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Abstract
Stem cells are necessary to maintain tissue homeostasis and the microenvironment (a.k.a. the niche)
surrounding these cells controls their ability to self renew or differentiate. For many stem cell
populations it remains unclear precisely what cells and signals comprise a niche. Here we identify a
possible PGC niche in the mouse genital ridges. Conditional ablation of Bmpr1a was used to
demonstrate that BMP signaling is required for PGC survival and migration as these cells colonize
the genital ridges. Reduced BMP signaling within the genital ridges led to increased somatic cell
death within the mesonephric mesenchyme. Loss of these supporting cells correlated with decreased
levels of the mesonephric marker, Pax2, as well as a reduction in genes expressed in the coelomic
epithelium including the putative PGC chemo-attractants Kitl and Sdf1a. We propose that BMP
signaling promotes mesonephric cell survival within the genital ridges and that these cells support
correct development of the coelomic epithelium, the target of PGC migration. Loss of BMP signaling
leads to the loss of the PGC target resulting in reduced PGC numbers and disrupted PGC migration.
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Introduction
In the adult, the tissue homeostasis and repair of multiple organ systems are controlled by
resident stem cells. These stem cell populations divide slowly giving rise to new stem cells or
to daughter cells that differentiate to replace tissue lost to aging or injury. The development of
stem cell populations and their subsequent ability to renew or differentiate are controlled by
an elaborate array of signaling interactions between the stem cells and their surrounding support
cells. How these niches arise during embryogenesis is unclear but the process requires careful
coordination of both stem cell and surrounding support cell development in order to insure
long-term tissue homeostasis in the adult.
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Germ cells have emerged as an ideal system to study stem cell biology (Donovan and de Miguel,
2003). Germ cells are the precursor cells of the gametes. In the mouse embryo, primordial germ
cells (PGCs) are induced to form within the posterior proximal epiblast between day 6.5 and
7.5 (E6.5-E7.5) of gestation. Once formed, PGCs migrate through the posterior primitive streak
and become incorporated into the invaginating hindgut (Anderson et al., 2000). PGCs remain
in the hindgut until E9.5 when they actively migrate through the body wall, dorsally, then
laterally to colonize the genital ridges (Molyneaux et al., 2001). At the ridges PGCs associate
with the somatic support cells that will either direct their fate towards becoming the self-
renewing stem population in the testis, or the non-renewing oocyte pool within the ovary.

Being motile, PGCs occupy many different niche environments prior to colonizing the gonads.
For example, the posterior proximal epiblast (PPE) has been dubbed an embryonic germ cell
niche (Saitou et al., 2002). PGCs arise in this region in response to multiple BMP family
members. First, BMP8b is required to control the anterior-posterior patterning of the visceral
endoderm thereby allowing for establishment of a permissive region within the PPE. Cells in
the PPE then respond either directly (Ohinata et al., 2009) or indirectly (de Sousa Lopes et al.,
2004) to additional BMP family members that induce them to become PGCs.

Additional growth factors and adhesive interactions are required to control PGC migration,
proliferation and survival as they migrate to colonize the genital ridges (Molyneaux et al.,
2004). The growth factors KITL (Wehrle-Haller and Weston, 1995) and SDF1a (Stebler et al.,
2004) are expressed in the hindgut and later in the genital ridges. KITL (Bennett, 1956;
Mahakali Zama et al., 2005; Runyan et al., 2006; Russell, 1979) and SDF1a (Ara et al.,
2003) are critical for controlling PGC numbers and may direct PGC migration. However,
precisely how the somatic cells along the migration route coordinate expression of these factors
remains uncertain and in many cases, even the identity of the supporting cells themselves is
unclear.

This study provides evidence that PGC development is coupled to differentiation of the
mesonephros and that both systems rely on BMP signaling. In a previous study, an organ culture
system was used to demonstrate that BMP signaling regulates expression of Kitl within the
nascent genital ridges (Dudley et al., 2007). In this study, conditional gene targeting was used
to confirm the role of BMP signaling during PGC migration in vivo. Additionally, we
demonstrate that BMP signaling controls cell survival and possibly cell identity within the
genital ridges. We propose that this represents an early and probably transient PGC niche that
is established in the genital ridges prior to differentiation of the sertoli or granulosa cell support
lineages.

