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 In the effort to elucidate the role of the hedgehog (HH) signaling pathway in 

reproduction, mice were created in which HH signaling was overactivated in the gonads 

and in the reproductive tract.  These mice expressed a dominant active allele of the 

signal transducer SMOM2 that was directed by Amhr2cre-mediated recombination.  

Amhr2cre/+SmoM2 mutant females were infertile due to a failure in follicle rupture and 

abnormal development of the reproductive tract.  Amhr2cre/+SmoM2 mutant males were 

subfertile due to abnormal development of the reproductive tract and persistence of the 

Müllerian duct that led to reduced sperm numbers in the ejaculate. 

 In Amhr2cre/+SmoM2 mutant females, vessels within the theca were deficient in 

vascular smooth muscle.  It was hypothesized that this defect would prevent constriction 

of blood vessels in response to physiologic stimuli and contribute to anovulation in this 

model.  Therefore, mutant females were used as a model to determine the importance 

of vasoconstriction within the follicle in ovulation.  To pursue this goal, a procedure was 

devised in which vessel characteristics such as velocity of red blood cells and vessel 

diameter could be studied in vivo.  In this procedure, vessels were fluorescently labeled 



by systemic intravascular injection of rhodamine-labelled dextran.  Leakage of dextran 

from the vessels provided enough contrast to identify structures within the follicle and as 

a result the thickness of the follicle wall could be determined.  Ovaries of anesthetized 

mice were imaged using multiphoton microscopy.  Initial studies with mutant and control 

mice revealed an association between vasoconstriction, thinning of the follicle wall and 

follicle rupture.  Therefore additional experiments were performed to gain further insight 

in the role of vasoconstriction in ovulation.  An experimental setting was devised in 

which thinning of the follicle wall was prevented, in this experiment, it was demonstrated 

that vasoconstriction was not a result of thinning of the follicle wall.  In wild-type mice, 

vasoconstriction was experimentally blocked and then vasoconstrictors were infused 

into the bursa.  While inhibition of vasoconstriction impaired ovulation, infusion with 

vasoconstrictors rescued ovulation demonstrating that vasoconstriction is essential for 

ovulation.  Using Doppler ultrasound, it was determined that in the mouse, the 

vasoconstriction detected by multiphoton microscopy only occurred at the outer surface 

of the follicle and not at the base. 

In Amhr2cre/+SmoM2 mutant males, subfertility was likely due to reduced sperm 

numbers in the ejaculate.  Reduced sperm numbers could be explained by the presence 

of persistent Müllerian tissue that impedes normal development of the vas deferens or 

impairs its contractions at the time of ejaculation.  In addition, the vas deferens had 

localized narrowing of the lumen and a tortuous trajectory which could impair 

contractions at ejaculation.  Subfertility could also be explained by the reduced weight 

and spermatid content of the mutant testes that is associated with a reduction in sperm 

numbers in the cauda epididymis. 
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Introduction  

A goal of the Quirk laboratory is to elucidate the role of the hedgehog (HH) 

signaling pathway in reproductive tissues in mammals.  The HH signaling pathway is 

involved in cell proliferation, cell differentiation and tissue patterning in many tissues 

including the brain, bone, gut, heart, lung and hair follicle (Bellusci et al., 1997; Echelard 

et al., 1993; Sato et al., 1999; St-Jacques et al., 1999; Sukegawa et al., 2000).   

In mammals, three HH have been identified,  sonic HH (Shh), Indian HH (Ihh) 

and desert HH (Dhh) (King et al., 2008).  HH ligand binds to the receptor patched 1 

(PTCH1) or patched 2 (PTCH2).  Binding of HH ligand to PTCH, relieves its inhibition on 

the signal transducer smoothened (SMO).  Release of SMO by PTCH promotes the 

activation of glioma-associated oncogene homolog transcription factors (GLI1, GLI2 and 

GLI3), which mediate gene transcription (King et al., 2008; Rohatgi and Scott, 2007).  

Genes that are transcribed in response to HH signaling include feedback regulatory 

genes that can enhance the pathway, such as Gli1 (Regl et al., 2002; Ruiz i Altaba, 

1999), or suppress it, such as Ptch and Hhip (Yang and Lin, 2010).    

Most of what is known about the role of HH signaling in mammals has been 

investigated using the mouse model.  Deletion of Shh results in embryonic death 

characterized by reduction in size of the brain and spinal cord and severe growth 

retardation (Chiang et al., 1996).  Deletion of Ihh generates results in embryonic death 

due to circulatory problems or in death at birth due to respiratory failure (St-Jacques et 

al., 1999).  Dhh null mice are viable, but males are infertile (Bitgood et al., 1996; Clark 

et al., 2000).  Deletion of the signal transducer Smo produces a phenotype similar to 
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that observed in Shh and Ihh null mice (Zhang et al., 2001).  Deletion of Ptch results in 

embryonic death due to an enlargement of the neural tubes (Goodrich et al., 1997).   

Due to the lethality observed when components of the HH signaling pathway are 

deleted, development of mice with conditional alteration of genes has been used to 

obtain insight into the role of HH in tissues of interest.  In order to identify the role of the 

HH signaling pathway in reproductive tissues, mice with conditional overactivation of HH 

signaling in the gonads and reproductive tract were created.  In these mice, a dominant 

active signal transducer of the HH signaling pathway, SmoM2, was expressed upon 

Amhr2cre-mediated recombination.  Generated Amhr2cre/+SmoM2 mutant females were 

infertile due to a defect in ovulation (Ren et al., 2009).  In Amhr2cre/+SmoM2 females, 

many changes that are known to occur as ovulation approaches (described below) are 

normal.  However, in these mice there was a reduction of smooth muscle actin (SMA) 

positive cells in the theca layer (Ren et al., 2009).  This reduction in SMA was shown to 

represent a defect in thecal vessels to acquire mural support of vascular smooth muscle 

cells (Ren et al., 2012).  While this phenotype could not have been predicted, the 

mouse model presented the opportunity to study the role of the vasculature in ovulation.  

It was hypothesized that in Amhr2cre/+SmoM2 females, properties such as 

vasoconstriction in thecal vessels would be altered.  Therefore, Amhr2cre/+SmoM2 

females were used as a model to study the potential relationship between altered 

vasoconstriction and anovulation.  A major focus in this dissertation was to study the 

role of the vasculature at the time of ovulation (refer to chapter 2 and chapter 3); 

therefore, most of this introductory chapter consists of a review of the literature on 

topics relevant to ovulation.  An additional project reported in this dissertation was to 
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study the phenotype of Amhr2cre/+SmoM2 males.  Amhr2cre/+SmoM2 males were 

subfertile due to a defect in the development of the reproductive tract (refer to chapter 

4).  Therefore, the final section of this introduction reviews relevant literature related to 

the development of the male reproductive tract.  

 

Ovulation 

 Ovulation, the event in which the apical follicle wall ruptures to allow the 

extrusion of the oocyte, is initiated by a surge of luteinizing hormone (LH) secreted from 

the anterior pituitary (Hisaw, 1947; Richards, 2007; Richards et al., 2002).  The process 

of ovulation has been compared to an inflammatory response as ovulation shares some 

landmarks of inflammation, such as increased vessel permeability which leads to 

edema, influx of immune cells such as macrophages and neutrophils into the follicle, 

and elevated expression of signaling molecules such as prostaglandin E2 and 

interleukin 1 (Espey, 1980).  While a variety of genes that are essential for ovulation 

have been identified, the mechanism that leads to the rupture of the follicle wall still 

needs to be identified.  It is important to understand the final mechanism that leads to 

follicle rupture as this knowledge could be used to develop methods to treat infertility, to 

develop new non-hormonal contraceptive methods, to improve efficiency in fertility in 

domestic animals and to facilitate the recovery of endangered species.  In most of the 

studies described in this chapter, the rodent is used as a model.  The rodent is an 

excellent model to study ovulation, because ovulation can be induced in immature 

females with a combination of hormones and can be expected to occur within a window 
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of 2 hours.  Following injection with equine chorionic gonadotropin (eCG), a large cohort 

of preovulatory follicles develops by 48h.  Injection of human chorionic gonadotropin 

(hCG) 48h after eCG simulates the action of the LH surge and ovulation occurs 12-14h 

later.  

Before a follicle reaches the ovulatory stage, it undergoes many steps in 

development.  A pool of follicles at the earliest stage of development is found in the 

ovary.  This pool serves as a reserve of follicles for development during the life span of 

the animal.  These early follicles, called primordial follicles, consist of an oocyte 

surrounded by a single layer of flattened granulosa cells.  Gradually, primordial follicles 

are activated to leave the resting stage and begin to grow, a process in which the 

oocyte becomes larger and granulosa cells become cuboidal (Fortune, 2003).  As 

follicles grow, the granulosa cells proliferate creating multiple layers of granulosa cells 

around the oocyte.  In addition, a layer of mesenchymal-like cells known as the theca 

develops surrounding the granulosa layer and is separated from the granulosa cells by 

a basement membrane.  Finally, a fluid-filled cavity known as the antrum develops 

within the granulosa cells, dividing them in two populations (Barnett et al., 2006).  The 

cells immediately surrounding the oocyte are referred to as the cumulus cells.  The 

oocyte and cumulus cells form the cumulus-oocyte complex that in an antral follicle is 

surrounded by follicular fluid.  The granulosa cells that line the wall of the follicle are 

referred to as mural granulosa cells and are separated from the theca layer by a 

basement membrane.  While the granulosa cells, antrum and oocyte are completely 

avascular, the theca layer is vascularized.  The theca layer contains two distinct wreath-

like networks of blood vessels, an inner plexus composed mainly of capillaries and an 
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outer plexus which is composed of capillaries, arterioles and venules (Bassett, 1943; 

Jiang et al., 2002; Macchiarelli et al., 2010; Macchiarelli et al., 1993; Shimoda et al., 

1933). 

The main goal of this dissertation was to determine the role played by the 

follicular vasculature in the events that lead to follicle rupture at ovulation.  In order to do 

so, a procedure was developed to evaluate vascular changes such as vessel diameter, 

velocity of red blood cells and blood flow in individual blood vessels in preovulatory 

follicles in wild type mice, and in relevant anovulatory mouse models in vivo using 

multiphoton microscopy.  Another parameter measured in this study was thickness of 

the follicle wall at the surface of the follicle prior to follicle rupture in association with 

changes in the vasculature.  A procedure to cannulate the bursal cavity surrounding the 

ovary was devised to allow imaging with multiphoton microscopy while examining the 

effects of infusion of various mediators on follicular vessels and follicle rupture.  Other 

potential uses for this technique include the study of ovarian cancer or imaging of other 

ovarian functions.  Two processes, cumulus expansion and thinning of the follicle wall 

are discussed below.  Cumulus expansion is essential for ovulation and is dependent on 

the influx of serum-borne components after the LH surge.  Thinning of the follicle wall is 

a process in which proteases digest the follicle wall to facilitate the rupture of the follicle 

at ovulation.   
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Cumulus expansion 

 The cumulus cells are the subpopulation of granulosa cells that surround the 

oocyte and reside within the antrum.  Cumulus cells are connected with each other and 

to the oocyte by an extensive network of gap junctions (Anderson and Albertini, 1976; 

Gilula et al., 1978).  From the cumulus cells, nutrients and cellular factors are 

transported by these gap junctions and delivered to the oocyte to regulate its growth 

and its maintenance in meiotic arrest (Brower and Schultz, 1982; Downs and Hunzicker-

Dunn, 1995; Herlands and Schultz, 1984; Salustri and Siracusa, 1983).  In response to 

a surge release of LH, most of these gap junctions are endocytosed, the oocyte 

resumes meiosis and the cumulus cells undergo expansion (Park et al., 2004; Shimada 

and Terada, 2002) 

 Cumulus expansion consists of extensive production and deposition of 

extracellular matrix components such as glycosaminoglycans and proteoglycans which 

are produced by the cumulus cells.  As a result of these secreted factors, an 

extracellular matrix forms within the cumulus cells that results in a ~30 fold increase in 

the size of the cumulus-oocyte complex (Chen et al., 1990).  The main component 

produced by the cumulus cells is hyaluronic acid (HA) which binds to the heavy chains 

of the serum-derived inter-α-inhibitor (IαI) (Hess et al., 1999).  Even though HA is 

produced by cumulus cells, an increase in vascular permeability mediated by the LH 

surge is essential to allow IαI to leave blood vessels and translocate into the antrum 

(Hess et al., 1998).  After the binding of HA and IαI, other components such as tumor 

necrosis factor-stimulated gene 6 (TSG6) product, brevican and versican provide 

additional support to the matrix (McArthur et al., 2000).  In the mouse, cumulus 
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expansion begins by 3 hours after hCG and is completed by 9 hours after hCG (Eppig, 

1982).          

 In order for a successful expansion of the cumulus cells to occur, availability of 

enough substrate is required.  It has been shown limiting the amount of glucosamine, 

which is the precursor for HA, blocks cumulus expansion in vitro.  In the same study, 

injection with 6-diazo-5-oxo-L-norleucine (DON), inhibited the synthesis of HA and 

prevented ovulation (Chen et al., 1990).  Another example is that of bikunin null mice.  

Bikunin is part of a complex with IαI in serum and its deletion prevents cumulus 

expansion and ovulation (Sato et al., 2001; Zhuo et al., 2001).  Furthermore, TSG6 and 

HA synthase-2 are also required for cumulus expansion (Ochsner et al., 2003).  

Prostaglandin synthase 2 (PTGS2) also is essential for cumulus expansion, and it has 

been shown that deletion of PTGS2 prevents cumulus expansion and rupture (Ochsner 

et al., 2003).  However, administration of Prostaglandin E2 (PGE2) restores ovulation in 

PTGS2 null mice (Ochsner et al., 2003).  Mice with deletion of EP2, a receptor for 

PGE2, fail to ovulate due to a defect in cumulus expansion (Hizaki et al., 1999).  Thus, 

PGE2 mediated by PTGS2 is a critical mediator for cumulus expansion and necessary 

for ovulation. 

 In summary, as shown by the previous studies, cumulus expansion is a process 

dependent on the LH surge.  Disruption of components involved in the expansion of the 

cumulus complex not only impairs cumulus expansion, but also blocks ovulation.  

Cumulus expansion is dependent on an increase in permeability of thecal vessels that 

allows the influx of IαI into the antrum of the follicle.  To my knowledge, there is no 

situation in which ovulation occurs in the absence of cumulus expansion. 
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Thinning of the follicle wall 

 For a successful ovulatory event, the oocyte needs to pass through the apex of 

the follicle.  The apex is the area at the outer surface of the follicle that faces the 

peritoneal cavity.  The follicle wall is rich in collagen fibers and proteolytic enzymes 

produced in the ovulatory follicle are responsible for the digestion of the apical follicle 

wall, which leads to its thinning.  Proteolytic enzymes belonging to three classes 

participate in follicle remodeling: the matrix metalloproteinases (MMPs), the ADAMTS (a 

disintegrin and metalloproteinase with thrombospondin motifs) enzymes, and the 

plasmin/plasminogen activator enzymes.  There are several classes of protease 

inhibitors that could modulate the activity of proteases in the follicle, the serum-borne 

inhibitors and the tissue-derived inhibitors of proteinases which are produced within the 

ovary (Brew et al., 2000; Curry and Smith, 2006).   

