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Abstract

It has been shown in both human and mouse placentas that follicle stimulating hormone receptor 

(FSHR) is expressed in fetal vascular endothelium. There are conflicting reports, however, on the 

role of FSH to stimulate angiogenesis in vitro in cultured endothelial cells from umbilical veins. 

Therefore, in this study we undertook an in vivo approach utilizing Fshr null mice to definitively 

address this question. In the context where all pregnant dams have identical Fshr genotypes, we 

generated fetuses and associated fetal portions of placenta that were Fshr wt or Fshr null and 

analyzed angiogenesis within the placental labyrinths. Quantitative morphometric analyses of 

placentas obtained at mid-gestation revealed that the percentage of the placenta composed of 

labyrinth is significantly decreased in Fshr null placentas relative to wt placentas. Furthermore, 

data presented demonstrate that within the Fshr null labyrinths, fetal vessel angiogenesis was 

significantly reduced relative to wt labyrinths. The results obtained with this combination of in 
vivo and genetic approaches conclusively demonstrate that signaling through endothelial FSHR 

does indeed stimulate angiogenesis and that placental Fshr is essential for normal angiogenesis of 

the fetal placental vasculature.
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1. Introduction

Female fertility is critically dependent upon the actions of follicle stimulating hormone 

(FSH) on the ovary, where FSH promotes follicular growth and estrogen synthesis. Indeed, 

these actions of FSH serve as the foundation for its widespread use in assisted reproductive 

technologies. Historically, it was thought that FSH receptors (FSHR) were expressed 

exclusively in the gonads and therefore the actions of FSH in females were not required once 
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ovulation had occurred. In recent years, however, there have been several studies reporting 

the extra-gonadal expression of FSHR, suggesting that FSH may exert additional functions 

that contribute to a successful pregnancy and delivery (Celik et al., 2008; Hascalik et al., 

2010; Kumar, 2018; Mancinelli et al., 2009; Mizrachi and Shemesh, 1999; Onori et al., 

2013; Ponikwicka-Tyszko et al., 2016; Popovici et al., 2000; Radu et al., 2010; Robin et al., 

2016; Stilley et al., 2014a; Stilley et al., 2014b; Stilley et al., 2016; Sun et al., 2006; Zhu et 

al., 2012a).

Indeed, some studies have documented physiological actions of FSH on extra-gonadal 

tissues. These include reports showing effects of FSH on bone resorption (Sun et al., 2006; 

Zhu et al., 2012b) and myometrial contractile activity (Stilley et al., 2016). Of particular 

relevance to the present study, it has also been reported that endothelial cells, including those 

in the chorionic villi of human placenta and the labyrinth of mouse placenta, express FSHR 

(Radu et al., 2010; Stilley et al., 2014a; Stilley et al., 2014b). These anatomical regions of 

the human and mouse placentas, respectively, mediate the maternal-fetal exchange of 

nutrients and gasses. A physiological role for endothelial FSHR within the placental 

vasculature was demonstrated by decreased mid-gestational placental weights when Fshr 
was deleted from the fetal portion of the mouse placenta (Stilley et al., 2014a). That the 

decreased placental weights may have resulted as a consequence of impaired placental 

angiogenesis was suggested by a study reporting that FSH addition to primary cultures of 

human umbilical vein endothelial cells (HUVECs) stimulated several processes associated 

with angiogenesis (Stilley et al., 2014b). A subsequent report from a different laboratory, 

however, described the absence of FSH effects on HUVECs (Stelmaszewska et al., 2016). 

Since these apparent discrepancies could be attributable to methodological differences that 

would influence expression of FSHR in vitro in cultured HUVECs, they prompted us to 

examine the potential role of the FSHR in promoting placental angiogenesis using an in vivo 
gene knockout approach in mice. Towards this end, the present study demonstrates that 

deletion of Fshr from fetal portions of the placenta does indeed significantly inhibit 

angiogenesis of fetal vessels within the placental labyrinth.