Methods
Mice and tamoxifen injections

The Case Western Institutional Animal Care and Use Committee approved all experiments
involving mice. Bmpr1a-fx mice provided by Y. Mishina were crossed with Oct4ΔPE:GFP
mice (Anderson et al., 1999) and Rosa:LacZ mice (Soriano, 1999), and all three loci were bred
to homozygosity. Mice carrying the CAGGCre-ER™ transgene (Hayashi and McMahon,
2002) or Pax2-Cre (Ohyama and Groves, 2004) were crossed to mice carrying the Bmpr1a
null allele Bmpr-s (Mishina et al., 1995). Male Bmpr1a-fx/Bmpr1a-fx Oct4ΔPE:GFP/
Oct4ΔPE:GFP Rosa:LacZ/Rosa:LacZ mice were crossed with CAGGCre-ER™/+ Bmpr-s/
+females resulting in four different genotypes (Figure 1H). Noon on the day that a vaginal plug
was detected was considered E0.5. E8.5 pregnant females were weighed and treated with
tamoxifen via oral gavage (9mg TM in corn oil per 40g body weight) (Hayashi and McMahon,
2002). Embryos were then harvested 24, 36, or 48 hours later.
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PGC counts and immunohistochemistry
For PGC counts, embryos were harvested at E10.5 and transverse sections between the fore-
and hind-limb buds were cut by hand. Optical sections of tissue slices were collected at 5 µm
intervals using a Leica TCS AOBS filter-free Confocal Laser Scanning microscope. Images
were processed using Volocity software and the numbers of PGCs were counted. For each
slice, the number of PGCs per 100 µm was calculated (n = number of PGCs per slice / slice
thickness * 100 µm). Counts were normalized to the average wild type value for each litter in
order to minimize the effect of variations in age between litters. E9.5 PGC counts were obtained
by analyzing images from time-lapse experiments.

Immunostaining of dissected tissue slices was performed using pSMAD1/5/8 antibodies (Cell
Signaling Technology) or cleaved PARP antibodies (Cell Signaling Technology). For
pSMAD1/5/8 staining, embryos were fixed in 8% PFA/PBS overnight at 4°C. Transverse
sections were then cut by hand and slices were dehydrated through a methanol series. Slices
were then rehydrated through the MeOH series and further permeabilized by treatment in PBS/
0.1%TX-100 (PBTX) for at least 2 hours. Slices were then blocked in 2% goat serum and 2%
IgG-free BSA in PBTX (goat block) overnight at 4°C. Then, slices were incubated with rabbit-
anti-pSMAD1/5/8 diluted 100 fold in goat block, overnight at 4°C. The slices were rinsed 5
times, one hour each, in PBTX at room temperature. Slices were then exposed to goat-anti-
rabbit IgG Cy5 secondary antibodies (Jackson Immunoresearch Laboratories, Inc.) diluted 100
fold in goat block overnight at 4°C. The tissue was then rinsed 5 times, one hour each, in PBTX.
Slices were stored in 1:4 PBS:Glycerol before collecting confocal images. Volocity software
was used to process the images and to measure pixel intensity. Cleaved PARP antibody staining
followed the same protocol as above except that slices were fixed in 4% PFA/PBS and were
not taken into MeOH. The rabbit anti-cPARP antibody was diluted to 1:250 in goat block, and
the secondary goat-anti-rabbit IgG cy5 was diluted to 1:200. Frozen sections were used for β-
gal antibody staining. Briefly whole embryos were fixed in 4% PFA/PBS overnight at 4°C,
rinsed in PBS and PBTX, and then rinsed three times for 30 minutes each in O.C.T. compound
(Sakura Finetek). Embryos in O.C.T. were then transferred to plastic blocks and frozen.
Sections were cut to a thickness of 14 µm and stored at −20°C. Slides were rinsed twice in 1X
PBS and once in PBT (0.25% Triton X-100, 1X PBS) for 5 minutes each. The tissue was then
blocked with 10% donkey serum in PBT (donkey block) for 1 hour at RT then incubated
overnight in 1:250 β-gal antibody (Biogenesis, Inc.) in donkey block at 4°C. Slides were rinsed
5 times for 10 minutes each in PBT and then exposed to 1:100 donkey-anti-goat IgG (H+L)
Alexa Flour 555 (Molecular Probes) in 1% donkey serum in PBT for 1 hour at RT. Slides were
rinsed 5 times for 10 minutes each in PBT and mounted in Vectashield with DAPI (Vector
Laboratories, Inc.) overnight at 4°C. Staining was imaged on a Leica DM6000B microscope
and images were processed using Volocity software. Whole embryos were stained with X-gal
as described (Hogan, 1994).

pSMAD1/5/8 staining was measured using Volocity. pSMAD1/5/8 Pixel intensity throughout
all z-planes of the image was divided by the volume of the measured image yielding the
intensity per volume. Measurements were normalized to the average pixel intensity per volume
of the wild type samples.