 The MMP system in the ovary is composed of diverse proteolytic enzymes with 

specificities for different targets.  MMP-1, MMP-8 and MMP-13 belong to the 

collagenase family and can breakdown all types of collagen.  In the rabbit, MMP-1 

protein is expressed in the theca layer of preovulatory follicles at a time close to 

ovulation (Tadakuma et al., 1993).  In another study, levels of mRNA for MMP-13 were 

elevated in mouse ovaries during proestrus and estrus but reduced at other stages of 

the cycle (Balbin et al., 1996).  MMP-2 and MMP-9 are gelatinases and act on type IV 

collagen, laminin and fibronectin, which are components of the basement membrane of 

the follicle.  In the rat, mRNA for MMP-2 and MMP-9 was detected by in situ 

hybridization in the theca of follicles and stroma of ovaries treated with eCG, and 

increased by 8-12 h after hCG with additional expression in granulosa cells (Curry et al., 
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2001).  Curry and collaborators performed situ zymography for gelatinase activity to 

evaluate whether gelatinase activity is localized in any particular region of the follicle.  In 

that study, frozen sections of preovulatory follicles were incubated in fluorescently-

labeled gelatin and digestion of gelatin resulted in cleavage of a quencher that led to an 

increase in fluorescent signal.  In ovaries from rats treated with eCG, gelatinase activity 

was detected in the theca layer throughout the entire circumference of the follicle.  

However, in ovaries from rats at 12h after hCG, there was increased gelatinase activity 

at the apex of the follicle compared to that at the base of the follicle.  It has been shown 

that antibody against MMP-2 blocked ovulation in ovaries of medaka fish cultured in 

vitro (Ogiwara et al., 2005).  Another member of the MMP family, MMP-19 is also 

present in the mouse and rat ovary.  Levels of mRNA for MMP-19 increase in the 

granulosa and theca cells in response to hCG and reach their highest levels by 12h 

after hCG (Hagglund et al., 1999; Jo and Curry, 2004).  

 The ADAMTS family includes peptidases which can target pro-collagens, 

versican, and brevican.  Levels of mRNA for ADAMTS-1 were quantified by northern 

blots and real time reverse transcriptase PCR in rat ovaries.  While levels of ADAMTS-1 

mRNA were non-detectable at 0, 2 and 4h after hCG, by 8h after hCG levels of mRNA 

increased and they peaked at 12h after hCG (Espey et al., 2000).  As shown by in situ 

hybridization, ADAMTS-1 mRNA was localized in granulosa cells of preovulatory 

follicles (Espey et al., 2000).  ADAMTS-4 mRNA and protein in preovulatory and small 

follicles in the mouse at 0h after hCG was mainly expressed in granulosa cells.  

Expression was increased by 12h after hCG and in addition to granulosa cells, it also 

was expressed in theca cells (Richards et al., 2005).  ADAMTS-4 was also localized at 
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the ovulation cone, the site where ovulation had occurred, by 16h after hCG.  Also in the 

mouse, ADAMTS-5 was expressed in the granulosa cells, but no changes in the levels 

of expression or location were detected in preovulatory follicles in response to hCG 

(Richards et al., 2005) 

 The plasmin/ plasminogen activator system requires the cleavage of 

plasminogen by tissue plasminogen activator (tPA) or urokinase plasminogen activator 

(uPA) to form plasmin. Plasmin is a protease that can cleave fibrin, fibrinogen, different 

types of collagen, gelatin and fibronectin (Mignatti et al., 1986).  Plasminogen is 

elevated in  blood, extracellular fluid and follicular fluid with an approximate 

concentration of 2 µM (Raum et al., 1980).  There is an increase of mRNA for uPA and 

tPA in granulosa cells that is associated with an increase in plasmin activity in lysates of 

preovulatory follicles of cattle (Dow et al., 2002a; Dow et al., 2002b) and in rhesus 

monkeys (Liu et al., 2004).  Ovulation rates were decreased in rats with intrabursal 

injection of plasmin inhibitors (Reich et al., 1985) or antibodies against plasminogen 

activators (Tsafriri et al., 1989).  Furthermore, gene deletion of plasminogen activators 

tPA and uPA only decreased ovulation in mice but not completely blocked it 

(Leonardsson et al., 1995).  Taken together these experiments suggest that the 

plasmin/plasminogen activator system is not essential for ovulation, but its disruption 

can reduce ovulation rate.   

 Three main protease inhibitors are present in serum: alpha-1 macroglobulin 

(α1M; 720,000 Daltons), alpha-2 macroglobulin (α2M; 720,000 Daltons) and alpha-1 

inhibitor 3 (αI3; 200,000 Daltons).  In a study in which α1m, α2m and αI3 were isolated 

from rat ovaries, the highest concentration was detected by 8h after hCG.  The 
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concentrations of these serum-borne proteases per gram of ovary were 850 µg/gram for 

α1M and α2M, and 110 µg/gram for αI3. By contrast, circulating levels were significantly 

higher, being 5200 µg/ml for α1M and α2M, and 300 µg/ml for αI3 (Zhu and Woessner, 

1991)  

 The tissue-derived inhibitors of proteases present in the ovary include tissue 

inhibitor of metalloproteinases (TIMP-1, TIMP-2 and TIMP-3).  TIMPs are secreted 

enzymes that bind and inhibit the action of many MMPs.  As shown by in situ 

hybridization, high levels of mRNA for these three proteins are detected in the theca 

and in the stroma of the rat ovary 48h after eCG (Curry et al., 2001).  In addition, by 12h 

after hCG, TIMPs were also detected in granulosa cells (Curry et al., 2001).  In a study 

in rat ovaries, an assay that measured all three TIMPs together was used.  In that study, 

the amount of TIMP in the ovary was of 4.7 µg/gram of ovary, while as expected, no 

TIMP was present in circulation (Zhu and Woessner, 1991).  

 The mechanism that promotes digestion of the follicle wall only at the apex of the 

follicle is unknown.  However, a selective location for digestion of the wall is essential to 

prevent random location of follicle rupture and to prevent the digestion of the ovary 

itself.  Therefore, a fine tuned balance between the signals that promote digestion of the 

wall at the apex and those signals that prevent the digestion of the follicle in unwanted 

places is needed.  There is a localized area depleted of blood vessels at the apex of the 

follicle just prior to ovulation (explained in detail below).  Therefore, it is interesting to 

evaluate if there is a relationship between the formation of the region at the apex 

depleted of blood vessels and the localized thinning of the follicle wall that leads to 

follicle rupture at the apex. 
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Ovarian vasculature 

 The ovary is a well vascularized tissue.  Studies in which rat ovaries were 

perfused with India ink revealed that primordial follicles are nurtured by diffusion from 

capillaries that are in close proximity (Bassett, 1943).  As follicles grow, a wreath-like 

network of capillaries develops in the theca while the other components of the follicle 

such as granulosa cells, antrum and oocyte remain avascular.  By the time a follicle has 

reached the preovulatory stage, two distinct networks of blood vessels have formed: a 

plexus composed of capillaries, arterioles and venules in the outermost part of the 

theca, and a plexus which is mainly composed of capillaries located in a region of the 

theca close to the basement membrane (Bassett, 1943).  From other studies in which 

the follicular vasculature was filled with Mercox resin and then identified by corrosion 

casts in rabbits (Macchiarelli et al., 2006; Macchiarelli et al., 2010; Macchiarelli et al., 

1993), pigs (Jiang et al., 2002), cattle (Jiang et al., 2003) and the mouse (Shimoda et 

al., 1933), it was concluded that in these species, a similar network of vessels to that of 

the theca of the rat was found.  In addition, with this technique it was demonstrated that 

in periovulatory follicles, an area without resin formed at the apex of the follicle and that 

at this time point a large amount of resin leaked out of the vessels at the apex 

suggesting increased permeability (Kanzaki et al., 1982; Macchiarelli et al., 2010).  The 

formation of a cleared area lacking vessels at the apex of the follicle was also identified 

in rabbits (Dahm-Kahler et al., 2006), rats (Zackrisson et al., 2011) and sheep 

(Cavender and Murdoch, 1988).  In the current project, I tested the hypothesis that the 

formation of the area depleted of blood vessels at the apex of the preovulatory follicle is 
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mediated by vasoconstriction of thecal vessels at the apex, and that this 

vasoconstriction is essential for ovulation. 

 In order to determine a potential association between blood supply to the ovary 

and ovulation, Zackrisson and collaborators designed an experiment in which either the 

ovarian artery, the uterine artery or both arteries at the same time were ligated 0, 3, 6 

and 9h after hCG.  In this study, it was shown that when both arteries together were 

ligated, no ovulation occurred regardless of the time of ligation.  When only the ovarian 

artery was ligated, ovulation rate was reduced independent of the time at which the 

ligation was performed.  When only the uterine artery was ligated, a reduction in 

ovulation occurred if the ligation was performed 0 or 3h after hCG but not at later times.  

No change in ovulation rate was observed in animals with a sham ligation (Zackrisson 

et al., 2000).  From this study it was concluded that blood supply to the ovary is 

indispensable for ovulation and that the ovarian artery likely plays a major role in 

supplying the blood supply necessary for ovulation.  However, this study did not provide 

information about the possible localized pattern of follicular blood flow at the time of 

ovulation. 

 In previous studies, color Doppler ultrasonography was used as tool to study 

blood flow.  However, while Doppler ultrasound is very useful to study bulk blood flow in 

the follicle, it has reduced lateral resolution and therefore cannot be used to study 

individual capillary-size vessels.  In humans, blood flow is uniform throughout the theca 

of the preovulatory follicle.  However, in an early ovulatory follicle, blood flow is reduced 

at the apex compared to the base.  Finally, in a late ovulatory follicle, blood flow is 

nonexistent at the apex but persists at the base (Brannstrom et al., 1998).  A similar 
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pattern with reduced blood flow at the apex was observed prior to ovulation in cattle 

(Acosta et al., 2003).  In the current dissertation, a Power Doppler micro-ultrasound 

system was used to evaluate whether there is any change in the localized pattern of 

blood flow in response to the LH surge in the preovulatory follicle of the mouse.  

 Other changes in the follicular vasculature have been associated with the LH 

surge, such as changes in permeability of blood vessels in the theca.  In one study in 

mice, the large molecular weight serum-borne component, inter α inhibitor (IαI) was 

radioactively labeled and its distribution throughout the preovulatory follicle was 

characterized.  In follicles from mice 48 h after eCG, labelled IαI was only detected 

within the blood vessels in the theca.  However, as early as 10 minutes after hCG, in 

addition to thecal vessels, labelled IαI was also detected in the antrum of preovulatory 

follicles.  This study demonstrated that immediately after the LH surge, there was an 

increase in permeability of thecal blood vessels that allowed the translocation of IαI, 

which is normally restricted to  circulation, into the antrum (Powers et al., 1995).  In 

another set of experiments, rabbit ovaries were isolated and imaged using electron 

microscopy.  Here it was shown that as soon as 4h after hCG, vessels in the theca 

became dilated and the theca became edematous due to leakage of blood vessels 

(Bjersing and Cajander, 1974a; Bjersing and Cajander, 1974b).  The increase in 

permeability was associated with an increase in follicle size in rats (Damber et al., 

1987).  In other experiments in rabbits and rats, serum was labeled with radioactive 

microspheres as a marker, then the amount of marker was quantified in the ovary 

compared to the amount of marker in other tissues.  In these experiments, the amount 

of marker deposited in the ovary was increased after the LH surge suggesting an 
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increase in permeability of vessels in the theca (Blasco et al., 1975; Damber et al., 

1987; Janson, 1975; Lee and Novy, 1978).  Although, the authors intended to use this 

method to determine changes in blood flow, determination of deposition of blood-borne 

labeled microspheres represents an indirect method to detect blood flow.  Therefore, 

these results could also be interpreted as accumulation of blood in the ovary.  

In order to establish a connection between the functionality of the abundant 

network of blood vessels and ovulation, Amhr2cre/+SmoM2 females (described above) 

and different anovulatory mouse models were studied.  Vascular properties such as 

vessel diameter, red blood cell velocity and blood flow were characterized during the 

preovulatory period in vivo using multiphoton microscopy.     

 

Development of the male reproductive tract 

In the present dissertation, Amhr2cre/+SmoM2 males were studied.  In these 

mutant mice, a defect in the development of the reproductive tract was associated with 

reduced fertility.  Therefore, a review of the literature in relevant topics are included in 

this chapter.  Females and males develop both the Müllerian and Wolffian ducts during 

embryogenesis independent of the chromosomal sex.  While oviducts, uterus and upper 

vagina develop from the Müllerian duct, epididymis, vas deferens and seminal vesicle 

develop from the Wolffian duct (Capel, 2000; Swain and Lovell-Badge, 1999).  In mice, 

differentiation of the intermediate mesoderm results in initiation of Wolffian duct 

formation at embryonic day 9.5, and by day 10.5 the duct has extended in length and 

has reached the cloaca.  The Müllerian duct originates from an invagination of the 
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mesonephros in the urogenital ridge at embryonic day 11.5 and the duct extends and 

reaches the cloaca at day 13.5 (Spencer et al., 2005).  In males, the Sry gene, which is 

located on the Y chromosome, leads to development of testes which produce 

testosterone, anti Müllerian hormone (AMH) and insulin-like growth factor 3 (INSL3). 

AMH promotes regression of the Müllerian duct, testosterone promotes development of 

the Wolffian duct and masculinization of the external genitalia, while INSL3 mediates 

testicular descent (Nef and Parada, 2000).  In contrast, in females, absence of male 

hormones leads to regression of the Wolffian duct (Kobayashi and Behringer, 2003; 

Spencer et al., 2005).   

In male mice, differentiation of the Wolffian duct occurs during the perinatal and 

early postnatal period.  The anterior section of the Wolffian duct begins to coil at 

embryonic day 14.5 (E14.5) and by postnatal day 1 (P1) it has a fully coiled structure 

comparable to that of an adult epididymis.  From the middle region of the Wolffian duct, 

the vas deferens forms as an uncoiled structure  (Joseph et al., 2009).  Finally, the 

posterior region of the Wolffian duct remains undifferentiated until the day of birth and 

by P7 it has developed into a seminal vesicle with multiple lobes and its characteristic 

branched morphology (Lung and Cunha, 1981).  Members of the Hox gene family are 

important in determination of an anterior/posterior identity of the male reproductive tract 

during embryonic development.  In male mice, Hoxa9 is expressed in the epididymis 

and vas deferens (Hannema and Hughes, 2007), Hoxa10 and Hoxa11 are expressed in 

the region of the Wolffian duct that will become the vas deferens and  Hoxa13 is 

expressed in the posterior region of the Wolffian duct that will become the seminal 

vesicle (Podlasek et al., 1999a).  Deletion of Hoxa10 or Hoxa11 results in a vas 
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deferens that resembles the coiled identity of an epididymis rather than being straight 

(Hsieh-Li et al., 1995; Podlasek et al., 1999b). While in hypodactyly mice, which have a 

deletion in the initiator codon for Hoxa13 transcript, seminal vesicles are less branched 

(Post and Innis, 1999). 

The regression of the Müllerian duct in males is initiated by AMH.  AMH signaling 

is mediated by interaction with type I and type II receptors that form heteromeric 

complexes upon ligand binding.  AMH binds to its type II receptor AMHR2 which can 

interact with either of two type I receptors, type I bone morphogenic protein receptor 

(BMPR1A) or activin A receptor type I (ACVR1) (Jamin et al., 2002; Jamin et al., 2003; 

Visser et al., 2001).  Experiments with gene knockout mice revealed that while BMPR1A 

is the primary type 1 receptor used in AMH signaling, ACVR1 could compensate for loss 

of Bmpr1a, demonstrating redundancy in the type 1 receptor used in AMH signaling 

(Orvis et al., 2008).  Experiments in which one to three of the receptor Smad genes 

believed to contribute to AMH signaling were deleted individually or in combination in 

mice showed that Smad5 is used preferentially in AMH-induced regression of the 

Mullerian duct but that Smad1 and Smad8 are also able to transduce the AMH signal 

(Orvis et al., 2008).  The action of AMH signaling results in loss of mesoepithelial cells 

of the Müllerian duct by apoptosis.  In addition, it is believed that some of the 

mesoepithelial cells may undergo a cell fate change, although this has not been defined 

directly (Allard et al., 2000; Price et al., 1977).  The mechanism by which the 

mesenchymal cells of the duct eventually undergo regression in response to AMH is not 

understood.  Deletion of the Amh gene or the Amhr2 gene causes persistence of 

Müllerian duct derivatives and their development into oviduct, uterus and vagina.  As a 
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result, males were infertile due to interference with transport of sperm (Behringer et al., 

1994).  Other situations in which there is persistence of Müllerian tissue include: Wnt7a 

null mice in which the Müllerian duct persists but consists of an undifferentiated tube 

adjacent to the epididymis and vas deferens (Parr and McMahon, 1998); conditional 

deletion of βcatenin mediated by the Amhr2cre allele in which persistent Müllerian tissue 

is detected by birth (Kobayashi et al., 2011); and mice with overactivation of βcatenin 

mediated by the Amhr2cre allele in which the Müllerian duct persists in focal areas 

(Tanwar et al., 2010).   