2. Materials and Methods

2.1 Forko mice

FORKO mice were originally generated and characterized by Dr. R. Sairam and colleagues 

(Danilovich et al., 2000; Danilovich and Sairam, 2002; Dierich et al., 1998). The mice were 

created using homologous recombination to replace exon 1 of the Fshr with a PGK-Neo 

cassette, thus yielding a global knockout of the Fshr. The FORKO mice in our colony were 

housed under standard conditions, on a 12h light cycle, with ad libitum access to water and 

food. Animal care procedures were approved by the Institutional Animal Care and Use 

Committee and performed in accordance with the standards set by the National Institutes of 

Health.

Frozen ear punches or fetal tissue (approximately 20 mg) were used to genotype the FORKO 

mice. DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA) as 

per the manufacturer's instructions. PCR for Fshr genotyping was performed as described 

(Stilley et al., 2014a).
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The placentas used in this study were those previously collected for another study (Stilley et 

al., 2014a). Briefly, Fshr +/- females were mated with Fshr +/- males, and pregnant dams 

were sacrificed 15 days post conception (dpc) to obtain fetoplacental tissues of the desired 

genotypes. Each fetus was snap frozen and used for genotyping, and its placenta was 

formalin fixed and paraffin embedded. Placentas of three and six Fshr wt fetuses and Fshr 
null fetuses, respectively, were analyzed in the current study.

2.2 Analyses of placental tissue

Paraffin-embedded placental tissue was sectioned and stained for histologic analyses using 

Harris hematoxylin (Leica Biosystems, Buffalo Grove, IL) and eosin Y (Sigma-Aldrich, St. 

Louis, MO) protocols. Images spanning the entirety of the placental section were captured 

and tiled using an Olympus BX61 Light Microscope (Center Valley, PA). Computer-assisted 

quantitative morphometric analysis was performed using Image J (National Institutes of 

Health, Bethesda, MD) by an investigator blinded to genotypes of the samples. The 

perimeters of the labyrinth layer and the placenta were traced by hand using the software's 

tracing tool, and the area of each was determined. Morphometric tracing of the labyrinth 

layer was specifically selected by the presence of nucleated fetal blood cells within blood 

vessels. The junctional layer adjacent to the labyrinth was excluded based on the presence of 

giant cells (Natale et al., 2006). Within the labyrinth layer, all individual fetal sinuses and 

maternal sinuses were traced, using nucleated and non-nucleated blood cells as markers for 

fetal and maternal blood sinuses, respectively, and pseudo-colored (Li et al., 2013). Within a 

given labyrinth, the numbers of fetal sinuses versus maternal sinuses were calculated. To 

correct for potential differences in numbers of sinuses due to differences in placental size 

and/or labyrinth area, these data were normalized to labyrinth size. All fetal and maternal 

sinuses within a given labyrinth were used to calculate the mean size of sinuses of each type, 

based on the total number of pixels within a traced sinus.

2.3 Statistical analyses

Quantified data are expressed as the mean ± SEM. For the tracing study, the statistical 

significance of differences between groups was determined using the Student's t test. All 

analyses were performed using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). 

Significance was defined as P < 0.05.

3. Results

The goal of our studies was to resolve the overriding question as to whether or not 

endothelial FSHR mediates angiogenesis (Stelmaszewska et al., 2016; Stilley et al., 2014b) 

by using an in vivo approach comparing mid-gestational placentas from three wt and six 

Fshr null fetuses (Stilley et al., 2014a). Because the genotype of the fetal portion of the 

placenta, which includes the labyrinth, is the same as that of the fetus, angiogenesis within 

the placental labyrinth could therefore be analyzed as a function of the specific knockout of 

Fshr from the fetus/fetal placenta. It should be noted that this was the only experimental 

variable because the pregnant dams were all of the same Fshr genotype (Fshr +/-).
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Previous studies have demonstrated that the vascular endothelium within the placental 

labyrinth from a Fshr wt fetus expresses FSHR protein, but that from an Fshr null fetus does 

not (Stilley et al., 2014a). To examine the impact of the deletion of Fshr, and thus FSHR 

protein, from the fetal portion of the placenta on the size of the labyrinth layer, we 

morphometrically quantified the area of the labyrinth layer in each placenta. To account for 

potentially different sizes of the overall placentas and for potential different placental areas 

in slices from a given placenta, the area of each placental labyrinth layer was normalized to 

the area of the entire placenta on the placental slice being analyzed. Our analyses revealed 

that the labyrinth layer in the Fshr null samples comprised only 56% of the placenta as 

compared to 75% of the placenta in the wt samples (Figure 1).

