactic signal is VEGF.
Neovascularization in many contexts is controlled by VEGFA gradients, and it
serves both to orient migration and to promote the necessary cellular changes to
cause cell movement. For example, VEGFA signaling via human KDR expressed in
porcine endothelial cells resulted in changes in cell morphology, actin reorganiza-
tion, membrane ruffling, and chemotaxis while FLT1 signaling did not have the
same responses (Waltenberger et al. 1994). Other data from human umbilical
endothelial cells show that signaling via KDR may regulate focal adhesion com-
plexes while FLT1 affects cytoskeletal dynamics in this context (Kanno
et al. 2000). Additionally, VEGFA can promote chemotactic migration of
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non-endothelial human cells including osteoblasts, lung cancer cells, and mesen-
chymal progenitor cells (Chen et al. 2009; Fiedler et al. 2005; Mayr-Wohlfart
et al. 2002). This role for VEGFA chemotaxis has also been shown for endothelial
cells in other developmental systems such as the kidney (Li et al. 2005). All of this,
combined with the previously demonstrated role of VEGFA in mesonephric endo-
thelial migration into the testis, makes it highly likely to be a major directional cue
to those migrating cells.

The way in which a gradient of signaling ligands is interpreted varies based on
the context. Unlike cells with established adhesions in a tissue, migrating cells must
respond to directional cues autonomously. Migrating endothelial tip cells in the
retina and other contexts do this by extruding filopodia in multiple directions
(Gerhardt et al. 2003). Further cytoskeletal polymerization is encouraged in the
filopodia that receive the most signal transduction, thus elongating the cell toward
the source of the signaling ligand (Fig. 4.5). VEGFA signaling gradients in the
developing brain cause endothelial tip cells to migrate toward them because they
express KDR and NRPI1, both of which are required for migration (Fantin
et al. 2013; Gerhardt et al. 2003, 2004). The mosaic studies that show that
endothelial migration has a cell autonomous dependence on KDR and NRPI
signaling have not been performed in the developing testis/mesonephros, but it is
likely that migration in that system occurs with a similar mechanism. It is also
possible that other signaling pathways that promote mesonephric cell migration into
the XY gonad do so through an analogous system of random filopodial extension,
greater signaling response nearer the chemotactic source, and reinforcement of
cytoskeletal dynamics in that direction.

The way in which a filopodium seeking and finding a greater source of a
chemotactic factor like VEGFA responds and causes migration varies based on
the cell type, but there are some common themes. Such a localized area of signaling
activation results in phosphorylation/activation of downstream signal transducers
and in proteins that regulate cytoskeletal dynamics. For example, endothelial cell
culture assays show that a VEGF/KDR-initiated MAP-Kinase signal transduction
cascade phosphorylates LIM-Kinase which inhibits cofilin, preventing cofilin from
depolymerizing actin filaments and thus forming actin stress fibers that further
stabilize the local filopodium (Kobayashi et al. 2006). This is just one of many
potential avenues by which VEGFA or other signaling molecules regulate cyto-
skeletal dynamics in a complex network of interacting signal transductions and
cytoskeleton-interacting proteins.

4.5.2 Narrowing the Migratory Path

One possibility that has been proposed to control the breadth of the migration path
is that the individual migrating endothelial cells follow prelaid extracellular matrix
scaffolding paths to partition the gonad into avascular domains prior to testis cord
formation (Coveney et al. 2008). These extracellular matrix paths would be, in a
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sense, the path of least resistance with more matrix molecules that the leading edge
of the migrating cell could bind to more easily than the surrounding matrix in order
to narrow the directional movement toward a more general chemotactic signal.
Another possibility is that the very first migratory endothelial cells would only have
a broad directional cue to follow but would modify the surrounding tissue as they
passed to guide subsequent migratory cells along the same path (Combes
et al. 2009; Murphy and Gavrilovic 1999).

4.5.3 Reintegration into Target Tissue

Endothelial cells migrate individually rather than as a unit and must integrate into
the target tissue (the XY gonad) and aggregate to form the coelomic vessel. Smaller
vessels then branch off of the coelomic vessel between the avascular domains that
will form the testis cords. In order to establish the new vasculature of the testis,
VE-cadherin binding is crucial as treatment with an antibody blocking that binding
prevents the formation of a nascent vascular plexus in the testis that would give rise
to the coelomic vessel (Combes et al. 2009). The localization of endothelial cells
between partitioned sections occurs by 12.25 dpc, and by 12.5 dpc, the endothelial
cells have become interconnected again organized into vessels, so the
reestablishment of cell-cell adhesion is coordinated and relatively fast (Combes
et al. 2009). Both the act of partitioning the domains of the future testis cords and
the presence of the endothelial cells themselves are important for the rest of the
testis architecture formation.