    Chapter 4 of this dissertation describes studies on Amhr2cre/+SmoM2 males.  

They were designed to determine the potential function of HH signaling in either the 

development of the reproductive tract or in the regression of the Müllerian duct. 
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Abstract 

To better understand the vascular changes that occur in the ovarian follicle 

around the time of ovulation, we have developed a novel procedure to determine blood 

flow in the follicle-associated microvasculature in vivo using multiphoton microscopy 

and verified that this procedure is compatible with ovulation.  This procedure will be 

useful to characterize vascular events in ovaries of wild-type mice as well as various 

strains of genetically altered mice with anovulatory phenotypes.  Understanding the 

mechanism of ovulation is important to treat human infertility, develop contraceptive 

methods and manage reproductive traits in domestic and endangered wild life species. 

 

Introduction 

Fertility in humans and other mammals is dependent upon the orchestrated 

release of a mature oocyte from the ovarian follicle at the appropriate time.  Ovulation is 

initiated when elevated levels of estradiol secreted by somatic cells of the mature follicle 

act on the pituitary to trigger a surge release of luteinizing hormone (LH).  LH in turn 

acts on receptors on follicular somatic cells to initiate a cascade of events resulting in 

rupture of the follicle wall at the outer ovarian surface and release of the oocyte 

(Richards, 2007).  In a preovulatory follicle, the oocyte is surrounded by specialized 

somatic cells known as cumulus cells and resides within a liquid-filled antral cavity.  The 

antrum is enclosed by an avascular layer of steroidogenic granulosa cells which is 

separated by a basement membrane from an outer layer of steroidogenic theca cells 

(Figure 2.1A).  The theca layer contains two distinct wreath-like networks of blood  
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Figure. 2.1. Characteristics of preovulatory follicles and preparation of the ovary for 
imaging.  In an ovary isolated 48 hours after eCG, multiple preovulatory follicles 
protrude from the surface (A; arrows).  A histological section of a preovulatory follicle 48 
hours after eCG (B) shows the oocyte with surrounding cumulus cells (O), the antral 
cavity (Ant), the avascular granulosa cell layer (bracket; GC), and the vascularized 
theca cell layer (arrow; TC).  After an ovulatory stimulus (12 hours after injection of 
hCG; C), the cumulus cells undergo expansion (arrowhead) and the apical wall of the 
follicle thins (arrow; scale bar represents 100 µm).  Panels D and E show the apparatus 
designed for in vivo imaging of the ovary which includes inflow and outflow ports for 
circulating lactated Ringer’s solution (arrowheads), head rest, tubing to deliver isoflu-
rane anesthesia (asterisk)  and a raised silicon shelf on which the exteriorized ovary 
(white arrow) is placed.  Panel F shows an ovary immobilized by pinning to the shelf.  
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vessels, an inner plexus composed mainly of capillaries and an outer plexus which is 

composed of capillaries, arterioles and venules (Bassett, 1943; Macchiarelli et al., 1993; 

Shimoda et al., 1933).  Critical events induced by the LH surge that facilitate ovulation 

include increased protease activity that leads to thinning of the follicle wall at the apex 

(Curry and Smith, 2006) and expansion or mucification of cumulus cells by deposition of 

a mucoelastic extracellular matrix (referred to as cumulus expansion) (Russell and 

Robker, 2007) (Figure 2.1B).  Analyses of transgenic and gene-targeted mice have led 

to the identification of genes and their associated pathways that regulate these 

processes (Russell and Robker, 2007).  For example, the preovulatory LH surge 

induces expression of progesterone receptor (PGR) in granulosa cells, and mice null for 

PGR are anovulatory (Lydon et al., 1995).  Mice null for a downstream target of PGR 

signaling, the protease ADAMTS-1, also have impaired ovulation (Mittaz et al., 2004; 

Robker et al., 2000) which is thought to be due to deficiencies in both cumulus 

expansion and rupture of the follicle wall (Russell et al., 2003).  Despite the inflow of 

information from mouse models, links between molecular pathways and physical 

changes in the follicle necessary for ovulation are not completely defined.  While 

changes in the follicular vasculature are known to occur following the LH surge, the 

precise sequence of events and their importance in follicle rupture have not been 

established.  This is largely due to the limitations of imaging approaches that have been 

available to study the ovary.   Acute changes in blood flow to the ovary reported to 

occur in response to the LH surge were estimated rather than identified via direct 

imaging.  Findings in rabbits of acute increases in ovarian blood flow soon after the LH 

surge were based on calculation of a blood flow index from the deposition of blood-
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borne labeled microspheres in the ovary (Blasco et al., 1975; Janson, 1975; Lee and 

Novy, 1978).  This type of indirect approach suffers from potential confounding effects 

(Damber et al., 1987).  One such effect is the well-documented increase in permeability 

of follicular vessels triggered in response to the LH surge which leads to interstitial 

edema as well as movement of erythrocytes into the interstitial space (Bjersing and 

Cajander, 1974; Damber et al., 1987; Koos, 1995; Power et al., 1995).  While this 

response could interfere with estimation of blood flow using microspheres, it serves an 

important physiological function.  The resulting influx of fluid into the antral cavity of the 

follicle, along with the decreased tensile strength of the follicle wall in response to 

proteolytic enzymes, is believed to promote expansion of the antral cavity and 

protrusion of the follicle on the ovarian surface in preparation for rupture (Curry and 

Smith, 2006; Russell and Robker, 2007).  Several important imaging studies have 

provided insight into changes in the follicular vasculature around the time of ovulation.  

Intravital light microscopy showed that blood flow to the apex of the follicle decreased 

just prior to ovulation in rats and rabbits (Dahm-Kahler et al., 2006; Zackrisson et al., 

2011), and  Doppler ultrasonography revealed a reduction in blood flow at the apex of 

the follicle before ovulation in women and cows (Acosta et al., 2002; Brannstrom et al., 

1998).  Limitations of previous imaging approaches are that intravital light microscopy 

can be used to image vessels at the surface of the ovary but not deep within the tissue, 

and Doppler ultrasonography has limited resolution, prohibiting assessment of blood 

flow in individual vessels.  To overcome previous limitations in our ability to study the 

follicular vasculature, we developed a novel procedure using multiphoton microscopy to 

repeatedly image individual vessels of mouse follicles over time in vivo at a greater 
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depth and with greater resolution than in previous studies.  Advantages of multiphoton 

microscopy are that it generates reduced levels of photobleaching, phototoxicity and 

tissue scattering compared to other methods such as confocal microscopy (Shih et al., 

2012; Williams et al., 2001; Zipfel et al., 2003).  In this report we provide proof of 

concept that the method provides quantitative information on vessel diameter and blood 

flow and is compatible with ovulation during imaging. 

 

Preparation of mice for imaging 

Experiments were approved by the Cornell University Institutional Animal Care 

and Use Committee, and mice were maintained in accordance with the NIH Guide for 

the Care and Use of Laboratory Animals.  Preovulatory follicles for imaging were 

generated using a standard protocol in which prepubertal, 21-23 day old mice were 

injected i.p. with 5 IU equine chorionic gonadotropin (eCG) (National Hormone and 

Peptide Program, Torrance, CA).  As expected, after 48 hours, mice had developed a 

large cohort of preovulatory follicles that protruded from the ovarian surface.  In some 

mice, an ovulatory surge of LH was simulated by i.p. injection of 5 IU human chorionic 

gonadotropin (hCG) (Sigma-Aldrich, Saint Louis, MO) 48 h after treatment with eCG, a 

procedure that induces ovulation 12-14 hours after hCG (Figure 2.1A-C).   

Mice to be imaged were anesthetized with isoflurane (Isothesia; Butler Animal 

Health Supply, Dublin, OH), chosen based on reports that it does not alter blood flow 

(Hoffman et al., 1991; Kim et al., 2010).  After induction at 3.5% isoflurane, mice were 

placed in a custom-made dish consisting of a silicone elastomer (Sylgard 184; Dow 
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Corning, Midland, MI) floor and a raised silicone shelf (2cm L x 1cm W x 0.5cm H) that 

supported the ovary during imaging.  The dish was connected to a 0.5 inch diameter 

tube which delivered anesthetic gas to the snout of the mouse (Figure 2.1D-F).  The 

isoflurane concentration was adjusted to maintain a breathing rate of ~60 breaths/min 

(1-2% typically).  A 1-1.5 cm incision was made on the left side of the abdomen.  

Subcutaneous fat was removed and an incision was made in the peritoneum to expose 

the ovary.  The ovarian fat pad was carefully separated from the kidney to allow 

exteriorization of the ovary.  The ovary with the attached oviduct and uterine horn were 

pulled out of the abdominal cavity.  The ovary with fat pad and oviduct were placed on 

the silicon shelf and insect pins were used to stabilize the ovary (#3 or #0; Austerlitz, 

Czech Republic), taking care not to stretch the tissue and blood vessels or to damage 

or constrict blood vessels.  A pin inserted through the uterus and into the silicon pad 

maintained the exteriorization of the tract.  A pin placed through the connective tissue of 

the oviduct allowed stabilization while avoiding bleeding into the bursa, a connective 

tissue sheath that comes into close contact with and encloses the rodent ovary.  On the 

opposite side of the ovary, a pin was placed through the ovarian fat pad (Figure 2.1F).  

While no pins were placed through the ovary itself, additional pins were often used to 

further stabilize the preparation.  Pins placed against the abdomen prevented it from 

moving into contact with the ovary and microscope objective.  The stabilization was 

necessary to prevent movements generated by breathing and by uterine contractions.  

Non-optimal stabilization occasionally resulted in blockage of blood flow; this could 

usually be corrected by re-pinning the preparation, but if not, the experiment was 
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terminated.  The bursa was left intact to prevent excessive bleeding that sometimes 

occurred when it was removed.   

After externalization of the ovary, 55 µl of 15 mg/ml rhodamine-labeled 2,000,000 

MW dextran (Life Technologies, Grand Island, NY) was injected retro-orbitally.  The 

high degree of fluorescent labeling (102-138 moles rhodamine/mole dextran) was 

critical to our ability to easily visualize the vasculature.  Dextrans have been used to 

label the vasculature in multiple tissues including retina (Kim et al., 2002; Piras et al., 

2011), tumors (Anikijenko et al., 2001; Fukumura et al., 2010), lymph nodes (Sarkisyan 

et al., 2012) and the brain (Nishimura et al., 2006).   A fluorescent dextran with a large 

molecular weight was chosen to reduce leakage from blood vessels (Mayhan and 

Heistad, 1985).  Imaging was limited to no longer than four hours based on the fact that 

blood flow was reported to be altered in mice anesthetized for a period longer than 6 

hours (Szczesny et al., 2004).  In addition, the intensity of the rhodamine-dextran in 

blood vessels began to decrease after 3 hours, probably due to accumulation of the 

dextran in the liver and spleen and to leakage of dextran from blood vessels, making it 

more difficult to image vessels at later time points.  When dextrans of lower molecular 

weight were used, such as 70,000 MW fluorescein-dextran, the intensity of the dye was 

reduced to unusable levels by 2 hours due presumably to leakage from blood vessels.  

We found that it is possible to inject additional labeled dextran in order to extend the 

length of imaging, but this generally required repositioning the mouse and microscope 

objective to gain access to the intra-orbital injection site and was not routinely 

employed.  The ovary and the entire lower part of the mouse was submerged in 

circulating 37°C lactated Ringer's solution (Abbot Laboratories, Chicago, IL), which was 
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gassed with 100% nitrogen to prevent external oxygenation of the tissue (Sweeney et 

al., 1999).  The Ringer’s solution served to hydrate the ovary, allowed the use of a high 

numerical aperture, large field-of-view water immersion lens, and maintained body and 

tissue temperature.  In previous intravital studies in the hamster, the ovary was 

immersed in a dish beside the animal (Sweeney et al., 1999); however the reproductive 

tract of the mouse is shorter than in the hamster, and this arrangement constricted 

blood flow to the ovary. 

 

Imaging of follicular vessels and ovulation 

Imaging was performed using a custom-made multiphoton microscope (Williams 

et al., 2001; Zipfel et al., 2003).  Briefly, a Ti:Sapphire laser (Millennia XS/Tsunami 

combination, Spectra Physics, Mountain View, CA) was directed into a modified BioRad 

scan head interfaced with a modified, fixed stage Olympus AX-70 upright microscope 

(Center Valley, PA).  An 880-nm beam was directed through a Pockels Cell (350-80LA; 

Conoptics, Danbury, CT) with custom-made electronics for beam modulation and 

blanking during scan fly-back.  Imaging was performed using a 20x/0.95W XLUMPlanFL 

objective lens (Olympus, Center Valley, PA).  A single follicle per mouse was chosen for 

repeated imaging over time.  For each follicle, 100 consecutive images were taken 

starting at the outer surface of the follicle and spaced at 2µm intervals, resulting in a 200 

µm thick Z-stack (Figure 2.2).  Image stacks were collected every hour.  In order to 

correct for lateral movement of the ovary due to breathing and uterine contractions, 

consecutive images were registered by the mean intensity distribution of each image  



Figure 2.2. Z-stack volume rendering (A; prepared using Avizo software) and individual 
images (B-E) obtained at different depths in a preovulatory follicle from a mouse 48 
hours after eCG injection and approximately 1 hour after rhodamine-dextran injection.  
The locations of the individual images in panels B-E are indicated on the z axis in panel 
A; their depths within the stack are denoted in each image.  Brightly fluorescent blood 
vessels are visible in the theca and areas external to the follicle.  The antral cavity (Ant) 
is seen as the dimly fluorescent area toward the center of the follicle; this fluorescence 
is due to leakage of rhodamine-dextran into the antral fluid.  Dark areas represent the 
avascular granulasa cell layer (GC) and, in panels D and E, the cumulus-oocyte com-
plex (COC) within the antrum.  In panel C, an arrowhead denotes a lateral vessel.  A 
z-stack projection (F, prepared using ImageJ software), obtained from 15 frames span-
ning a depth of 30 µm, shows the density of blood vessels within the apex of the follicle.  
Arrows denote vessels external to the follicle.

distance

A

B C

D E

F

40 µm 70 µm

160 µm 240 µm

38



39 

 

using auto correlation methods with a custom-written setting for the IDL data analysis 

environment (ITT Visual Information Solutions, White Plains, NY).  The depth of imaging 

possible using multiphoton microscopy varies according to the tissue density.  For 

example, in the brain, images were obtained as deep as 1 mm (Shih et al., 2012).  In 

preovulatory follicles, we were able to detect fluorescence as deep as 240 µm within the 

tissue (Figure 2.2A-E).  Depth may be limited due to light scattering by dense follicular 

tissue and follicular fluid in the antral cavity.  In part, this depth limit reflects that the 

interior of the follicle is avascular and fluorescence is limited to dextran that has leaked 

into the antral cavity.  Since a preovulatory follicle averages 500 µm diameter, it was not 

possible to image the base of the follicle.  However, the dense network of thecal vessels 

was readily imaged at the outermost surface, or apex of the follicle, and in lateral 

regions of the follicle bounded by other ovarian tissue (Figure 2.2).  Images of vessels 

immediately adjacent to the follicle but external to the theca were also obtained (Figure 

2.2F); these vessels were on average larger than thecal vessels and consisted primarily 

of arterioles and venules with few capillaries.  In addition, the oocyte with attached 

cumulus cells could often be observed within the antrum due to leakage of dextran into 

the antrum (Figure 2.2D,E).  