We then sought to determine if FSHR in the vascular endothelium of the placenta mediates 

the stimulation of angiogenesis. There are two different experimental approaches typically 

used to quantify placental angiogenesis. One utilizes vascular corrosion casts of placental 

fetal vessels that are scanned by x-ray microcomputed tomography and quantified (Rennie et 

al., 2015). The other method utilizes a quantitative morphometric approach in which 

maternal vs. fetal sinuses in the placental labyrinth are manually traced (identified by the 

presence vs. the absence of red blood cells, respectively), pseudo-colored, and quantified 

with Image J (Harper et al., 2015; Li et al., 2013; Schulz et al., 2012; Van Gronigen Caesar 

et al., 2016). We chose the latter method for this study because it afforded us the ability to 

quantitatively analyze potential changes in both the fetal and the maternal sinuses of the 

labyrinth. Due to the labor-intensive nature of this approach, other studies have typically 

quantified only one or more selected regions within a placental labyrinth. However, to 

obviate any potential differences between different regions of a given labyrinth, we analyzed 

the entire labyrinth area of each slice of placenta. As such, within the labyrinth layer of all 

examined placentas, we traced the fetal sinuses (representing the fetal vasculature) and 

maternal sinuses (representing maternal pools of blood). Fetal sinuses were identified based 

on the presence of nucleated red blood cells, whereas maternal sinuses were based on the 

presence of non-nucleated red blood cells. Representative images of placentas from Fshr 
null and Fshr wt fetuses are shown in Figure 2, where the maternal and fetal sinuses have 

been pseudo-colored as red and blue, respectively. A qualitative visual inspection of 

enlarged labyrinth images from each Fshr genotype suggests that fetal vessels in the Fshr wt 

placenta are generally small, in contrast to apparently larger fetal vessels in a Fshr null 

placenta (lower portion of Figure 2). Quantitative morphometric analyses of the sinuses 

throughout the entire labyrinth layer of three Fshr wt and six Fshr null placentas were 

performed to calculate the sizes and numbers of fetal and maternal sinuses. To correct for 

differences between the sizes of labyrinths of the Fshr wt and Fshr null genotypes, we 

normalized the number of sinuses in each placenta to the total labyrinth area. The data 

revealed that deletion of fetoplacental Fshr led to a ∼4-fold increase in the size of fetal 

vessels (Figure 3A), concomitant with a ∼60% decrease in the number of fetal vessels 

(Figure 3B), demonstrating significantly reduced fetal vessel angiogenesis (Li et al., 2013). 

When maternal sinuses of each genotype were similarly analyzed, no statistical differences 

were observed with respect to either their size or quantity (Figures 3C and D, respectively). 

Taken together, the quantitative morphometric data demonstrate that the deletion of Fshr 
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from the fetal vessels of the placental labyrinth is associated with a significant impairment of 

fetal vessel angiogenesis.

4. Discussion

A healthy pregnancy is predicated upon the normal development and function of the 

placenta. Impairments in placental development can result in placental insufficiency, fetal 

growth retardation, and fetal death. The ability of the placenta to mediate bi-directional 

maternal-fetal exchange of nutrients and respiratory gases requires extensive angiogenesis 

throughout its component tissues. Indeed, abnormalities in the placental vasculature account 

for the most common placental pathologies identified in various pregnancy complications 

(Chen and Zheng, 2014; Macara et al., 1996; Mayhew et al., 2004; Redman and Sargent, 

2005; Reynolds et al., 2006). The appropriate timing and growth of the placental vasculature 

is finely regulated by a number of pro-angiogenic and anti-angiogenic factors, many of 

which are synthesized within the placenta. The studies presented herein expand upon the 

repertoire of known hormones and growth factors regulating placental angiogenesis by 

demonstrating that signaling through fetal placental FSHR is essential for appropriate 

angiogenesis of placental fetal vessels.