Cleaved PARP foci were counted in Volocity by selecting the mesonephric mesenchyme,
coelomic epithelium, and boundary of the hindgut using the region of interest (ROI) tool.
Positive foci were identified by detecting the top 30 – 100% intensity on the Cy5 channel. Foci
were restricted to the ROI using the “Clip to the ROI” command. Objects greater than 1000
µm3 were separated (reflecting the fact that clusters bigger than 1000 um3 usually represented
multiple touching foci instead of a single foci). Objects less than 100 µm3 were excluded.
Objects matching these parameters were counted by the software, the volume of the ROI was
recorded, and counts were normalized to the average volume for each region.
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Gene expression analysis
Changes in gene expression were monitored by quantitative real time PCR (q-RT-PCR).
Briefly, E10.5 embryos were harvested and either tissue slices or genital ridges were dissected
as described (Dudley et al. 2007). Total RNA was isolated by homogenizing tissue in 300 µl
of TriZOL (Invitrogen) in the presence of 5 µg linear polyacrylamide (Sigma-Aldrich Co.).
Isolated RNA was treated with RQ1 DNase (Promega). cDNA was synthesized using the
SuperScript III First Strand cDNA Synthesis Kit with oligo dT priming (Invitrogen). A
minimum of 15 ng of template RNA was used per 10 µl cDNA reaction. An RT- negative
control was run for each experiment to monitor the effectiveness of the DNase treatment by
having one sample run without the SuperScript III reverse transcriptase. Following the RT
reaction, samples were diluted 10 fold with nuclease-free water. qPCR was run using the
Brilliant II SYBR Green Master Mix (Promega) and primers for Bmpr1a, Kitl, Pax2, Id1, Sdf1a,
Scarb1 and the loading controls bAct and Tbf (Supplemental Table 1). Raw data was normalized
according to the average of bAct and Tbf for each sample. For each litter, values were then
expressed as a percent relative to the average wild type, allowing for comparisons among litters.

Time-lapse
Tissue dissection and filming was conducted as previously described with some modifications
(Molyneaux et al., 2003). Briefly E8.5 pregnant females were exposed to TM as described
above and E9.5 embryos were harvested. Transverse sections were then cultured as described
and a single optical section was captured every 7 minutes for approximately 11.8 hours (100
frames). Cell traces were generated using the automated tracking feature of Volocity software.
First, noise was removed from the GFP channel. Cells were identified based on intensity (top
40% of the GFP channel). Holes were filled in the identified objects. Touching cells were
separated based on a size threshold of 100 µm2. Objects less than 40 µm2 and larger than 300
µm2 were excluded. Tracking was then performed using the “Shortest Path” algorithm with a
maximum distance between nodes of 10 µm. Targeting and average velocity measurements
were calculated from 20 traces with the highest trace times, excluding any traces with times
less than one hour. PGC targeting was measured by connecting a PGC’s start point and end
point with a straight line then extrapolating that through the tissue in the direction the PGC
was moving. If the line intersected a genital ridge, it was recorded as targeting (Figure S3).

Statistics
Gene expression values, pSMAD1/5/8 levels, cleaved PARP staining, PGC counts and tracking
data were compared between the four different genotypes using one-way ANOVA. Following
analysis of variance, between group differences were determined using the Fisher’s least
significant difference post test. Calculations were performed in Excel.

Results
BMP signaling components are expressed in the genital ridges during PGC migration

BMP signaling components are present and active in the genital ridges as PGCs migrate to and
colonize this region. E9.5 and E10.5 embryos were harvested and transverse sections between
the fore- and hind-limb buds were isolated (Figure 1A). In situ hybridization data show that at
least two BMP ligands are expressed in the genital ridges at E9.5 and E10.5. Bmp4 expression
was detected in the mesonephric mesenchyme at E9.5 with lower expression in the midline
dorsal to the hindgut (Figure 1B). BMP4 expression was elevated in the posterior end of the
embryo encompassing the tail bud and the remnant of membrane surrounding the umbilical
vein. By E10.5 Bmp4 expression remained high in the mesonephros (data not shown) with
additional regions corresponding to known domains of BMP4 expression including the dorsal
margin of the eye (Furuta and Hogan, 1998), the outflow tract of the heart (Jiao et al., 2003),
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the limb buds (Hogan et al., 1994) and the dermomyotome of the developing somites
(McMahon et al., 1998). At E12.5 Bmp4 continued to be expressed in the gonads as well as
the developing kidneys (data not shown). Bmp7 was also expressed in the developing urogenital
system. At E9.5 Bmp7 was observed in the mesonephric duct of the genital ridges (Figure 1C).
By E10.5 expression had expanded to include the somites, the limb buds (Zakin et al., 2005),
and the myocardium of the heart (Solloway and Robertson, 1999) (data not shown). In the
E12.5 urogenital system, Bmp7 expression was found in the kidneys (Dudley and Robertson,
1997) and in the sex cords of the developing testis (Ross et al., 2007) (data not shown).
Bmp2 expression was not detected at E9.5 or E10.5 in the genital ridges but signals were seen
in known domains of BMP2 expression including the outflow tract of the heart (Christoffels
et al., 2004) and the ventral margin of the limb bud (Moon et al., 2000) (data not shown). At
E12.5 Bmp2 expression was observed in the developing kidneys (Dudley and Robertson,
1997) and weakly in the gonads (data not shown).

To determine which cell populations respond to endogenous BMPs, we performed
immunostaining with an antibody that recognizes phosphorylated SMAD1/5/8. Staining of
E9.5 transverse sections showed activated SMADs at low levels throughout most of the section
(Figure 1D) (Dudley et al, 2007). Staining was most intense in the mesonephric mesenchyme
and coelemic epithelium of the genital ridges. Bright staining was also observed in the dorsal
neural tube and in the dermomyotome of the somites. At E10.5, pSMAD1/5/8 staining was no
longer elevated in the coelomic epithelium but remained strong in the mesonephric
mesenchyme and in the dorsal neural tube, with low levels throughout the slice (Dudley et al,
2007) (Figure 1E).