The velocity of red blood cells in individual blood vessels was determined by 

tracing the movement of red blood cells as previously described by Kleinfeld et al 

(Kleinfeld et al., 1998).  Blood vessels with generally horizontal orientation were 

identified for imaging.  For each vessel, a line passing through it and parallel to the flow 

was repeatedly scanned at 2 millisecond intervals (Figure 2.3).  Each successive image 

was stacked under the previous image generating what is known as a linescan.  In the  



Figure 2.3. Determination of red blood cell velocity using linescans through follicular 
blood vessels.  A line through a vessel was scanned repeatedly at 2 msec intervals 
(dashed horizontal line, panel A).  Individual red blood cells which appear black 
against the fluorescent plasma (arrows, panel A) leave a characteristic track on the 
linescan.  In the resulting composite image, lines from top to bottom represent succes-
sive images taken at 2 msec intervals through a defined portion of the vessel (panel 
B).  The horizontal distance scale and the vertical time scale are known allowing the 
velocity of a red blood cell to be calculated from the angle of the track.  The scale bar 
in A represents 20 µm in A-B.
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Table 2.1: Measurements from individual blood vessels of preovulatory follicles at successive 

times after injection of eCG a 

      

Type of Mouse       Diameter (µm)      Red blood cell velocity (mm/s)    Blood flow (pl/s) 

 Vessel #b 47h 48h 49h  47h 48h 49h  47h 48h 49h 

Apical  1 7.1 6.6 7.3  0.67 0.89 0.88  27 30 37 

 2 7.5 7.5 7.5  1.90 1.63 1.56  84 72 69 

 3 7.7 7.2 8.2  2.24 2.53 1.87  104 103 99 

             

Lateral  1 11.0 11.1 12.0  1.07 1.45 0.93  101 140 106 

 2 8.5 8.3 9.4  0.58 0.78 0.65  63 57 61 

 3 6.5 6.0 5.6  1.21 1.18 0.82  40 33 20 

             

External  1 17.0 15.5 15.7  3.75 2.83 2.74  851 534 530 

 2 19.6 22.8 22.4  0.72 1.12 1.23  217 488 486 

 3 25.0 27.0 29.0  0.51 0.78 0.56  248 445 364 
aPreovulatory follicles were generated by injecting prepubertal mice with eCG and imaging 47-49 

hours later.  While not shown here, these follicles have the potential to ovulate within 12-14 hours 

after a subsequent injection of hCG (to simulate the preovulatory LH surge). 

 
bVessels of single preovulatory follicles from 3 mice are shown. 
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assembled image, individual blood cells moving though the blood vessel along the line 

of the scan leave a track at an angle corresponding to the rate of travel.  For each 

vessel imaged, the angle generated by a representative blood cell track on the scan 

was calculated, and from this angle the velocity was calculated using Image J software.  

Velocity was corrected for divergence of the angle of flow from the linescan direction 

using the Z-stack generated previously.  The area of each vessel at the site of the 

linescan was also determined using the Z-stack in order to translate velocity (µm/s) into 

flow (µm3/s).  For data analysis, velocity was converted to mm/s and blood flow to pl/s.  

Repeated measurements of blood flow over time could be obtained from a given area of 

a blood vessel.  Vessels were relocated at later times using Z-stacks and line scans 

from earlier times as a guide.  Between 10 to 15 individual vessels within or adjacent to 

a single follicle could be followed for up to 4 hours (data not shown); data were routinely 

collected at 3 hourly intervals spanning 2 hours.  Measurements from representative 

apical, lateral and external vessels of preovulatory follicles are summarized in Table 2.1; 

diameter and blood flow determined at hourly intervals from 47 to 49 h after eCG did not 

vary dramatically within vessels but showed considerable variability among different 

vessels.  These results demonstrate that multiple vessels in different regions of 

individual follicles can be located repeatedly for measurement at successive time points.  

Because blood flow was relatively constant within vessels during this preovulatory 

interval, it is likely that surgical preparation and imaging did not impede blood flow.  

Values of red blood cell velocity in follicles were within the ranges reported for other 

tissues.  For example, in vessels of the mouse brain the maximum velocity was 15mm/s 

(Fernandez-Klett et al., 2010; Santisakultarm et al., 2012), whereas in vessels of the 
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mesentery, velocity was between 1 to 4 mm/s (Sugii et al., 2002; Tangelder et al., 

1986). 

 In order to determine if ovulation occurred in imaged ovaries, 8 mice were 

induced to ovulate by injecting hCG in eCG-primed mice (as described above).  One 

follicle from each mouse was imaged as described above from 11 to 14h after hCG, the 

time period immediately surrounding ovulation.  Of the 8 follicles analyzed, 7 ovulated.  

The follicle that did not rupture was compressed between 2 large follicles, suggesting 

that this may have prevented ovulation.  Imaging near the time of ovulation revealed 

that some vessels at the apex of the follicle became undetectable (Figure 2.4B), a 

finding consistent with previous studies using intravital light microscopy (Dahm-Kahler 

et al., 2006; Zackrisson et al., 2011).  This effect may be due to vasoconstriction which 

could prevent visualization of rhodamine-dextran or due to remodeling of the follicle wall 

in preparation for rupture, possibilities that require further investigation.  Studies to 

determine how characteristics of vessels in preovulatory follicles change as time to 

follicle rupture approaches are ongoing and will be published elsewhere.  Movement of 

some rhodamine-dextran from the intravascular to the extravascular space provided 

contrast to image the structure of the follicle.  Because of this, the oocyte and 

surrounding cumulus cells could be observed inside the follicle prior to ovulation and 

outside the site of follicle rupture after ovulation had occurred (Figure 2.4D-F). 

 



Figure 2.4. Ovulation occurs in follicles imaged by multiphoton microscopy.  Volume rendering 
of a single follicle obtained at 11, 12 and 13 hours after hCG injection (panels A-C, respectively).  
The outside of the ovary, and the apical region of the follicle, are at the top and facing toward the 
viewer in these images.  Ovulation occurred between 12 and 13 hours.  The area of the follicle is 
indicated by dashed lines.  The arrow indicates the region where blood vessels present at 11 
hours are no longer visible at 12 hours.  Contrast provided by leakage of some rhodamine-
dextran from the intravascular to the extravascular space allowed imaging of the structure of a 
follicle (panels D-F).  In this follicle, which ovulated just prior to 12 hours, the cumulus-oocyte 
complex (COC) is visible inside the follicle before ovulation (panel D, 11 hours after hCG) while 
the rupture site (arrow in panel E) and the presence of the cumulus-oocyte complex outside the 
follicle (panel F) are observed after ovulation (12 hours after hCG).  Panels E and F represent 
frames taken at different depths from the same z-stack.  The scale bar in panel D represents 
75µm in panels D-F.
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Summary 

In summary, the procedure reported here allows repeated imaging and 

determination of blood flow in individual vessels of ovarian follicles in mice for 2 to 4 

hours using multiphoton microscopy.  This procedure does not affect functional 

properties of the ovary as ovulation occurs within the expected range of 12-14 hours 

after administration of hCG.  The technique enables imaging of apical, lateral and 

external vessels of the follicle, but could not be used to image the base of the follicle.  

The multiphoton microscopy procedure will promote studies on the role of the 

vasculature in ovulation in vivo, both in wild-type mice and in genetically-modified mice 

with altered aspects of ovarian function.  In addition, other fluorescent indicators, such 

as those for enzymatic degradation or protein localization, could be traced in ovaries of 

mice externalized for in vivo imaging as described here.  Finally, this procedure could 

be applied to study pathologies such as ovarian cancer.    
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CHAPTER 3 

 

VASOCONSTRICTION IN THECAL VESSELS AT THE APEX OF THE FOLLICLE IS 

ESSENTIAL FOR OVULATION 
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Significance 

 Ovulation is essential for perpetuation of life.  Follicle rupture occurs in response 

to digestion by proteases at the apex of the follicle wall.  Despite research for many 

years, the mechanism that restricts digestion to the apex of the follicle is unknown.  In 

the current study vasoconstriction in the thecal vessels was identified as an essential 

event for follicle rupture with a potential role in selecting the location for follicle rupture.  

The discoveries from this study could be potentially used for the development of non-

hormonal contraceptive methods, understanding human infertility, management of 

domestic animals and recovery of endangered species. 

 

Abstract 

The hypothesis that vasoconstriction at the apex of the follicle is essential for 

ovulation was tested.  Blood flow, vessel diameter and thickness of the follicle wall were 

studied in preovulatory follicles of wild-type mice and in different anovulatory mouse 

models using in vivo multiphoton microscopy.  In anovulatory Amhr2cre/+SmoM2 mice, in 

which hedgehog signaling was conditionally overactivated in the gonads and 

reproductive tract,  thecal vessels lack their normal association with vascular smooth 

muscle.  It was postulated that this defect in vascular maturation would impair 

vasoconstriction and would provide a model to study the role of vasoconstriction in 

follicle rupture.  In wild-type control females, blood flow and vessel diameter remained 

constant throughout most of the preovulatory period while the thickness of the follicle 

wall at the surface decreased gradually.  However, during the 2 h before ovulation, 
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blood flow and vessel diameter acutely decreased and the apical follicle wall thinned 

dramatically.  In Amhr2cre/+SmoM2 mutant mice the decrease in blood flow and vessel 

diameter, and the thinning of the follicle wall failed to occur.  The association between 

vasoconstriction and follicle rupture was further tested in mice were vasoconstriction 

was inhibited.  Wild-type mice were treated with an inhibitor of hypoxia-inducible factor, 

echinomycin (Ech). Treatment of mice with Ech is known to block the increase in 

expression of the vasoconstrictor endothelin 2 (EDN2) by granulosa cells that occurs 

within hours of ovulation.  In mice treated with Ech, the decrease in blood flow and 

vessel diameter, and the thinning of the follicle wall were absent.  In the Ech model, 

intrabursal infusion of different vasoconstrictors, EDN2 or angiotensin II, induced 

vasoconstriction, thinning at the apex and follicle rupture.  To rule out the possibility that 

vasoconstriction is simply a response to thinning of the follicle wall, thinning was 

blocked to test its effects on vasoconstriction. Mouse serum, a natural source of 

protease inhibitors, was infused into the bursa of wild-type mice beginning 3 h prior to 

the expected time of ovulation. Thinning and rupture of the follicle wall were blocked yet 

blood flow and vessel diameter decreased normally. Therefore, vasoconstriction is not 

simply a response to tissue thinning.  Using Power Doppler ultrasound, it was 

determined that vasoconstriction prior to ovulation only occurs at the outer surface of 

the follicle.  In summary, vasoconstriction of thecal vessels is essential for follicle 

rupture and only occurs at the apical surface of the follicle.  
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Introduction 

Ovulation is the process in which the follicle wall ruptures at the surface or apex 

to allow the extrusion of the oocyte.  In a preovulatory follicle, the oocyte and 

surrounding cumulus granulosa cells reside within a liquid-filled cavity known as the 

antrum.  The antrum is enclosed by an avascular layer of mural granulosa cells which 

itself is surrounded by an outer layer of theca cells.  The theca layer is the only 

vascularized component of the follicle.  The theca contains two wreath-like networks of 

blood vessels (Bassett, 1943).  A surge release of luteinizing hormone (LH) secreted by 

the anterior pituitary triggers a cascade of events that culminates in ovulation (Richards, 

2007).  In immature 23-25 day old mice, growth of a cohort of preovulatory follicles was 

induced with eCG, and 48 h later, ovulation was induced with an injection of hCG to 

simulate the LH surge.  In mice, ovulation occurs between 12-14 h after hCG.  Events 

such as thinning of the apical follicle wall, mediated by increased protease activity 

(Curry and Smith, 2006) and expansion of cumulus cells by mucification of the 

extracellular matrix (Russell and Robker, 2007) have been shown to be essential for 

ovulation.  Despite extensive research on the molecular cues that are essential for 

ovulation, the mechanism that selectively regulates follicle rupture to occur only at the 

apex of the follicle is unknown.   

Studies in rabbits, mice, pigs and cows in which the follicular vasculature was 

filled with resin and then corrosion casts of the follicular vasculature were imaged with 

electron microscopy showed that prior to ovulation there was an area at the apex of the 

follicle in which blood vessels were no longer filled with resin (Jiang et al., 2002; Jiang 

et al., 2003; Kanzaki et al., 1982; Macchiarelli et al., 2006; Macchiarelli et al., 2010; 
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Macchiarelli et al., 1993; Shimoda et al., 1933).  A similar area depleted of blood at the 

apex of the follicle was identified by Doppler ultrasound in the human and in the cow 

(Acosta et al., 2003; Brannstrom et al., 1998) and by intravital wide-field microscopy in 

the rat (Zackrisson et al., 2011).  However, to date, the functionality of this area at the 

apex of the follicle without blood flow is unknown. In the current study, it was 

hypothesized that the apparent lack of blood flow at the apex of the follicle is due to 

vasoconstriction and that vasoconstriction is essential for ovulation.  Furthermore, 

vasoconstriction might serve to localize rupture to the apex of the follicle.  

In the current study, blood flow, vessel diameter and thickness of the follicle wall 

were studied in preovulatory follicles of wild-type mice and in different anovulatory 

mouse models using multiphoton microscopy in vivo.  Multiphoton microscopy was 

advantageous because it provides high resolution down to capillary-size vessels, low 

levels of phototoxicity and photobleaching, and increased depth of imaging.  In this 

study, for the first time, the profiles of blood flow and diameter of individual thecal blood 

vessels at the surface of the follicle, and simultaneous measurements of the thickness 

of the follicle wall at the apex were obtained in preovulatory follicles of wild-type mice.  

These profiles were compared to measurements made in Amhr2cre/+SmoM2 mutant 

mice.  In these mice, Cre-mediated recombination induces expression of a dominant 

active allele of the hedgehog signal transducer smoothened, beginning in the fetal 

ovary.  Preovulatory follicles develop and undergo many of the expected changes 

during the preovulatory period including increased expression of many genes that are 

known to be essential for ovulation including Lhr, Pgr, Star and genes encoding 

proteases and protease inhibitors, but they fail to rupture.  By microarrays, many genes 
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typically expressed in muscle were found to be expressed at reduced levels in the 

ovaries of mutant mice (Ren et al., 2009).  It was demonstrated that staining for smooth 

muscle actin in the theca was dramatically reduced (Ren et al., 2009) and that this 

deficiency represented failure in vessels within the theca to become appropriately 

associated with vascular smooth muscle (Ren et al., 2012).  Defective acquisition of 

vascular muscle cells, also known as a defect in vascular maturation, can alter 

properties of blood vessels such as blood flow and vascular permeability (Jain, 2003).  

Amhr2cre/+SmoM2 mutant mice were studied to determine whether anovulation might be 

associated with defects in the vasculature that could prevent normal vasoconstriction.  