The expression of FSHR in endothelial cells was first reported by Radu et. al (Radu et al., 

2010). In addition to demonstrating FSHR expression on endothelial cells of blood vessels 

on the outer surface of human tumors, they also demonstrated the expression of the FSHR 

on fetal vessels within the chorionic villi of the human placenta. Subsequent studies from 

our laboratory more fully examined FSHR expression in human placentas from eight-weeks 

of gestation (the earliest time point examined) through term pregnancy, revealing FSHR 

expression on endothelial cells and arterial smooth muscle of fetal blood vessels in the 

chorionic villi as well as the umbilical vein and arteries (Stilley et al., 2014a). Notably, the 

FSHR expressed in human endothelial cells is not the full-length receptor, but a splice 

variant lacking exon 9 (Stilley et al., 2014b), which is the same splice variant expressed in 

osteoclasts (Robinson et al., 2010; Zhu et al., 2012b). Using primary cultures of HUVECs, 

we reported the FSH-provoked stimulation of several angiogenic processes including tube 

formation (Stilley et al., 2014a; Stilley et al., 2014b). More recently, however, 

Stelmaszewska et al. reported the absence of FSH effects on HUVECs (Stelmaszewska et 

al., 2016). There are several methodological differences that could readily account for the 

apparent discrepant results. Most notably, the source of HUVECs and culture conditions 

differed significantly between the studies. It is possible that the conditions used in the latter 

studies, while generally appropriate for maintaining HUVECs in culture, may not have been 

suitable for maintaining FSHR expression. The present study resolves this apparent 

discordance by using an in vivo approach that compares angiogenesis within the Fshr wt vs. 

Fshr null placental labyrinths of mice. Our results show that fetal vessel angiogenesis is 

significantly reduced in the Fshr null placental labyrinth, thus conclusively demonstrating 

that signaling through endothelial FSHR stimulates angiogenesis.

Previous studies from our laboratory demonstrated that the deletion of fetoplacental Fshr 
resulted in decreased mid-gestational weights of placentas and fetuses as compared to wt 

littermates as well as an increase in mid-gestational intra-uterine demise of Fshr null fetuses 
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(Stilley et al., 2014a). In light of the data presented herein, we conclude that these 

impairments are due, at least in part, to decreased angiogenesis of the fetal placental 

vasculature. Our previous studies also revealed quantitatively similar decreases in mid-

gestational fetal and placental weights in Fshr+/- samples. While the quantification of 

angiogenesis in the Fshr+/- placental labyrinths was beyond the scope of the present study, 

we speculate that they would most likely similarly exhibit decreased fetal vessel 

angiogenesis. Female mice that are haploinsufficient for the global deletion of Fshr exhibit 

decreased fertility and decreased estrogen and progesterone levels, indicating that decreased 

ovarian function is at least partially accountable for the subfertility (Danilovich et al., 2000; 

Danilovich and Sairam, 2002). That the impact of Fshr deletion on the ovary appears to be 

milder than that of deletion of Fshr from the placental vascular endothelium may be due to 

the much higher density of ovarian FSHR and thus spare receptors on granulosa cells.

In addition to placental FSHR exerting a role in pregnancy by promoting angiogenesis of the 

fetal placental vasculature, uterine myometrial FSHR has also been shown to play a role in 

pregnancy (Stilley et al., 2016). Thus, whereas lower levels of FSHR expression in non-

pregnant and early pregnancy myometrium suppress contractile activity in response to FSH, 

the higher densities of FSHR in myometrium from term pregnancy respond to FSH with 

increased contractile activity.