Conditional loss of Bmpr1a leads to decreased BMP signaling
To target BMP signaling in vivo we used a ubiquitously expressed CreER transgene,
CAGGCre-ER™ (Hayashi and McMahon, 2002), to knock out a conditional allele of
Bmpr1a (Mishina et al., 2002) (Figure 1F). Bmpr1a encodes for one of three type one BMP
receptors in the mouse and is the preferred receptor for BMP4 (ten Dijke et al., 2003), the
ligand that appeared to be the most abundantly expressed in and along the PGC migration route
(Figure 1B). First, we tested excision efficiency of the CAGGCre-ER™ line, hereafter referred
to as “CreER.” CreER/+ mice were crossed to a Rosa:LacZ reporter line. E8.5 pregnant females
were injected with tamoxifen and embryos were harvested at E9.5 and either stained for β-gal
activity as whole mounts (data not shown) or cryosectioned to examine β-gal expression via
immunostaining. Immunostaining with an antibody directed against β-gal showed moderate
recombination throughout the entire section (Figure 1G). A breeding schema was established
to allow for inducible recombination of one conditional allele over a null allele, Bmpr-s
(Mishina et al., 1995), to increase efficiency of knockdown (Figure 1H). Quantitative real-time
PCR was then used to monitor the efficiency of Bmpr1a-fx recombination in tissue slices
dissected from between the fore- and hind-limb buds (Figure 2). Primers were designed to
detect only full length Bmpr1a cDNA (Figure 1F, arrows). In the absence of TM, wild type
(WT) samples expressed Bmpr1a at an average normalized level of 95.5 ± 4.5%, conditional
heterozygotes (C-Het) at 76.8 ± 6.1%, Bmpr-s heterozygotes (B-Het) at 50.0 ± 6.2%, and
conditional knock outs (KO) at 49.5% (Figure 2A). Administration of TM to E8.5 pregnant
females resulted in near complete loss of Bmpr1a expression in KO embryos by E10.5 (Figure
2B). Average normalized WT Bmpr1a expression was found to be 104.9 ± 8.9%, compared to
C-Het expression at 65.8 ± 5.9%, B-Het at 57.2 ± 7.6%, and KO at 5.2 ± 3.0%. This experiment
was repeated while varying the length of time embryos were exposed to TM in utero.
Recombination was detected as early as 6 hours after TM exposure (Figure S1). Within 12
hours average expression in KOs was 18% of WT littermates.
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To confirm that a reduction in Bmpr1a expression leads to decreased BMP signaling in vivo,
TM exposed embryos were fixed and stained with an antibody directed against phosphorylated
SMAD1/5/8 (Figure 2C–F). Embryos exposed to TM at E8.5 showed no change in
pSMAD1/5/8 levels by E9.5 (Figure 2C, C’, and E). However, by E10.5, KO embryos had
greatly reduced pSMAD1/5/8 staining (Figures 2D, D’, and F). Remaining E10.5 pSMAD1/5/8
activity could be attributed to incomplete turnover of endogenous BMPR1a or the activity of
other Type I BMP receptors.

The Cre-ER transgene is effective at reducing Bmpr1a mRNA levels and BMP signaling in
the entire trunk of the E10.5 embryo. However, to more precisely target BMP signaling within
the genital ridges, we attempted tissue specific targeting utilizing the Pax2-Cre line developed
by Ohyama and Groves (2004). Pax2 is a transcription factor required for kidney development.
It is expressed in the pronephros at E9.0 and in the mesonephric duct and adjacent mesonephric
mesenchyme at E10.5 (Xu et al., 2003). We demonstrate that Pax2-Cre can induce
recombination of a LacZ reporter within the mesonephric duct and anterior mesonephric
mesenchyme by E9.5 (Figure S2A). Additionally, Bmpr1a mRNA levels are reduced in genital
ridges isolated from Pax2-Cre/+ Bmpr1a-fx/Bmpr1a-s E10.5 animals (Figure S2B). However,
pSMAD1/5/8 levels remained high in genital ridges from these animals (Figure S2C) and there
was no significant effect on PGC numbers (Figure S2D). This indicates that this driver line
may not recombine early enough or efficiently enough to reduce BMPR1a protein levels and
impact signaling during PGC migration. Therefore, we discontinued the use of this line and
focused our analysis on the CreER crosses.