Some vasoconstrictors such as endothelin (EDN) and angiotensin II (ANG2) are 

produced in the ovary.  EDN1 is expressed in granulosa and cumulus cells 2 h after 

hCG and it can induce oocyte maturation in vitro (Kawamura et al., 2009).  EDN2 is 

expressed in mural granulosa cells and its expression dramatically increases by 11-12 h 

after hCG in mice and rats, a time interval just prior to ovulation (Ko et al., 2006; 

Palanisamy et al., 2006).  Ovulation was drastically reduced when endothelin receptor 

(ENDR) antagonists were injected intraperitoneally or into the ovary (Ko et al., 2006; 

Palanisamy et al., 2006) and in Edn2 null mice (Cacioppo et al., 2014).  ANG2 is 

present in the follicular fluid of humans and cows (Pellicer et al., 1988).  Administration 

of the ANG2 receptor antagonist, saralasin, reduced ovulation in rats (Mikuni et al., 

1998; Pellicer et al., 1988) and cattle (Ferreira et al., 2011).  Furthermore, ANG2 

induced ovulation in a perfused rat ovary system (Mitsube et al., 2003).  However, the 

mechanisms by which EDN2 or ANG2 promote ovulation are unknown.  In studies 

reported in this chapter of the dissertation, experiments were designed to test the 
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requirement for vasoconstriction in the process of follicle rupture.  Mice were treated 

with echinomycin (Ech), an inhibitor of hypoxia inducible factors (HIFs).  Previous 

studies have shown that Ech prevents the periovulatory rise in the vasoconstrictor Edn2 

and suppresses ovulation (Kim et al., 2009).  In the current study, mice were injected 

with Ech to block the increase in Edn2 and changes in the vasculature in the 

preovulatory follicle and ovulation rate were evaluated.  The effect of infusing different 

vasoconstrictors into the bursal cavity was tested in mice treated with Ech in order to 

determine if vasoconstriction is indeed essential for ovulation.    

 

Results   

Imaging procedure 

 A procedure in which the vasculature of preovulatory follicles can be imaged over 

a period of time using multiphoton microscopy in vivo was developed by our laboratory 

and is described in chapter 2 (Migone et al., 2013).  Using this procedure, individual 

capillary-size vessels could be imaged from the apex of preovulatory follicles down to a 

depth of 240 µm.  Preovulatory follicles are about 500 µm in diameter.  A single 

preovulatory follicle from each mouse was chosen for imaging.  Consecutive images 

starting at the outer surface of the follicle and spaced at 2 µm intervals were taken to 

generate a 160-200 µm thick Z-stack.  Individual vessels within the follicle were 

identified from Z-stacks and their diameters were measured (Fig. 3.1A).  A linescan was 

created by taking repetitive images through a single plane at the center of the vessel.  

The trajectory of movement of red blood cells revealed by the linescan was used to 
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calculate the velocity of blood cells (Fig. 3.1B-E).  Blood flow was calculated by 

multiplying the velocity of red blood cells and the cross-sectional area of the vessel.  

Leakage of fluorescent dextran from vessels into the antral cavity of the follicle provided 

sufficient contrast to identify different structures of the follicle.  This included 

measurement of thickness of the apical follicle wall which was accomplished using 

orthogonal projections of Z-stacks (Fig. 3.1F).  A procedure was developed to cannulate 

the bursa to allow infusion of various test substances and that was compatible with 

imaging by multiphoton microscopy.   

Defective vascular maturation is associated with failure of follicle rupture 

 To study vascular changes in the preovulatory follicle, immature female mice 

were injected with 5 IU eCG to induce follicle growth, and 48 h later some mice were 

injected with 5 IU hCG to induce ovulation.  In mice, ovulation occurs 12-14 h after hCG.  

First, vascular properties were studied in blood vessels within the theca layer at the 

apex of preovulatory follicles in Amhr2cre/+SmoM2 mutant and in genotype matched 

Amhr2+/+SmoM2 control mice.  In these vessels, blood flow and vessel diameter were 

determined.  Blood flow and vessel diameter remained relatively constant in control and 

mutant mice from -2 to 10 h after hCG.  In control females, there was an acute decrease 

in blood flow and vessel diameter between 11 to 13 h after hCG, and at 13 h most 

vessels were no longer visible.  In mutant mice however, vessel diameter remained 

constant and the decrease in blood flow was minimal in comparison to controls (Fig. 

3.2).  In control mice, 15% and 75% of vessels at the surface of the follicle were no 

longer visible by 12 h and 13 h after hCG, respectively.  A blood vessel that is no longer 

visible could represent a fully constricted blood vessel or a vessel that is no longer  



A

F

B C

D E
tim

e

distance

Theca

Antrum

Granulosa

50 µm

Figure 3.1: Imaging of the preovulatory follicle by multiphoton microscopy.  Z-projection 
obtained at the surface of a follicle 0 h after hCG (A).  The velocity of red blood cells 
from vessels at the surface of follicles was determined repeatedly during the preovula-
tory period.  Representative images of a vessel at 11 h and 12 h after hCG are shown 
in panels B and C, respectively; arrows point at individual red blood cells.  Representa-
tive linescans of these vessels are shown in panels D and E.  Moving blood cells at 11 
h leave a diagonal track (D), while stationary blood cells at 12 h leave a vertical track 
(E).  Leakage of fluorescent dextran out of the vessels provided enough contrast to 
identify the antrum and granulosa and theca layers.  The combined thickness of the 
follicle wall including the granulosa and theca layers, is shown by the bracket (F).
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present due to remodeling.  Thickness of the follicle wall at the apex decreased 

gradually in control and mutant mice from -2 to 10 h after hCG.  From 11 to 13 h after 

hCG, at the same time that the acute decrease in blood flow and vessel diameter 

occurred in control mice, there was a dramatic thinning of the follicle wall at the apex.  

The acute thinning of the follicle wall at the apex failed to occur in mutant mice (Fig. 

3.2).  Vascular properties were also determined in individual vessels at the apex of the 

follicle that were in close proximity to the theca layer but just external to the follicle.  In 

these external vessels, the pattern of changes in control and mutant mice during the 

preovulatory period were similar to that observed in vessels within the theca layer 

(compare Fig. 3.3 to Fig. 3.2).   

To further asses changes in blood flow at the apex of the follicle during the 

preovulatory period, differences in the density of vessels visible at the apex of follicles in 

Amhr2cre/+SmoM2 mutant and Amhr2+/+SmoM2 control mice were examined.  In control 

mice, the density of blood vessels at the apex was similar at 0 h and 6 h after hCG but it 

was reduced by 12 h after hCG.  By contrast, in mutant mice, the blood vessel density 

at the apex remained unchanged at these time points (Fig. 3.4) 

Vasoconstriction is not simply a response to thinning of the follicle wall 

 It was necessary to consider the possibility that vasoconstriction at the follicle 

apex might occur as a response to thinning of the follicle wall caused by increased 

protease activity prior to follicle rupture.  An alternative is that vasoconstriction at the 

apex promotes thinning of the follicle wall and initiates rupture.  A procedure was used 

to block thinning of the follicle wall and simultaneously observe whether the vascular 

changes expected to occur after hCG were affected.  To do so, serum, a source rich in  
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protease inhibitors was infused intrabursally as a 1:1 dilution with saline from 10 to 15 h 

after hCG.  As a control, 2% BSA-saline was infused intrabursally in some mice.  While 

the reduction in blood flow and vessel diameter occurred similarly in mice infused with 

serum or with 2% BSA-saline, thinning of the follicle wall between 11 and 13 h after  

hCG only occurred in mice infused with 2% BSA-saline and was blocked in ovaries 

infused with serum (Fig. 3.5).  Ovaries were imaged at 14 h and 15 h to determine 

whether ovulation had occurred and at 15 h oocytes were recovered from oviducts and 

counted.  Normal numbers of oocytes were recovered from the oviducts ipsilateral or 

contralateral to the bursa infused with BSA (15.67 ± 2.27 vs 15.67 ± 1.08 oocytes, 

respectively).  However, only 1.33 ± 0.82 oocytes were recovered from the oviduct 

ipsilateral to the bursa infused with serum compared to 16 ± 1.87 oocytes recovered 

from the oviduct contralateral to treatment (p<0.001). 

Inhibition of vasoconstriction inhibits ovulation 

To further establish a potential link between vasoconstriction at the apex of the 

follicle and rupture, the periovulatory rise in expression of the vasoconstrictor Edn2 was 

experimentally blocked.  Treatment of mice with an inhibitor of the hypoxia inducible 

factors (HIFs), echinomycin (Ech), was shown to reduce ovulation and suppress the 

increase in Edn2 mRNA (Kim et al., 2009).  Using this previous study as a guide, the 

optimal timing of Ech treatment for the current experiments was determined.  The 

number of oocytes recovered in the ampulla 16 h after hCG was substantially reduced 

in mice injected with Ech (1mg/kg) 6 h after hCG compared to vehicle-treated control 

mice, but was not altered in mice injected with Ech 8 h after hCG (Fig. 3.6A).  A protocol 

in which Ech was injected 6 h after hCG was therefore selected for subsequent  
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Figure 3.5: Blockage of thinning of the follicle wall and its effects on blood flow and 
vessel diameter.  Blood flow, vessel diameter and thickness of the follicle wall in mice 
infused with 1:1 serum-saline or 2%BSA-saline from 10 to 15 h after hCG. Data are 
mean ± SEM from 14 to 15 vessels from 3 mice for each treatment at each time point.  
Data points with different superscripts are significantly different (p<0.05).
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experiments.  Injection of Ech prevented the increase in Edn2 mRNA observed between 

0 h and 11 h after hCG in vehicle-treated control mice (Fig. 3.6B).  Levels of cumulus 

expansion by 10 h after hCG were similar in mice Ech-treated mice and vehicle-treated 

mice (data not shown).  Injection of Ech did not completely block ovulation, but in the 

follicles that failed to rupture, Ech prevented the reduction in blood flow and vessel 

diameter and the thinning of the follicle wall that normally occur in wild-type mice (Fig 

3.6C).  One follicle from an Ech-treated mouse that was imaged ovulated and therefore 

was not included in the data summarized in Fig. 3.6C.  In this follicle, the reduction in 

blood flow and vessel diameter and the thinning of the follicle wall were similar to that 

normally observed in ovulatory follicles from control mice (data not shown). 

Infusion of vasoconstrictors into the bursal cavity reduces blood flow, induces thinning 

of the follicle wall and rescues ovulation in mice treated with echinomycin. 

 In order to determine whether inducing vasoconstriction could overcome the 

effects of Ech and rescue ovulation, the bursa was cannulated to facilitate delivery of 

vasoconstrictors.  The bursa was first infused with 2% BSA-saline as a control 

beginning at 10 h after hCG and continuing for 45 minutes and then with EDN2 until 15 

h after hCG (100 nM).  Blood flow, vessel diameter and thickness of the follicle wall 

were constant during BSA-saline infusion.   As early as 15 minutes after infusion of 

EDN2, blood flow and vessel diameter were reduced.  By 45 minutes after initiation of 

EDN2 infusion, the thickness of the follicle wall had decreased and follicles ovulated 

after 75 to 105 minutes (Fig. 3.7A).  At 15 h after hCG, 8.67 ± 1.08 oocytes were 

recovered from the oviduct ipsilateral to EDN2 infusion and 0.7 ± 0.67 oocytes were 

recovered from the contralateral oviduct (p<0.001).    
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Figure 3.6: Effects of echinomycin on ovulation.  Number of oocytes recovered from 
each ampulla 16 h after hCG in mice injected with echinomycin or vehicle (A; n=4).  
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(C; n=3).  Data points with different superscripts are significantly different (p<0.05).
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 In order to assess whether the rescue of ovulation in Ech-treated mice by 

infusion of EDN2 was due to induction of vasoconstriction, the effect of an alternative 

vasoconstrictor, ANG2, was tested in Ech-treated mice.  Control infusion of BSA-saline 

into the bursa of Ech-treated mice began at 10 h after hCG and continued for 45 min.  

Infusion with ANG2 (1000 nM) was then initiated and continued until 15 h after hCG.  

Within 15 minutes after infusion of ANG2, blood flow and vessel diameter decreased 

and within 75 minutes the thickness of the apical follicle wall was significantly reduced 

(Fig. 3.7B).  Ovulation occurred between 75 and 105 minutes after infusion with ANG2.  

At 15 h after hCG, 9.33 ± 0.41 oocytes were recovered from the oviduct ipsilateral to 

ANG2 infusion and 0.7 ± 0.67 oocytes were recovered from the contralateral oviduct 

(p<0.001).   

Vasoconstriction only occurs at the apex of the follicle prior to ovulation in mice 

 With multiphoton microscopy, imaging of the follicle is only possible to a depth of 

240 µm from the surface.  Therefore, blood flow at the base of the follicle could not be 

evaluated.  To overcome this limitation, mouse ovaries were imaged using a micro-

ultrasound system to determine the location of vasoconstriction within the preovulatory 

follicle prior to ovulation.  Ovaries were first localized using B-mode (Fig. 3.8A,B).  Then, 

the Power Doppler mode was used to detect blood flow.  Power Doppler provides 

greater sensitivity to detect slow vascular flow than Color Doppler (Rubin et al., 1994).  

A structure was identified as a follicle if it had a rounded shape and dark antrum and if 

the antrum and surrounding tissue were larger than 300 µm.  Only cross-sections of 

follicles were considered in the analysis since the objective was to analyze follicles at 

the base and at the apex at the same time.  Blood flow appeared as bright green    
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Figure 3.7: Effects of intrabursal infusions of different vasoconstrictors in mice injected 
previously with echinomycin.  Blood flow, vessel diameter and thickness of the follicle 
wall in mice in which a bursal cavity was infused with EDN2 (A) or ANG2 (B). 2% BSA-
saline was infused beginning at 10 h after hCG and continued for 45 min, then the 
infusion of the vasoconstrictor began and continued until 15 h after hCG.  Data are 
mean ± SEM from 13 to 15 vessels imaged repeatedly over the time intervals shown 
(n=3 mice).  Data points with different superscripts are significantly different (p<0.05).
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signal under Power Doppler.  In 4 mice examined at 0 h after hCG, 37 follicles were 

detected, of which 89.2% had flow surrounding the entire follicle, including the apex.  At 

12 h after hCG, 36 follicles were detected, however, only 13.9% had flow surrounding 

the entire follicle while in 86.1% of the follicles, flow was absent at the apex (p < 0.05) 

(Fig. 3.8C).  Immediately following Power Doppler measurements, the imaged ovary 

with the attached bursa and oviduct was removed and oocytes were counted using a 

dissecting microscope.  No oocytes were recovered in any of the mice imaged, insuring 

that at 12 h after hCG, ovulation had not yet occurred.  Representative images of blood 

flow under Power Doppler are shown in Fig. 3.8D-I. 

 

Discussion 

 The hypothesis that vasoconstriction at the apex of the follicle is essential for 

ovulation was tested using wild-type mice as well as several anovulatory mouse 

models.  In vivo imaging with multiphoton microscopy was used to follow sequential 

changes in individual vessels at the apical surface of follicles.  In wild-type mice, within 

several hours before the time of ovulation, blood flow and the diameter of vessels 

decreased indicating that vasoconstriction had occurred.  In many vessels, blood flow 

came to a halt just before ovulation and frequently vessels became non-detectable at 

the time point immediately prior to follicle rupture.  Inability to detect a vessel could have 

been due to vasoconstriction that prevented access of rhodamine-dextran to vessels or 

to remodeling of tissue at time points close to rupture that disrupted the vasculature or 

destroyed individual vessels so that imaging was no longer possible.  The pattern of 

changes in blood flow and vessel diameter was similar in vessels within the theca layer  
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at the apical surface of the follicle and in vessels just external to the theca at the follicle 

surface.  Analysis of the full complement of vessels at the outer surface of follicles using 

Z-stacks to calculate the density of rhodamine-dextran labelled vessels, showed that the 

density decreased dramatically by 12 h after hCG, revealing an open area which lacked 

detectable vessels.  Studies using electron microscopy of corrosion casts of the 

follicular vasculature identified a region at the apex of the follicle that was not filled with 

resin just prior of ovulation in rabbits, cows, pigs and mice.  This area was hypothesized 

to be the site at which the follicle would rupture (Macchiarelli et al., 2006; Macchiarelli et 

al., 2010).  In rat follicles imaged with wide-field microscopy, an avascular area formed 

at the apex prior to ovulation (Zackrisson et al., 2011).  Multiphoton analysis conducted 

in the current study shows that the region at the apex of the follicle that is apparently 

cleared of blood vessels is generated by vasoconstriction.  