As one considers the role of the placental endothelial FSHR and myometrial FSHR during 

pregnancy, it is important to consider that the secretion of pituitary FSH is suppressed during 

pregnancy (Jaffe et al., 1969). It is also important to consider that the levels of FSHR in 

endothelial cells and extra-gonadal tissues of the female reproductive tract are considerably 

lower than those in the ovary (Stilley et al., 2014a; Stilley et al., 2014b). However, human 

placenta, decidua and myometrium, but not endothelial cells, were shown to express mRNAs 

for both subunits of FSH (Stilley et al., 2014a). Furthermore, microarray and sequence data 

available from NCBI GEO reveal expression of CGA mRNA and FSHB mRNA in placental 

tissue from each trimester, the uterine endometrium, and the uterine myometrium (Dezso et 

al., 2008; Eyster et al., 2007; Hawkins et al., 2011; Huuskonen et al., 2008; Mikheev et al., 

2008; Mutter et al., 2004; Su et al., 2004; Talbi et al., 2006; Votavova et al., 2011; Winn et 

al., 2007). Because NCBI GEO sets further reveal FSHB expression in human trophoblast 

cells (ID: 59683968; ID: 28793668), these cells are most likely the source of FSH within the 

placenta. Based on these observations, we hypothesize that locally synthesized FSH, where 

concentrations may be quite high, may be the source of FSH for the stimulation of the 

relatively low densities of FSHR in placenta and the extra-gonadal reproductive tract. 

Ultimately, signaling through extra-gonadal FSHR appears to exert several actions to 

establish and maintain pregnancy, including, but not necessarily limited to, the regulation of 

placental angiogenesis and uterine contractile activity.

It is noteworthy to point out that several studies have associated the underlying maternal 

causes of infertility, rather than the assisted reproductive technologies used to address the 

infertility, with increased risks of failed implantation, spontaneous miscarriage, and adverse 

perinatal outcomes (Basso and Baird, 2003; Henriksen et al., 1997; Jaques et al., 2010; Joffe 

and Li, 1994; Raatikainen et al., 2012; Romundstad et al., 2008; Thomson et al., 2005; 

Wisborg et al., 2010; Zhu et al., 2007). It should be considered that a decrease in FSHR 
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expression or responsiveness that is sufficient to attenuate the ovarian response to FSH may 

also attenuate extra-ovarian responses to FSH, thereby potentially contributing to adverse 

pregnancy outcomes. In particular, as demonstrated herein, insufficient signaling through 

FSHR in the fetal vascular endothelium of the placenta would severely impair placental 

angiogenesis.

In conclusion, the data presented show that FSH signaling through endothelial FSHR does 

indeed stimulate angiogenesis by demonstrating that targeted deletion of Fshr from the fetal 

portion of the placenta results in decreased fetal vessel angiogenesis.
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Highlights

• Deletion of Fshr from the mouse placenta inhibits labyrinth development

• Deletion of Fshr from the mouse placenta inhibits fetal vessel angiogenesis

• Endothelial FSHR mediates angiogenesis
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Figure 1. Quantification of labyrinth size in placentas of wild-type (Fshr+/+) and null (Fshr-/-) 
fetuses, expressed as a percentage of the area of the entire placenta
Data shown are mean ± SEM of quantifications of 3 Fshr+/+ and 6 Fshr-/- placentas. Asterisk 

denotes statistically significant difference, P<0.05.
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Figure 2. Fetal and maternal sinuses in the labyrinth of placentas of wild-type (Fshr+/+) and null 
(Fshr-/-) fetuses
Tracings of sinuses in the placental labyrinth are shown, with fetal and maternal sinuses 

identified based on the presence of nucleated and non-nucleated blood cells, respectively. 

Blue pseudo-coloring indicates fetal sinuses, and red indicates maternal sinuses. Top: 
Images shown are placentas of fetuses 3 and 5 of Fig 1 and they are representative of 3 Fshr
+/+ and 6 Fshr-/- 15 dpc placentas. Each image was tiled at 200× magnification. Bottom: 
Enlargement of the portion of each labyrinth that is highlighted by a green box in the image 

above.
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Figure 3. Quantification of angiogenesis in the placental labyrinth of wild-type (Fshr+/+) and null 
(Fshr-/-) fetuses
The A number and B size of fetal sinuses, and the C number and D size of maternal sinuses 

in Fshr+/+ and Fshr-/- labyrinths of 15 dpc placentas, with number of sinuses normalized to 

overall labyrinth size. Data shown are the mean ± SEM of sinus quantifications of 3 Fshr+/+ 

and 6 Fshr-/- placentas. Asterisks denote statistically significant differences, P<0.05.
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