Decreased Bmpr1a expression correlates with changes in BMP target gene expression
We have previously shown that in culture BMP signaling controls the expression of target
genes within the genital ridges as PGCs migrate to colonize these structures (Dudley et al.,
2007). To test if BMP signals control genital ridge gene expression in vivo, we used real time
PCR to compare the expression of ridge marker genes in induced knock out animals and their
littermates. In the chick, Pax2 expression within the lateral plate is controlled by BMP signaling
(Obara-Ishihara et al., 1999). The growth factor Kitl is a BMP responsive gene (Dudley et al.,
2007; Otsuka and Shimasaki, 2002) required for PGC survival and potentially motility. Kitl is
expressed along the migratory route of PGCs and its expression increases within the E10.5
genital ridges as PGCs colonize these structures (Dudley et al., 2007; Keshet et al., 1991). To
detect tissue specific changes in target gene expression, transverse tissue pieces were dissected
to separate genital ridge tissue from neural tube (NT) and gut tissue as previously described
(Dudley et al., 2007). Bmpr1a expression in KO tissue was reduced to 23.8 ± 3.8% in the genital
ridges (Figure 3A). Expression of the known BMP target gene Id1 (Valdimarsdottir et al.,
2002) was reduced to 55.0 ± 6.1% in KO genital ridges relative to WT littermates (Figure 3B).
Genital ridge expression of Kitl in KO embryos was reduced to 35.3 ± 4.9% that of the wild
type (Figure 3C). Pax2 expression in KO embryos was reduced to 46.3 ± 7.0% in the genital
ridges (Figure 3D). Expression of Sdf1a, a putative PGC chemoattractant expressed in the
genital ridges (Molyneaux et al., 2003), was reduced in C-Het and KO genital ridges relative
to WT (Figure 3E). While some mesenchymal (Pax2) and epithelial (Sdf1a and Kitl) marker
genes were down regulated in response to decreased BMP signaling, the expression of
Scarb1, an epithelial marker in the ridge, was slightly up regulated in KO genital ridges relative
to wild type and heterozygous littermates (Figure 3F).

Reduced BMP signaling leads to decreased targeting of PGCs to the genital ridges
Decreased BMP signaling in KO embryos led to reduced expression of Kitl and Sdf1a (Figure
3), two factors that have been shown to be involved in PGC migration at this stage. This
suggested that there might be migration defects in the Bmpr1a conditional KO embryos. To
monitor PGC migration we used confocal time-lapse microscopy. At E9.5, WT PGCs are
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located near the midline then migrate laterally to colonize the genital ridges over the next 24
hours (Movie 1, 11 hours shown). However, in KO samples, fewer PGCs migrate towards the
genital ridges (Movie 2). To quantify the migration defects in the KO embryos we used
Volocity software to track PGCs (Figure 4). PGC tracks were then scored as either targeting
the nearest genital ridge or an ectopic region (Figure S3). While only 60% of PGCs in WT
embryos were observed targeting the nearest genital ridge, approximately 43% of PGCs in KO
embryos were observed targeting the nearest genital ridge (Figure 4A–C). There was no
significant difference in the average length of time that the software was able to track a PGC
in WT, heterozygous, and KO PGCs (Figure S4). Similar trace times suggest that the observed
differences in PGC targeting are not artifacts of the variation in the ability of the program to
follow PGCs for their entire migration. In addition to decreased PGC targeting, KO PGCs had
a slightly lower average velocity than WT PGCs (Figure 4D).

Conditional Bmpr1a knock out embryos have fewer migratory PGCs
We have previously shown that migratory PGCs are sensitive to BMP levels in organ culture.
In this study we monitored the effect of decreased BMP signaling on migratory PGCs in vivo
(Figure 5). Embryos were exposed to TM at E8.5 and harvested at E9.5 or E10.5. There was
no significant difference in the number of PGCs in E9.5 KO embryos relative to WT and
heterozygous littermates (Figure S5). This is not surprising considering that 24 hours was
insufficient time to allow for a reduction in pSMAD1/5/8 levels (Figure 2E). However, by
E10.5, KO embryos exhibited a significant reduction in PGCs when compared to their
littermates (Figure 5). Additionally the few remaining PGCs in KO embryos were often located
outside of the genital ridges in the gut or midline (Figure 5D). Volocity software was used to
count the number of PGCs per 100 µm of tissue. To account for stage variability between litters,
PGC counts were normalized to the average number of PGCs per wild type embryo for each
litter. E10.5 KO embryos were found to have significantly fewer PGCs on average than their
WT littermates (38.1 ± 9.2% compared to 100 ± 4.6%) (Figure 5E). There was no significant
difference between the WT embryos and either the C-Hets or B-Hets. However, C-Het embryos
had significantly more PGCs than B-Het embryos, 117.6 ± 9.9% compared to 92.0 ± 7.1 %
respectively.