In a previous report, we showed that multiphoton microscopy provides effective 

imaging as deep as 240 μm within follicular tissue.  Light scattering by follicular tissue 

and antral fluid contributes to the limitation in depth of imaging.  The procedure is 

designed to most effectively image vessels filled with rhodamine-dextran [(Migone et al., 

2013); chapter 2] but leakage of some of the label into the extravascular space provides 

adequate contrast to visualize other structures toward the surface of the follicle such as 

thickness of the follicle wall.  Because preovulatory follicles in the mouse average 500 

μm in diameter, it was not possible to image the base of follicles by multiphoton 

microscopy.  In order to determine whether the vasoconstriction associated with follicle 

rupture was restricted to the apical surface of the follicle or occurred more generally 

around the circumference of the follicle, Power Doppler ultrasound was used.  The 
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analysis showed blood flow surrounding the circumference of preovulatory follicles at 0 

h after hCG.  At 12 h after hCG in mice that had not yet ovulated, follicles were 

surrounded by blood flow in all regions except the apical surface, supporting the 

restriction of vasoconstriction to the apex of the follicle.  Studies in which preovulatory 

follicles in the human and the cow were imaged with Doppler ultrasound determined 

that blood flow was uniform throughout the circumference of the follicle.  However, close 

to ovulation, blood flow was absent at the apex of the follicle (Acosta et al., 2003; 

Brannstrom et al., 1998). Studies in multiple species support the likelihood that 

vasoconstriction prior to follicle rupture is restricted to the apex of the follicle. 

The pattern of vascular changes during the periovulatory period is consistent with 

a potential role of vasoconstriction at the follicle apex in promoting follicle rupture but 

experimental evidence to support a causative role of vasoconstriction in follicle rupture 

needed to be established.  Our finding of vastly different vascular patterns during the 

preovulatory period in Amhr2cre/+SmoM2 mutant mice compared to genotype-matched 

control mice contributes to this evidence.  Follicle rupture fails to occur in 

Amhr2cre/+SmoM2 mice.  Vessels within the theca do not form the appropriate 

associations with vascular smooth muscle cells while other large vessels within the 

ovary appear to have a normal complement of vascular smooth muscle (Ren et al., 

2009; Ren et al., 2012).  It was predicted that because of this deficiency, 

vasoconstriction within preovulatory follicles would be impaired.  Multiphoton 

microscopy imaging showed that mutant mice lacked the decrease in blood flow and 

vessel diameter and did not have the acute thinning of the apical follicle wall that were 

observed in control mice during the several hours immediately preceding follicle rupture.  



73 
 

In addition, the density of vessels at the surface of preovulatory follicles failed to decline 

12 h after hCG in mutant mice in contrast to the pattern in control mice.  These data 

provide evidence for a positive association between the timing of vasoconstriction and 

the acute thinning of the follicle wall at the apex that immediately precede follicle 

rupture. 

In order to consider a potential causative role for vasoconstriction in promoting 

follicle rupture at ovulation, it was important to eliminate the possibility that 

vasoconstriction at the apex of the follicle is simply a compensatory mechanism to 

decrease blood flow to an area in which the thickness of the tissue is reduced.  The 

process of follicle thinning at the apex was experimentally blocked by bursal infusion of 

serum, an abundant source of protease inhibitors (Travis and Salvesen, 1983), during 

the hours prior to expected follicle rupture.  This blocked the acute thinning of the apical 

follicle wall and rupture, but decreases in blood flow and vessel diameter occurred with 

the normal timing.  These results showed that vasoconstriction was not dependent on 

thinning of the follicle wall and provided rationale to test the alternative possibility that 

vasoconstriction promotes follicle rupture. 

Based on the findings with Amhr2cre/+SmoM2 mice that suggested an association 

between vasoconstriction and follicle rupture, an experimental situation was created in 

which the periovulatory rise of the vasoconstrictor Edn2 was prevented.  Injection of 

Ech, an inhibitor of hypoxia inducible factors, is known to prevent the increase of Edn2 

and block ovulation (Kim et al., 2009).  The decrease in blood flow and vessel diameter 

and the acute thinning of the apical follicle wall that were observed in wild type mice 

prior to ovulation were absent in Ech-treated mice.  These results provide further 
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evidence to support the hypothesis that vasoconstriction is essential for ovulation and 

suggest that the mechanism by which Ech impairs ovulation is by preventing 

vasoconstriction at the apex of the follicle. 

An additional experiment was done to test whether suppression of ovulation in 

Ech-treated mice was mediated by inhibiting the increase in expression of Edn2 that 

normally occurs before ovulation.  EDN2 was infused into the bursal cavity of Ech-

treated mice to determine whether ovulation could be rescued.  EDN2 infusion led to a 

reduction in blood flow and vessel diameter and caused thinning of the follicle wall 

followed by rupture.  These results suggest that the role of EDN2 in promoting ovulation 

is via induction of vasoconstriction.  A previous report from Ko et al. postulated that the 

increase in EDN2 just prior to ovulation could induce contraction of a layer of smooth 

muscle postulated to exist in the theca.  As evidence they showed that a strip of whole 

rat ovary attached to a force transducer constricted in response to EDN2 (Ko et al., 

2006) and they hypothesized that EDN2-induced constriction of the follicle wall leads to 

the final rupture of the follicle.  Ko et al. stained follicles for smooth muscle actin (SMA) 

as evidence for the existence of the layer of muscle in the rat (Ko et al., 2006).  

However, the existence of such a layer of muscle is controversial (Espey, 1978) and 

SMA staining in the theca of the follicle could represent vascular smooth muscle cells 

that are present in the theca (Inzunza et al., 2007; Vorontchikhina et al., 2005).  

Furthermore, we have shown by immunohistochemistry that SMA-stained cells in the 

theca are in close proximity to endothelial cells (Ren et al., 2012).  Therefore, the 

contraction detected in strips of ovary by Ko et al. in response to EDN2 could represent 

a contractile response of vascular smooth muscle cells or fibroblasts.   
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Evidence presented in the current study suggests that vasoconstriction is the 

mechanism by which END2 promotes follicle rupture.  However, it remained possible 

that EDN2 might influence rupture by a mechanism other than vasoconstriction.  The 

fact that intrabursal infusion of an alternative vasoconstrictor, ANG2, also induced 

vasoconstriction and rescued ovulation in Ech-treated mice provides strong evidence 

that vasoconstriction is essential for ovulation.   

 In the current study, it was determined that vasoconstriction at the apex of the 

follicle is essential for ovulation.  Discussion in the lab has led to the hypothesis that the 

role of vasoconstriction at the apex of the follicle is to prevent the access of protease 

inhibitors which are present in abundance in serum.  In the rat, the concentration of the 

protease inhibitor alpha-2 macroglobulin (α2m) is 5,200 µg/ml of serum, and for alpha-1 

inhibitor 3 (αI3) is 300 µg/ml of serum.  By contrast, in lysates from whole ovaries in 

which the blood has been washed away, the concentration for α2m is only 850 µg/g of 

wet weight, and for αI3 only 110 µg/g of wet weight (Zhu and Woessner, 1991).  

Identification of serum protease inhibitors in the ovary indicates that they can exist the 

bloodstream and be localized within tissue.  It is possible that vasoconstriction at the 

apex of the follicle could reduce the amount of serum protease inhibitors that can exit 

the blood vessels at that region of the follicle.  The following model for follicle rupture is 

consistent with current results and will be tested in future experiments.  It is known that 

the LH surge induces changes in gene expression that include an increase of the 

vasoconstrictor EDN2 just prior to follicle rupture.  Also in response to the LH surge, 

there is an increase in expression of genes encoding proteolytic enzymes such as 

matrix metalloproteinases (MMPs), ADAMTS enzymes (a disintegrin and 
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metalloproteinase with thrombospondin motifs), and plasmin/plasminogen which are 

expressed in the follicle wall (described in chapter 1).  In areas of the follicle supplied by 

blood, the action of proteases would be prevented by serum protease inhibitors that 

enter the interstitial tissue of the ovary.  In addition, tissue produced inhibitors of 

proteases are expressed in the follicle wall.  In the rat expression of TIMP-1, TIMP-2 

and TIMP-3 increased in response to the LH surge (Curry et al., 2001) while in the 

mouse only expression of TIMP-1 increased (Hagglund et al., 1999).  Vasoconstriction 

of thecal vessels at the apex is predicted to prevent the access of protease inhibitors in 

the serum, leading to an increase of protease activity that causes thinning of the follicle 

wall selectively at the apex and culminates in follicle rupture.  To support this model for 

follicle rupture, a future study in this lab will measure changes in the localization of 

protease inhibitors at the apex compared to the base of the follicle.  It has been shown 

by in situ zymography that in the rat, the activity of gelatinases is increased at the apex 

of the follicle by 12 h after hCG compared to the base (Curry et al., 2001).  If the 

distribution of protease inhibitors is reduced at the apex in response to vasoconstriction 

as expected, this could explain the selective increase in protease activity and rupture at 

the apex.  

In addition to the vascular changes presented above, there are other vascular-

related events that could contribute to follicle rupture.  It has been shown that in 

response to the LH surge there is an increase in permeability of thecal vessels that 

leads to an increase in follicle size (Damber et al., 1987).  This increase in follicle size 

does not result in an increase in intrafollicular pressure, however, it is thought that it 

could increase the tension at the follicle wall (Rondell, 1964).  A potential increase in 
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tension of the follicle wall could likely have a higher impact on follicle rupture at the 

thinned surface of the follicle, while having little effect at the base in which the thickness 

of the follicle wall does not change (Martin and Talbot, 1987).  I believe that in addition, 

the interstitium of the ovary that is in contact with the base and side of the follicle 

provides additional support at these areas and promotes an increase in tension of the 

follicle wall at the apex.     

 In summary, an association between vasoconstriction, thinning of the follicle wall 

and follicle rupture was established by studying Amhr2cre/+SmoM2 females which have a 

defect in vascular maturation and in mice in which the periovulatory rise of EDN2 was 

prevented with Ech.  In an experimental setting in which thinning was blocked by 

administration of serum, an abundant source of protease inhibitors, it was demonstrated 

that vasoconstriction is not just a response to thinning.  Bursal infusion of EDN2 

overcame the effects of Ech, induced vasoconstriction and led to follicle rupture.  

Furthermore, bursal infusion of a different vasoconstrictor, ANG2 rescued ovulation 

after it was inhibited by Ech, demonstrating that vasoconstriction is essential for 

ovulation.  While vasoconstriction occurs at the apex of the follicle, it does not occur at 

the base of the follicle.  In conclusion, vasoconstriction in thecal vessels only occurs at 

the apex of the preovulatory follicle and it is essential for the changes in the follicle wall 

that lead to follicle rupture.    
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Material and Methods 

Mice  

 Animals were maintained in accordance with the NIH Guide for the Care and Use 

of Laboratory Animals.  All studies were approved by the Cornell University Institutional 

Animal CARE and Use Committee. For experiments with wild-type mice, B6/129 mice 

were purchased from the Jackson Laboratory (Bar Harbor, ME).  For other experiments, 

mice with conditional activation of the hedgehog signaling pathway in the ovary were 

generated.  Female mice in which expression of a SmoM2/Yfp transgene is blocked by 

an upstream loxP-flanked stop signal [Gt(ROSA)26Sortm1(smo/EYFP)Amc/J mice; (Jeong et 

al., 2004)) were bred to male Amhr2cre/+ mice in which cre recombinase sequence was 

inserted into the Amhr2 gene (Jamin et al., 2002).  

Surgical procedure 

The methodology for imaging individual blood vessels in the ovary by multiphoton 

microscopy in vivo has been published (Migone et al., 2013) and reprinted as chapter 2 

of this dissertation.  Briefly, prepubertal mice were primed with eCG followed 48 h later 

by treatment with hCG.  An ovary with intact bursa was exteriorized and immobilized on 

a raised silicon shelf within a custom-made dish.  Insect pins inserted through the fat 

pad, the oviduct and the uterus were used to secure the ovary.  The ovary and lower 

abdomen of the mouse were submerged in circulating 37 C Ringer’s solution and 55 µl 

rhodamine-labeled 2x106 MW dextran (Life Technologies, Grand Island, NY) was 

injected retro-orbitally.  The ovary was imaged using a custom-made multiphoton 

microscope with a high numerical aperture, large field-of-view water immersion lens.  



79 
 

One follicle per ovary in an optimal position was selected for imaging.  Individual 

vessels at the surface of the follicle were identified and imaged repeatedly at 30-60 

minute intervals over 2-3 hour periods.  The surface (or apex) of the follicle was 

considered to be the portion of the follicle on the outer surface of the ovary that was not 

bordered by interstitial tissue.  Vessels chosen for imaging were classified as being 

within the theca layer or immediately external to the theca.  For some studies, mice 

were euthanized 15 h after hCG and oocytes within the bursa and oviducts ipsilateral 

and contralateral to the imaged ovary were counted to determine the number of 

ovulations. 

Intrabursal cannulation of the ovary 

 A cannula was made by inserting a 29GA needle without its hub into 

polyethylene tubing PE10 (Intramedic, Franklin Lakes, NJ) and sanding the bevel of the 

needle.  The opposite end of the tubing was connected to a 29GA needle with the hub 

attached.  The total dead volume of the cannula was 80 µl.  A small incision was made 

in the connective tissue of the oviduct using a 23GA needle and surgical nylon thread 

size 5-0 (Deknatel, Gurnee, IL) was passed through the incision.  A loop was created 

with the thread and the tip of the cannula was placed within the loop.  The tip of the 

cannula was then advanced into the bursa and the loop was tied to secure the cannula 

in place.  Pins were placed as described above to immobilize the ovary to the silicon 

shelf.  Wide-field microscopy was used to evaluate crudely whether blood flow to the 

ovary was intact.   Various solutions were perfused into the bursal cavity at a rate of 200 

µl/h using a Harvard Apparatus.  In instances in which two solutions were perfused 

sequentially into the bursa in a single experiment, a valve was used to separate the 
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different perfusates.  Using this system, the time for a second solution to reach the 

bursa after completing perfusion with an initial solution was approximately 15-20 

minutes.   

Analysis of images 

A single follicle per mouse was chosen and 80-100 consecutive images were 

taken starting at the outer surface of the follicle and spaced at 2 µm intervals, resulting 

in a 160-200 µm thick Z-stack.  The velocity of red blood cells in individual blood vessels 

was determined.  Blood vessels with generally horizontal orientation were identified for 

imaging.  For each vessel, a line passing through it and parallel to the flow was 

repeatedly scanned at 2 millisecond intervals.  Each consecutive image was stacked 

under the previous image generating a linescan.  In the assembled image, individual red 

blood cells moving though the blood vessel along the line of the scan leave a track at an 

angle corresponding to their velocity (µm/s).  The diameter of each vessel at the site of 

the linescan was also determined using the Z-stack.  The area of the vessel at the site 

of the linescan was calculated (µm2) and then multiplied by the velocity of red blood 

cells (µm/s) to determine blood flow (µm3/s).  Values were converted to pl/s for 

presentation in figures.   