4.6 The Role of Mesonephric-Derived Cells in the Testis

Once cells have migrated into the early XY gonad from the mesonephros, they take
their place in the developing testis. Endothelial cells that were dissociated reform
vasculature. The main purpose of the vasculature, of course, is to allow blood flow.
Before 12 dpc, blood flows into the developing testis from the mesonephros vascu-
lar plexus through the gonad/mesonephros boundary (Brennan et al. 2002). After
mesonephric endothelial cell migration and remodeling of the testis, blood flow is
redirected into the testis via the arterial coelomic vessel (Brennan et al. 2002).
Funneling blood flow in this manner is necessary for an external organ that will both
need a sufficient blood supply and need to transport secreted hormones into
circulation.

The importance of the testis vasculature to the development and functionality of
the gonad is clear when vasculature formation is inhibited. When mesonephros—
gonad organ cultures are treated with an antibody against the extracellular domain
of VE-cadherin (thereby preventing endothelial cells from forming adherens junc-
tions), mesonephric endothelial cell migration into the testis is reduced by 63 %
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(Combes et al. 2009). The coelomic vessel, which like other large vessels utilizes
tight junctions in addition to adherens junctions, still forms despite inhibited
VE-cadherin binding. However, the branches from the coelomic vessel that sepa-
rate the avascular domains do not form, and this lack of segmentation prevents testis
cord development entirely (Combes et al. 2009). And, as discussed in Sect. 4.4.2,
inhibition of the VEGFA signaling that is important for endothelial migration into
the gonad and its vascularization also results in inhibition of testis cord formation.
Thus, the testis vasculature plays a key developmental role in establishing testis
architecture in addition to its role in the circulatory system. Importantly, once
endothelial cells reach the gonad, they are still active in controlling testis morpho-
genesis. This occurs because endothelial cells secrete signaling molecules that
allow cross talk with other cells such as the mesenchymal cells of the interstitium.
Using fluorescent cell type markers and inhibition of signaling pathways, Cool
et al. (2011) showed that VEGFA secreted from the testis interstitium recruits
endothelial cells to migrate into the testis, but then PDGF from those endothelial
cells also acts on the mesenchymal cells to promote their proliferation. This feed-
forward signaling drives testis cord morphogenesis, and disruption of any part of
the loop inhibits cord formation. This signaling loop does not represent a self-
contained system by which morphogenesis occurs, as other cells from outside the
gonad continue to migrate in and contribute to testis morphogenesis. Notably, fetal
macrophages have migrated to the vascular plexus developing into the coelomic
vessel as early as 10.5 dpc and appear to participate in vascularization of the testis
and cord formation by promoting tissue clearance and remodeling (DeFalco
et al. 2014). The recruitment of those macrophages is dependent on endothelial
cell presence (DeFalco et al. 2014). Thus, the mesonephric-derived endothelial cell
population plays many crucial roles in (1) partitioning the testis into domains for
cords, (2) providing the vasculature of the testis, and (3) signaling to cells already
present and recruiting cells from outside the gonad to coordinately regulate testis
morphogenesis.

4.7 Conclusion

Testis architecture and vascularization is a complex morphogenetic event that
cannot occur without a key migratory influx of cells from the mesonephros that
begins at 11.5dpc in the mouse. The majority of these cells are endothelial and
come from the breakdown of the mesonephric vascular plexus. These cells then
migrate into the XY gonad along paths that partition the early testis into avascular
domains. This migration and compartmentalization are required for testis cord
formation, which is necessary for the subsequent development of the seminiferous
tubules. Male-specific gene expression in the gonad is a prerequisite for mesoneph-
ric migration, and many secreted signaling molecules are part of the signaling
network that controls the migration including VEGFA, PDGF, neurotrophins,
FGF9, AMH, DHH, and SHH. Based on the current body of evidence, the main
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directional cue that guides endothelial cell migration is a VEGFA morphogen
gradient originating from the XY gonad. The cellular behaviors that occur during
this specific migration event seem to parallel other well-studied cellular migrations
during development in which the adhesions and structure of the endothelial cell are
lost, a mesenchymal phenotype is adopted, and migration occurs in the direction of
the target tissue via polarized cytoskeletal dynamics. Once the endothelial cell
arrives, it interacts with the existing cells in the gonad to promote interstitial cell
proliferation and restructure the early testis. The vasculature established during this
time also serves as the foundation for the future vasculature of the testis. Thus,
mesonephric cell migration into the early gonad is central to testis development and
function.
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