Knock out embryos have increased genital ridge somatic cell death
The reduction in PGCs in KO embryos could be due to apoptosis, decreased proliferation, or
loss of expression of the Oct4ΔPE:GFP marker should PGCs loose pluripotency. To determine
if the loss of PGCs in KO embryos was due to apoptosis we fixed and stained transverse sections
with a cleaved-PARP specific antibody. Following TM exposure at E8.5, there was an increase
in the number of apoptotic foci in the somatic tissue of the KO embryos relative to their WT
littermates (Figure 6). However, few PGCs were observed undergoing apoptosis. In E9.5 KO
embryos there was scattered cell death throughout the slice with an increased concentration of
apoptotic cells in the mesonephric mesenchyme of the genital ridges (Figure 6A, A’, B, B’ and
C). Death in the mesonephric mesenchyme was more dramatic at anterior positions (compare
Figure 6B and B’). On average, the mesonephric mesenchyme of WT slices had 2.0 ± 0.61
apoptotic foci per 600,000 µm3, compared to 6.6 ± 0.88 apoptotic foci per 600,000 µm3 in the
KO mesonephric mesenchyme (Figure 6C). Increased cell death in the mesonephric
mesencyhme was also observed in E10.0 genital ridges (Figures 6D, E, F, G and H). Wild type
E10.0 slices had moderate levels of cell death throughout the slice (Figure 6D). However,
significantly greater cell death was observed in the mesonephric mesenchyme of KO slices
than of WT slices, 3.1 ± 1.2 compared to 0.72 ± 0.41 apoptotic foci per 900,000 µm3

respectively (Figure 6H). In two KO embryos out of three litters, massive cell death was
observed in the genital ridges in such density that the number of apoptotic foci could not be
counted (Figure 6G) and therefore were omitted from these comparisons (Figure 6H). E10.0
B-Het embryos were found to have slightly increased numbers of apoptotic foci in the
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mesonephric mesenchyme at 1.7 ± 0.19 per 900,000 µm3, though these counts were not
significantly different than the WT (Figure 6E, H). In addition to the mesonephric mesenchyme,
apoptotic foci were also counted in the coelomic epithelium and the gut, however, there were
no significant differences in these data sets (data not shown).

Discussion
In this study, the role of BMP signaling in PGC migration was tested by using conditional
targeting to reduce BMPR1a levels. Decreased BMP signaling, as monitored by pSMAD1/5/8
levels, resulted in fewer PGCs at E10.5 and reduced targeting of migratory PGCs. This
phenotype coincided with an increase in somatic cell death within the mesonephric
mesenchyme of the conditional knock out genital ridges. Consistent with the high degree of
apoptosis in the mesenchyme, the transcription factor Pax2 was observed to be reduced in the
KO genital ridges. Additionally expression of genes considered to be markers of the coelomic
epithelial (a.k.a. pre-gonadal) compartment were also affected. Expression of the PGC survival
factor Kitl was reduced and expression of the PGC attractant Sdf1a was also reduced.
Expression of the epithelial marker Scarb1 was increased. Our data demonstrates that BMP
signaling is required for survival of the mesenchymal component of the genital ridge and that
it may regulate cell fate decisions within the coelomic epithelial compartment of the ridge. In
this manner BMP signals establish a favorable environment for arriving PGCs.

BMPs are known to be required for PGC development at various stages. Specification of PGCs
in early post-implantation mouse embryos requires extraembryonic ectoderm derived BMP4
(Lawson et al., 1999) and BMP8b (Ying et al., 2001) and endoderm derived BMP2 (Ying and
Zhao, 2001). These various BMP family members may act directly or indirectly to specify
PGCs. In support of an indirect mechanism, de Sousa Lopes et al. (2004) have shown that the
PGC deficiency in Bmp4−/− embryos can be rescued by constitutive activation of the type I
BMP receptor Activin A Receptor, type 1 (ACVR1) in the visceral endoderm, but not the
epiblast where PGC precursors reside. Conversely, there is evidence to suggest that BMPs
directly regulate PGC specification. Ohinata et al. (2009) showed that extraembryonic
ectoderm derived BMP4 can drive expression of Blimp1 in epiblast cells, signaling directly
through PGC expressed BMPR1a, as well as SMAD1 and SMAD5. The effect of BMP4 is
dose dependent such that those cells that are closest to the source, and are exposed to the highest
concentration, will express Blimp1 and ultimately become PGCs. BMP4 has also been found
to be necessary to differentiate PGCs from embryonic stem (ES) cells in culture (Wei et al.,
2008), which may indicate a direct requirement of BMP4 in PGC specification. However, the
authors noted that BMP4 can promote the formation of extraembryonic mesoderm and that
PGCs may be developing within a microenvironment in an indirect way. Our data indicates
that BMP signaling also acts within the nascent genital ridges to establish a supportive
microenvironment for arriving PGCs. Loss of BMP signaling results in death of mesenchymal
cells and reduces expression of the epithelial markers Kitl and Sdf1a. We cannot currently rule
out a direct interaction between ridge expressed BMPs and arriving PGCs. Migratory PGCs
express multiple BMP receptors and SMADs and are capable of responding to high levels of
exogenously added BMPs (Dudley et al., 2007). However, we were unable to detect pSMAD
within PGCs under normal conditions using either immunostaining or a BRE:lacZ reporter
mouse (data not shown, Monteiro et al., 2004). Either migratory PGCs use non-SMAD
pathways to respond to BMPs or the requirement for BMP signaling during PGC migration is
entirely indirect.