 To determine the thickness of the wall at the apex of the follicle, the center of the 

apex was determined from Z-stacks, and cross sections in the xy and yz planes though 

the center were constructed from the stacks.  Thickness at the center of the apex and at 

4 additional points 50 µm in each direction on the x and y axes was measured using 

ImageJ software, and the average thickness calculated.   
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 Density of blood vessels at the apex of the follicle was determined from Z-stacks 

collected.  In a stack, the outer surface of the follicle was identified, and from that point 

20 sequential images at 2 µm towards the inside of the follicle were selected and 

projected into a single image.  In each image, a threshold level was applied to 

determine the percent of the apical area that was rhodamine-dextran positive and 

therefore represented blood vessels.  The same threshold level was applied to all 

images and the density of vessels compared among different mice. 

Doppler Ultrasound  

 Prepubertal wild-type females were anesthetized with 3.5% isoflurane and then 

placed on their left side and maintained at 1.5% isoflurane on a Vevo integrated rail 

stage adjusted to 37 C (VisualSonics Inc., Ontario, Canada).  Hair was removed from 

the abdomen and ultrasound gel was applied to the area to be imaged.  Ovaries were 

imaged with a VisualSonics Vevo Color 2100 ultrasound system equipped with a 40 

MHz transducer (MS700) (VisualSonics Inc.).  The ovary was located using B-mode and 

Power Doppler mode was used to study blood flow.  Power Doppler ultrasound detects 

movement with much greater sensitivity than Color Doppler, but does not provide 

information on the direction of flow.  The system was set to detect very low flow using a 

preset option; critical settings for imaging blood flow included Doppler Gain (55-60 dB), 

Sensitivity (5), Dynamic Range (15-25 dB) and Velocity (1 kHz).  Images were captured 

while moving progressively through the entire ovary (350 to 400 images/ovary) and 

were sorted as cineloops.  The cineloops were analyzed by two independent observers 

as follows: a structure was identified as a follicle if it had a rounded shape and a dark 

cavity representing the antrum and if the antrum combined with the tissue immediately 
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surrounding it had a diameter greater than 300 µm.  Follicles were scored and divided 

into two categories; follicles in which blood flow was continuous around the 

circumference and follicles in which flow was absent at a region within the 

circumference.  Between the two observers, there was 70% agreement in the structures 

identified as follicles and 5% disagreement in the categorization of the follicles based on 

the pattern of blood flow.  Only follicles identified and categorized similarly by both 

observers were included in the analysis.  After an ovary was imaged, the mouse was 

euthanized, and the imaged ovary with the attached bursa and oviduct was placed in a 

petri dish.  The oviduct and bursa were cut open and oocytes were counted.  Oocytes 

were not recovered from any of the mice imaged, confirming that the procedure was 

performed before ovulation had occurred.  

Real-Time RT-PCR analysis of gene expression 

 Total RNA was extracted from whole ovaries using an RNeasy Micro Kit (Qiagen, 

Valencia,CA).  A high capacity cDNA Reverse Transcription Kit (Applied Biosystems, 

Grand Island, NY) was used for reverse transcription.  A mouse-specific assay for 

endothelin-2 (End2: Mm00432983_m1; Life Technologies, Grand Island, NY) was used 

with a StepOnePlus thermocycler (Applied Biosystems).  A standard curve was 

constructed from cDNA prepared from RNA of pooled ovaries from prepubertal mice at 

0, 8 and 12 h after hCG.  Values of experimental samples and standards were 

normalized to 18S rRNA (4319413E; Life Technologies) and results are presented as 

arbitrary units by comparison to the standard curve. 

Assessment of cumulus expansion 
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 Ovaries from mice injected with Ech or vehicle were collected at 10 h after hCG, 

fixed in Bouin’s overnight and dehydrated in ethanol.  Serial sections were cut on one 

ovary and stained with H&E.  In the sections, preovulatory follicles were identified and a 

picture of the oocyte was taken at the largest cross-section.  Using the picture of the 

oocyte, the cumulus was given a score from 0-4 based on its levels of expansion. In 

total 9 follicles from 1 Ech-treated mouse and 19 follicles from 2 vehicle-treated mice 

were analysed.  

Other reagents 

Other reagents used in these experiments included: echinomycin from Cayman 

Chemical, Ann Arbor, MI; Angiotensin II, endothelin 2 and bovine serum albumin from 

Sigma-Aldrich, Saint Louis, MO; and isoflurane from Isothesia, Dublin, OH.  

Statistical analysis 

General linear mixed models were used to analyze the three response variables: 

blood flow, vessel diameter and thickness of the follicle wall. Blood flow was analyzed 

on a log 10 scale to assure that all model assumptions were met.  Vessel diameter and 

thickness of the follicle wall were analyzed on the original scale.  Each model contained 

fixed effects for type (i.e. mouse genotype or treatment of the mouse), time relative to 

sampling, and the interaction between type and time. Additionally, each model 

contained a random effect contributed by each blood vessel in order to model the 

variability among repeated measurements. To test for significant fixed effects (p<0.05), 

Tukey’s honest significant difference test was used to perform pairwise post-hoc tests. 

All analyses were performed using the JMP statistical software package version 10pro.  
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Gene expression data were log transformed and analyzed by one-way ANOVA.  

Student-Newman-Keuls procedure was used to compare individual means.  Ovulation 

rates were analyzed using Student’s t test if there were two comparisons or by one-way 

ANOVA if there were more than 2 comparisons, with the means compared by the 

Student-Newman-Keuls procedure.  Ultrasound data was analyzed by chi-square test. 
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OVERACTIVATION OF THE HEDGEHOG SIGNALING PATHWAY ALTERS 

DEVELOPMENT OF THE MALE REPRODUCTIVE TRACT AND PREVENTS THE 

REGRESSION OF THE MULLERIAN DUCT  
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Abstract 

The role of hedgehog (HH) signaling in male reproductive tract development was 

studied in mice in which a dominant active allele of the signal transducer smoothened 

(SMOM2) was conditionally expressed using the Amhr2cre allele.  Amhr2cre-mediated 

recombination is known to occur in the Müllerian duct and gonads as early as 

embryonic day 12.5 and in the current study, it was also detected in the Wolffian duct 

derivatives, the epididymis and vas deferens.  Amhr2cre/+SmoM2 mutant males are 

subfertile.  In mutant mice, the ejaculate had reduced numbers of sperm and this was 

associated with a vas deferens with an abnormally tortuous lumen which contained 

regional constrictions.  In addition, Müllerian tissue which had failed to regress 

completely was present along the length of the epididymis and vas deferens.  The 

weight of the testes in mutant mice was 25% less than in controls, but spermatogenesis 

and properties of epididymal and ejaculated sperm appeared to be normal.  Weight of 

the seminal vesicle and progression of spermatogenesis did not differ in mutants and 

controls suggesting normal production of androgens.  In summary, overactivation of HH 

signaling causes abnormal development of the vas deferens, persistence of Müllerian 

tissue and subfertility. 

  

Introduction 

 During mammalian embryogenesis male and female fetuses develop Müllerian 

and Wolffian ducts.  In males, testosterone produced by Leydig cells promotes the 

maintenance and differentiation of the Wolffian ducts to form epididymides, vasa 
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deferentia and seminal vesicles, while anti-Müllerian hormone (AMH) produced by 

Sertoli cells induces regression of the Müllerian ducts.  In the absence of androgens 

and AMH in females, the Wolffian ducts regress while the Müllerian ducts differentiate 

into oviducts, uterus and the anterior portion of the vagina (Capel, 2000; Swain and 

Lovell-Badge, 1999).  AMH signaling is mediated by interaction with type I and type II 

receptors that form heteromeric complexes upon ligand binding.  The type I receptor 

becomes phosphorylated and its kinase activity is activated leading to phosphorylation 

and activation of cytoplasmic SMAD proteins.  Through a series of interactions of 

various SMAD proteins, specific SMADS are localized to the nucleus where they 

regulate transcription of target genes.  AMH signals through the type 2 receptor, 

AMHR2.  Deletion of the Amh gene or the Amhr2 gene causes persistence of Müllerian 

duct derivatives and their development into oviduct, uterus and vagina (Behringer et al., 

1994; Mishina et al., 1996).  This most frequently resulted in infertility in male mice due 

to interference with transport of sperm through the normal pathway to the female 

(Behringer et al., 1994).   

AMHR2, can interact with either of two type I receptors, type I bone morphogenic 

protein receptor (BMPR1A; also known as ALK3) or activin A receptor type I (ACVR1; 

also known as ALK2) (Jamin et al., 2002, 2003; Visser et al., 2001).  AMHR2 protein is 

expressed in the mesenchymal tissue of the Mullerian duct but not in the mesoepithelial 

cells that line the lumen of the duct.  The action of AMH on the mesenchyme results in 

loss of mesoepithelial cells by apoptosis.  In addition, it is believed that some of the 

mesoepithelial cells may undergo a cell fate change, although this has not been defined 

directly (Allard et al., 2000; Price et al., 1977).  The mechanism by which the 
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mesenchymal cells of the duct eventually undergo regression in response to AMH is not 

understood.  In humans, a condition in which the Müllerian ducts fail to regress is 

referred as persistent Müllerian duct syndrome  which sometimes leads to infertility by 

blocking the ejaculatory duct or by development of cysts in the remnant Müllerian tissue 

that then obstruct the male tract (Nghiem et al., 1990; Singh et al., 2012).  

Other pathways that influence AMH signaling have been identified.  Deletion of 

Wnt7a, a gene that is expressed in the Müllerian epithelium, prevents expression of 

Amhr2 in the mesenchyme of the Müllerian duct and causes persistence of the 

Müllerian ducts in males (Parr and McMahon, 1998).  A number of experiments 

suggested that signaling through the WNT pathway may mediate Müllerian duct 

regression through effects downstream of AMH signaling.  AMH signaling is needed for 

a male-specific pattern of Wnt4 expression in the Müllerian duct mesenchyme during 

the time period when regression of the Müllerian duct occurs.  However, conditional 

deletion of Wnt4 in the Müllerian duct mesenchyme did not prevent regression of the 

Müllerian duct in male mice, shedding doubt on its importance (Kobayashi et al., 2011).   

β-catenin is a mediator of the canonical WNT signaling pathway.  Conditional deletion of 

β-catenin in the Müllerian duct mesenchyme led to retention of the Müllerian duct in 

male mice, indicating its key role in the process.  The fact that aspects of AMH signaling 

persisted in mice in which β-catenin was conditionally deleted indicated that AMH acts 

upstream of β-catenin (Kobayashi et al., 2011).   

Differentiation of the Wolffian duct in the mouse occurs during the perinatal and 

early postnatal stages of development.  The anterior section of the Wolffian duct begins 

to coil at embryonic day 14.5 (E14.5) and by postnatal day 1 (P1) has a fully coiled 
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structure similar to that of an adult epididymis.  The middle region of the Wolffian duct 

that becomes the vas deferens remains uncoiled (Joseph et al., 2009).  The posterior 

region of the Wolffian duct remains undifferentiated until the day of birth when it begins 

to branch into multiple lobules and becomes a fully developed seminal vesicle by P7 

(Lung and Cunha, 1981).  Members of the Hox gene family that are important in 

determination of anterior/posterior identity during development are known to direct the 

development of the female (Taylor et al., 1997) and male reproductive tracts (Hannema 

and Hughes, 2007; Hsieh-Li et al., 1995; Podlasek et al., 1999a; Podlasek et al., 1999b; 

Post and Innis, 1999). 

A goal of the current study was to examine whether hedgehog (HH) signaling 

plays a role in the development of the male reproductive tract.  HH signaling regulates 

the development of the female reproductive tract (Franco et al., 2010b; Katayama et al., 

2006; Migone et al., 2012) and implantation (Franco et al., 2010a; Harman et al., 2011; 

Kubota et al., 2008; Wakitani et al., 2008).  In mammals there are three secreted HH 

ligands (Indian, desert and sonic).  HH ligand binds to the receptor patched (PTCH) and 

relieves its inhibition of the membrane-bound signal transducer smoothened (SMO) 

resulting in transcriptional activation mediated by the glioma-associated oncogene 

homolog transcription factors (Gli1, Gli2 and Gli3).  Components of the HH signaling 

pathway such as Gli1, HH interacting protein (Hhip) and Ptch1 are transcribed when HH 

signaling has been activated (Chen and Struhl, 1996; Lee et al., 1997; Marigo et al., 

1996a; Marigo et al., 1996b).  Dhh is expressed in Sertoli cells (Bitgood et al., 1996), 

while Ptch1 is expressed in Leydig cells and peritubular myoid cells (Bitgood et al., 

1996; Clark et al., 2000).  Male mice with a deletion of Dhh are infertile (Bitgood et al., 
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1996) and a majority of these males have a blind vaginal opening, and abnormal 

development of the seminal vesicles and seminiferous tubules (Clark et al., 2000; 

Pierucci-Alves et al., 2001). Furthermore, Dhh is required for Leydig cell differentiation 

(Barsoum et al., 2013; Yao et al., 2002).  HH signaling could also regulate 

spermatogenesis since different components of the pathway are expressed selectively 

in germ cells at different stages of spermatogenesis (Szczepny et al., 2006).  In 

transgenic mice with overactivation of Gli1, spermatogenesis is blocked (Kroft et al., 

2001).  Shh is required for normal prostate development (Berman et al., 2004) and for 

formation of external genitalia (Haraguchi et al., 2001).  Protein and mRNA for Shh, 

Ptch1 and Gli1 are expressed in the epididymis of adult mice and could have a role in 

its development and patterning (Turner et al., 2004).   

Mice were created in which a dominant active allele of SMO, known as SMOM2, 

was conditionally expressed in the Müllerian duct and gonads.  SMOM2 contains a point 

mutation that prevents its regulation by PTCH, thus resulting in overactivation of HH 

signaling (Jeong et al., 2004).  Cre-mediated recombination was directed using the 

Amhr2 allele.  Amhr2cre-mediated recombination begins at E12.5 in the gonads and in 

the mesenchyme of the Müllerian duct (Arango et al., 2008).  In adult male mice, 

Amhr2cre-mediated recombination occurs in Sertoli and Leydig cells (Boyer et al., 2008; 

Jeyasuria et al., 2004; Tanwar et al., 2010a).  However, in addition to these previously 

detected sites of Amhr2cre-mediated recombination, the results of the current study 

show that recombination also occurs in Wolffian-derived tissues.  These mice provided 

a model to study the role of the HH signaling pathway in the development of the male 

reproductive tract.   
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Materials and Methods 

Generation of mice 

 All animals were kept in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals.  Studies were approved by the Cornell University Institutional 

Animal Care and Use Committee. Mice in which expression of a SmoM2/Yellow 

fluorescent protein (Yfp) transgene is blocked by an upstream loxP-flanked stop signal 

were purchased from the Jackson Laboratory [Gt(ROSA)26Sortm1(smo/EYFP)Amc/J mice; 

(Jeong et al., 2004)].  Amhr2cre/+ mice in which CRE recombinase sequence was 

inserted into the Amhr2 gene were provided by Dr. Richard Behringer (Jamin et al., 

2002).  Male Amhr2cre/+ mice and female SmoM2 mice were bred to generate mutant 

Amhr2cre/+SmoM2 and genotype-matched Amhr2+/+SmoM2 control mice.  A Cre reporter 

mouse model was generated by breeding Amhr2cre/+ mice to mice in which expression of 

a tdTomato transgene is blocked by an upstream loxP-flanked stop signal 

[Gt(ROSA)26Sortm1(CAG-tdTomato)HZE/J mice; The Jackson Laboratory, Bar Harbor, ME 

(Madisen et al., 2010)].  These mice were used to determine places in which Amhr2cre-

mediated recombination had occurred.  For fertility studies, CD-1 females purchased 

from Charles River Laboratories (Wilmington, MA) were used.   Mice were genotyped 

from tail DNA using protocols provided by The Jackson Laboratory.   