Our data indicates that BMP signaling is necessary for the survival of the mesonephric
mesenchyme and for PGC migration. This is the first study to couple early kidney development
with PGC migration in mammals. There is evidence in zebrafish that pronephric cells of the
lateral plate mesoderm are an intermediate target of migrating PGCs and disruption of this
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target tissue ultimately leads to decreased PGC accumulation within the genital ridges
(Weidinger et al., 2002). However, multiple previous studies in mice have suggested that PGC
migration is independent of both kidney development and specification of the somatic support
cells of the gonads. Mice homozygous for a null mutation in Wilms tumor 1 (Wt1) exhibit
increased apoptosis in the E11.0 metanephric blastema and ultimately a complete degeneration
of the kidney precursor population by E12.0 (Kreidberg et al., 1993). Regardless, PGCs were
observed in the E12.0 genital ridge. Additionally, mice mutant for steroidogenic factor 1
(Sf1) (Luo et al., 1994) and the LIM homeobox gene Lhx9 (Birk et al., 2000) fail to form gonads,
with defects beginning by E12.0. PGCs were observed in the genital ridges at E10.5 in Sf1 null
embryos and at E12.0 in Lhx9 null embryos. Together these data would imply that neither the
developing kidney nor the gonad is necessary for proper PGC targeting and colonization of the
genital ridges. However, these mutations resulted in phenotypes later than those observed in
conditional targeting of Bmpr1a. In our conditional knock out embryos, we observed increased
cell death at E9.5 within the mesonephric mesenchyme. This precedes the mutant phenotypes
of the Wt1, Sf1, and Lhx9 mutants, and results in a rapid loss of mesenchymal cells, as evidenced
by increased apoptotic foci at E10.0. This increase in cell death correlates with decreased PGC
survival and targeting suggesting that the requirement for mesonpehric cells occurs at least
from E9.5 to E10.5.

Taken together our results indicate that BMP signaling within the mouse genital ridges during
PGC migration acts to establish a permissive environment for arriving PGCs. This niche is
comprised of several cell populations. The Pax2 expressing cells of the pronephric
mesenchyme both produce and respond to BMPs, including BMP4, which acts to promote their
survival. Conversely, the cells of the coelomic epithelium do not rely on BMPs for survival
but require it to maintain Kitl and Sdf1a expression and repress Scarb1. Others have shown
that during early kidney development, BMP signaling in the lateral plate mesoderm drives
pronephric fate while restricting hematopoietic and vascular cell fates (Bracken et al., 2008;
Gupta et al., 2006; Wang et al., 2009; Winnier et al., 1995). Our data suggests that BMP
signaling may promote similar cell fate choices in the coelomic epithelium, the compartment
that will later give rise to the somatic components of the gonads.

In summary, BMP signaling is necessary for PGC migration, cell survival and gene expression
within the genital ridges. Future experiments will attempt to dissect the role of BMP signaling
in distinct cell populations within the ridge. Ultimately this analysis will provide insight into
how the germ cell niche is established. It should also reveal how cell fate decisions are
coordinated to give rise to distinct kidney and gonadal cell populations.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Tools for targeting BMP-signaling during PGC migration. (A) Transverse tissue sections
containing PGCs were isolated as shown. This cartoon illustrates the morphology of a typical
slice taken at E9.5. Slices may be larger or smaller based on their position along the AP axis.
(B, C) In situ hybridization of E9.5 tissue with probes for Bmp 4 (B) and Bmp7 (C). Bmp4 is
expressed in mesenchymal cells along the PGC migration route. In the genital ridge, Bmp7
expression is limited to the mesonephric duct (D, E). Immunostaining for phosphorylated
SMAD1/5/8 (pSMAD1/5/8) reveals BMP-responsive cells at (D) E9.5 and (E) E10.5. (F) Cre-
LoxP strategy used to target Bmpr1a. (G, G’) Excision efficiency was tested using the
Rosa:LacZ reporter. CreER/+ mice were crossed to mice homozygous for the Rosa:LacZ
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reporter. Tamoxifen was administered at E8.5 and recombination assayed by immunostaining
at E10.5. β-gal expression (red) is seen in CreER/+, Rosa:LacZ/+ embryos (G) but not in
Rosa:LacZ/+ sibling controls (G’). DAPI is shown as blue. (H) Breeding strategy to generate
a tamoxifen inducible loss of Bmpr1a. Four genotypes of offspring are possible. In KO and C-
Het embryos, tamoxifen will induce recombination of the Bmpr1a-fx allele. Bmpr-s is a null
allele of Bmpr1a. FL = fore-limb bud, NT = neural tube, MM = mesonephric mesenchyme,
MD = mesonephric duct, CE = coelomic epithelium, A = aorta, G = gut, PGC = primordial
germ cells. Arrows indicate the genital ridges.
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Figure 2.
Tamoxifen induced Cre recombination of Bmpr1a-fx leads to decreased expression of
Bmpr1a and decreased BMP signaling. q-RT-PCR was used to monitor the level of Bmpr1a
mRNA in E10.5 tissue slices taken between the fore- and hind-limb buds. E10.5 KO embryos
that had not been exposed to tamoxifen had Bmpr1a mRNA levels similar to their B-Het
siblings (A). KO embryos treated with TM at E8.5 and harvested at E10.5 had reduced
Bmpr1a levels (B). Immunostaining for pSMAD1/5/8 was used to monitor BMP signaling in
WT (C, D) and KO (C’, D’) TM-treated embryos at E9.5 (C, C’) and E10.5 (D, D’). Staining
intensity (relative pixel intensity per µm3) was quantified at E9.5 (E) and E10.5 (F) using
Volocity software. Expression and pSMAD staining data were compared between the different
genotypes using one-way ANOVA followed by the Fisher’s least significant difference post
test. Data sets that were deemed equivalent are marked with the same letter (a–c). Arrows mark
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the genital ridges. TM = tamoxifen, A = aorta, NT = neural tube, −1° = no primary antibody,
N = number of embryos. Error bars are standard error of the mean (s.e.m.).
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Figure 3.
Expression of BMP target genes are reduced in the genital ridges of Bmpr1a conditional knock
out embryos. TM was administered at E8.5 and embryos were harvested at E10.5. Tissue slices
were dissected and the genital ridges were further dissected away from the neural tube and gut.
q-RT-PCR was used to measure the expression of Bmpr1a (A), known and putative BMP target
genes Id1 (B), Kitl (C), Pax2 (D), and Sdf1a (E), and the epithelial marker gene Scarb1 (F).
Results were significant by ANOVA followed by Fisher’s least significance testing as indicated
(lower case letters), F<0.05. WT = wild type, C-Het = conditional heterozygote, B-Het = Bmpr-
s heterozygote, KO = knock out, N = number of embryos. Error bars are s.e.m.
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Figure 4.
Conditional loss of Bmpr1a leads to reduced PGC targeting of genital ridges. Tamoxifen was
administered at E8.5 and embryos harvested at E9.5. Transverse sections were then cultured
on the stage of a confocal microscope and time-lapse images collected every 7 minutes for 100
frames. Volocity software was used to track the trajectories of the PGCs in wild type (A, black
lines, Movie 1) and knock out tissue (B, black lines, Movie 2). PGCs were then scored as either
targeting the genital ridges (A, B, arrowheads) or migrating away from the nearest ridge,
revealing decreased targeting in KO tissue significant by ANOVA followed by Fisher’s least
significant difference test, F = 0.01 (C). Additionally there was a slight but not significant
decrease in PGC velocity in KO tissue relative to the wild type (D). PGCs express the GFP
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marker and arrows mark genital ridges. NT = neural tube, N = number of embryos. Error bars
are s.e.m.
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Figure 5.
Reduced BMP signaling leads to decreased numbers of PGCs in vivo. Representative
transverse sections of E10.5 wild type (A), C-Het (B), B-Het (C), and KO (D) embryos show
the abundance and location of PGCs (GFP positive). Counts of PGCs in E10.5 WT, C-Het, B-
Het, and KO embryos showed that there are significantly fewer PGCs in KO embryos relative
to their wild type and heterozygous littermates (E). Results are significant by ANOVA followed
by Fisher’s least significant differences test, F = 0.000004. Arrowheads mark genital ridges.
A = aorta, NT = neural tube, N = number of embryos. Error bars are s.e.m.
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Figure 6.
Conditional loss of Bmpr1a leads to increased somatic cell apoptosis in the mesonephric
mesenchyme. Immunostaining for cleaved PARP (red) in an anterior slice taken from a WT
E9.5 embryo (A) and a more posterior slice taken from the same embryo (A’). cPARP staining
in an anterior slice taken from a KO E9.5 embryo (B) and a more posterior slice taken from
the same embryo (B’). The mutant has more cell death within the anterior mesonephric
mesenchyme than the wildtype. More posterior positions are less effected (B’). Examples of
the regions selected for counting cPARP foci are circled in (B). For each slice, Volocity
software was used to count the number of apoptotic foci in the mesonephric mesenchyme (mm)
(C), coelomic epithelium (ce), and gut (g) (data not shown). Examples of cPARP staining at
E10.0 in WT (D), B-Het (E), and KO (F, G) tissue slices. KO embryos have either a modest
increase in cell death (F) or in rare cases a dramatic increase in cell death (G) in the mesonephric
mesenchyme. cPARP foci were counted as described above and the amount of cell death in
the mesonephric mesenchyme is displayed (H). E10.0 samples with extreme cell death (G)
were not used for quantitation because it was not possible to count individual foci accurately.
There were significantly more apoptotic foci in the KO mesonephric mesenchyme than in the
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WT at both E9.5 (C) and E10.0 (H). Results are significant by ANOVA followed by Fisher’s
least significant difference test, F = 0.000004 (C) and F = 0.039 (H). PGCs express the GFP
marker. Scale bars: 100 µm (A – B’), and 160 µm (D–G). Error bars are s.e.m.
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