Detection of the YFP and tdTOMATO reporter 

 Male and female reproductive tracts from mutant Amhr2cre/+SmoM2 mice, 

Amhr2cre/+tdTomato mice and their respective genotype-matched Cre- controls were 

dissected the day after birth.  Tissues were fixed in 2% paraformaldehyde for 4 hours, 
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rinsed in PBS and incubated for 2 hours with Hoechst  33342 (2 µg/ml in PBS-0.1% 

triton x-100).  Tissues were then placed between coverslips separated by 0.5 mm 

spacers and examined the following day using a Zeiss LSM 510 confocal microscope 

(Carl Zeiss Microimaging, Thornwood, NY).  Yellow fluorescent protein (YFP) was 

excited at 514 nm and viewed using a 520-550 bandpass filter, tdTomato was excited at 

561 nm and viewed using a 560-615 bandpass filter, and Hoechst was excited at 405 

nm and viewed using a 420-460 bandpass filter.   

Caudal epididymal sperm count and characteristics  

Sperm was collected from the cauda epididymis from 12 week-old (81-86 days of 

age) control and mutant mice as previously described (Chang and Suarez, 2011b; 

Marcello and Evans, 2010).  Briefly, both epididymides were dissected and placed 

under mineral oil on a Petri dish prewarmed and maintained at 37 C, then cleaned of fat 

and connective tissue.  Caudal epididymides were isolated, transferred into a 250 µl 

droplet of sperm capacitating media that was overlayed with mineral oil and minced with 

scissors.  Sperm were allowed to disperse from the epididymides for 15 minutes in an 

incubator (37 C, 5% CO2). Total medium containing released sperm without the 

epididymides was transferred to a 1.5 ml tube containing 200 µl of capacitating media 

and total sperm number was determined by counting in a hemocytometer.  Capacitating 

media consisted of 110 mM NaCl, 2.68 mM KCl, 0.36 mM NaH2PO4, 25 mM NaHCO3, 

25 mM Hepes, 5.56 mM glucose, 1.0 mM pyruvic acid, 0.006% penicillin G, 2.4 mM 

CaCl2, 0.49 mM MgCl2 and 10 mg/ml of bovine serum albumin (Chang and Suarez, 

2011b).   
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Aliquots of caudal sperm were evaluated for morphology, total and forward 

motility, hyperactivation and capacitation at the time of collection (t=0 h) and 2 h after 

incubation in capacitating media.  Sperm morphology was assessed by determining the 

number of sperm that had abnormal characteristics such as bent mid piece and 

agglutination from a total of 100 sperm.  Total motility of sperm was assessed by 

imaging sperm on a 37 C heated stage of a Zeiss Axiovert 35 microscope (Carl Zeiss 

Microimaging, Thornwood, NY); 100 sperm were scored and considered motile if they 

had flagellar activity.  Forward motility was determined using videotaped recordings of 

sperm and was characterized as the percentage of sperm that had a forward trajectory 

out of a total of 60-110 motile sperm observed.  Sperm were considered to be 

hyperactivated if the majority of sperm imaged had an asymmetrical pattern of flagellar 

movement and circular swimming motion (Suarez and Osman, 1987).   

Sperm capacitation was determined by detecting an increase in protein tyrosine 

phosphorylation 2 h after incubation in capacitating media as previously described 

(Chang and Suarez, 2011a; Hung and Suarez, 2012). Sperm were centrifuged at 1,000 

x g for 3 min, the pellet isolated and sperm proteins extracted with SDS sample buffer 

and stored at -20 C.  Samples were thawed and β-mercaptoethanol was added to a 

concentration of 5%.  Protein extracts from 1x106 sperm were resolved on 12% SDS-

PAGE gels and transferred to PVDF membranes. Membranes were blocked for 2 h with 

Tris-buffered saline containing 0.1% (v/v) Tween-20 (TBST) and 5% gelatin from cold 

water fish skin. Tyrosine phosphorylated proteins were detected by probing membranes 

with 200 ng/ml monoclonal anti-phosphotyrosine antibody clone 4G10 (Millipore, 

Temecula, CA) overnight at 4 C and then goat anti-mouse IgG conjugated with 
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horseradish peroxidase (Millipore) at 1:8,000 dilution for 1 h at room temperature. 

Reactive proteins were visualized by enhanced chemiluminescence using a ChemiDoc 

XRS+ system with Image Lab software (Bio-Rad, Hercules, CA).  The blot was stripped 

and re-probed with anti β-tubulin antibody (Developmental Studies Hybridoma Bank 

from the University of Iowa, Iowa City, IA) as a loading control. 

Elongated spermatid count 

Beyond stage 17 of spermatogenesis, the nuclei of elongated spermatids are 

resistant to destruction by detergents such as Triton X-100 PBS (de Kretser and 

O'Donnell, 2013; Robb et al., 1978).  To determine the number of elongated spermatids, 

each testis was weighed, the capsule was removed and the decapsulated testis was 

placed in three volumes of 0.05% Triton X-100 in PBS.  Tissues were homogenized for 

~20 seconds until they were evenly dispersed, diluted in PBS and the surviving cells, 

representing elongated spermatids, were counted using a hemocytometer. 

Ejaculated sperm count 

 The total number of ejaculated sperm that could be retrieved from the female 

tract after overnight mating was determined (Costa et al., 1997; Sanbe et al., 2007).  

Adult 50-70 day-old wild type females from a CB67BL/129 background were 

synchronized with injections of 5 IU eCG followed 48 hours later by 5 IU hCG.  Each 

female was then individually caged overnight with an Amhr2cre/+SmoM2 mutant or 

Amhr2+/+SmoM2 control male.  Females with a vaginal plug 16 h after hCG were 

euthanized and each uterine horn was flushed using 200 µl PBS and total sperm 
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recovered was counted using a hemocytometer.  Sperm motility was assessed as 

described above. 

Real-Time RT-PCR analysis of gene expression 

 Total RNA was extracted from whole ovaries using an RNeasy Micro Kit 

(Qiagen,Valencia, CA), and a High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Grand Island, NY) was used for reverse transcription.  Real-time RT-PCR 

assays specific for the mouse were done using a StepOnePlus thermocycler (Applied 

Biosystems).  Gene assays used to measure mRNA were GLI-Kruppel family member 

Gli1 (Gli1: Mm00494645_m1), patched homolog 1 (Ptch1: Mm00436026_m1), 

hedgehog-interacting protein 1 (Hhip1: Mm00469580_m1), anti Müllerian hormone 

receptor 2 (Amhr2:Mn00513847_m1), Homeo box A9 (Hoxa9: Mm00439364_m1), 

Homeo box A10 (Hoxa10: Mm00433966_m1), Homeo box A11 (Hoxa11: 

Mm00439360_m1) and Homeo box A13 (Hoxa13: Mm00433967_m1).  A standard 

curve included in each assay was constructed from cDNA prepared from RNA of pooled 

testes and epididymides at day 1 after birth, except for the Amhr2 assay in which the 

RNA was from pooled uteri from mice at 25 days of age.  Values of experimental 

samples and standards were normalized to 18S rRNA and results are presented as 

arbitrary units by comparison to the standard curve (4319413E; Life Technologies, 

Grand Island, NY).  

Percentage of seminiferous tubules in stages VII and VIII of spermatogenesis 

 Frequency of discrete stages in the cycle of the seminiferous epithelium VII 

and VIII were used to evaluate progression of spermatogenesis in Amhr2cre/+SmoM2 
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mutant males compared to controls. Morphology of stages VII and VIII was identified as 

previously described (Oakberg, 1956a, b).  Three longitudinal cross-sectional planes 

through each testis (top, median and bottom) were examined for quantitative differences 

in VII and VIII seminiferous tubules between Amhr2cre/+SmoM2 mutant males and 

controls. 

Statistical Analysis 

 Differences between control and Amhr2cre/+SmoM2 mutant mice in fertility 

parameters, sperm and elongated spermatid numbers and characteristics, and testis 

and seminal vesicle weight were analyzed by unpaired t-tests.  Percentage of 

seminiferous tubules in stages of spermatogenesis VII and VIII was analyzed by one-

way ANOVA.  Levels of mRNA were log transformed and analyzed by one-way ANOVA.  

Student-Newman-Keuls procedure was used to compare individual means. 

 

Results 

Amhr2cre/+SmoM2 mutant mice are subfertile 

Amhr2cre/+SmoM2 mutant males and genotype-matched Amhr2+/+SmoM2 control 

males were caged with fertile CD1 females for a period of 4 months.  Females bred to 

mutant males produced 53.2% fewer pups that females bred to control males (Fig.  

4.1A).  However, the number of litters produced during a 4 month period did not differ in 

matings of control and mutant males (Fig. 4.1B).  Both control and mutant males 

produced copulatory plugs after mating which had similar weight (0.059 ± 0.005 grams 
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in control mice vs. 0.058 ± 0.005 grams in mutant mice; p=0.84).  Plugs generated by 

both control and mutant males were strongly adhered inside the vagina.  No apparent 

difference in texture or consistency of plugs generated by control and mutant males was 

observed. 

Persistent Müllerian tissue in Amhr2cre/+SmoM2 mutant mice  

Reproductive tracts from 12 week-old control and mutant males were evaluated.  

The Müllerian duct had regressed completely in control mice, as expected (Fig. 4.2A,C). 

In mutant mice, however, remnants of Müllerian tissue extended along the side of the 

epididymis adjacent to the testis and continued along the length of the vas deferens 

(Fig. 4.2B,D).  In mutant mice, the lumen of the vas deferens appeared tortuous, while 

in control mice it was straight as shown by injecting Trypan Blue into the lumen of the 

vas deferens (Fig. 4.2E,F).  The appearance of the luminal epithelium, stroma and 

muscle layers of the vas deferens and epididymis were similar between control and 

mutant mice as shown by histology (Fig. 4.3).  The persistent Müllerian tissue did not 

have a lumen or a luminal epithelium (Fig. 4.3C,H). 

Determination of CRE-mediated recombination in the male reproductive tract 

 Cre-mediated recombination of the floxed SmoM2/Yfp allele was assessed by 

detection of the YFP-SMO fusion protein in the epididymis, vas deferens, testis and 

uterus of 1 day-old mice.  Signal for YFP was not detected in tracts of Amhr2+/+SmoM2 

control mice lacking the Yfp reporter gene (Fig 4.4 A,C,E).  YFP was detected in the 

uterus of Amhr2cre/+SmoM2 mutant females (Fig 4.4B) and in the persistent Müllerian 

tissue along the epididymis and vas deferens in Amhr2cre/+SmoM2 mutant males (Fig.  
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Figure 4.2. Reproductive tracts of control and mutant males at 12 weeks of age.  In 
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4.4D,F).  While not previously reported, Amhr2cre appears to mediate recombination in 

the epididymis and vas deferens since YFP signal was observed in these tissues in 

Amhr2cre/+SmoM2 mutant mice (Fig. 4.4D,F).  To verify the pattern of Amhr2cre-mediated 

recombination in male reproductive tissues, Amhr2cre mice were bred to tdTOMATO 

reporter mice.  In Amhr2+/+tdTomato mice lacking CRE, there was no signal for 

tdTOMATO in any tissue tested (Fig. 4.4G,I,K,M).  In Amhr2cre/+tdTomato mice 

expressing CRE, recombination occurred selectively in the testis and in the male and 

female reproductive tracts as revealed by the tdTOMATO signal (Fig 4.4.H,J,L,N) but 

was not observed in the liver which served as a negative control tissue (data not 

shown).  The uterus, epididymal tubules, vas deferens, and Sertoli and Leydig cells 

were positive for tdTOMATO.   

Effects of conditional expression of SmoM2 on components of the HH signaling 

pathway and Amhr2 

 In order to assess the effect of overactivation of HH signaling in the reproductive 

tract, expression of genes known to be transcriptional targets of HH signaling were 

determined in tissues from 1 day-old mice (Fig. 4.5).  While levels of Gli1, Ptch1 and 

Hhip1 mRNA were slightly elevated in testis, epididymis and vas deferens of mutant 

mice compared to controls, this was not significant.  In contrast, expression of these 

genes was dramatically increased in the uterus of Amhr2cre/+SmoM2 mutant mice 

compared to basal levels of expression in the uterus of control mice.  Persistent 

Müllerian tissue attached to the epididymis and vas deferens of mutant males had 

elevated levels of HH target gene expression equivalent to that observed in the uterus 

of mutant females. 
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In order to determine the impact of overactivation of HH signaling on components 

of the AMHR2 signaling pathway, which is known to be essential for Müllerian duct 

regression, levels of Amhr2 mRNA were determined in tissues of 1 day-old mice (Fig. 

4.5).  Levels of Amhr2 mRNA in testis, epididymis and vas deferens were similar in 

mutant and control mice and levels in reproductive tract tissues were low compared to 

that in the testis.  The level of Amhr2 mRNA was dramatically reduced to basal levels in 

the uterus of mutant mice compared to controls.  This low level of Amhr2 mRNA in 

uterus of mutant females was similar to that in persistent Müllerian tissue associated 

with the epididymis and vas deferens in mutant males. 

Hoxa genes are known to be involved in the development of the male and female 

reproductive tract.  Levels of mRNA for Hoxa9, Hoxa10, Hoxa11 and Hoxa13 in 

epididymis and vas deferens did not differ in mutant and control mice (Fig. 4.6).   

Amhr2cre/+SmoM2 mutant mice have reduced sperm numbers but normal sperm 

characteristics 

 To determine if Amhr2cre/+SmoM2 mutant mice were subfertile due to reduced 

numbers of sperm,  numbers of elongated spermatids in the testis, numbers of sperm in 

the cauda epididymis and numbers of ejaculated sperm were determined.  Control and 

mutant mice had similar numbers of elongated spermatids per gram of testis (Fig.  

4.7A).  However, testis weight was 23% less in mutants compared to controls (Fig.  

4.7B) resulting in a 21% reduction in the total number of elongated spermatids per two 

testes in mutant mice (Fig.  4.7C).  The number of cauda epididymal sperm was 36% 

less in mutant mice compared to controls (Fig. 4.7D).  Characteristics of the sperm  
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recovered from the cauda epididymis including motility, forward motility, and 

hyperactivation were similar between control and mutant mice (Table 1).  Capacitation 

was determined by detection of an increase of protein tyrosine phosphorylation in sperm 

lysates using western blots. The number of bands corresponding to proteins with 

phosphorylated tyrosine residues and the intensity of the bands was similar for mutant 

and control mice, indicating that the process of capacitation was comparable (Fig. 4.8; 

Table 1).  The total number of ejaculated sperm recovered from the reproductive tracts 

of wild-type females bred to mutant males, was 78% less than that recovered from 

females bred to control males (Fig. 4.7E).  Motility of ejaculated sperm recovered from 

female tracts did not differ between control and mutant males (50.3 ± 3.5% in control 

mice vs 50.3 ± 3.1% in mutant mice; p=0.99; n=5).  Seminal vesicle weight did not differ 

in controls and mutants (0.238 ± 0.010 grams and 0.227 ± 0.012 grams, respectively; 

p=0.42; n=8 mice).  Finally, spermatogenesis was not compromised in mutant mice 

since progression of seminiferous tubules to late stages of spermatogenesis, stages VII 

and VIII, was similar between control and mutant mice (Table 2). 

Regions of constrictions in the vas deferens of Amhr2cre/+SmoM2 mutant mice  

 The finding that the reduction in ejaculated sperm in mutant mice was more 

dramatic than the reduction in cauda epididymal sperm (78% vs 36% reduction) 

suggested that there could be a blockage of sperm downstream of the cauda 

epididymis.  In control mice, large numbers of sperm are present in the lumen of the vas 

deferens in regions distal to the epididymis and proximal to the seminal vesicle (Fig. 

4.9A,B).  In mutant mice, sperm was present in the lumen of the vas deferens in regions 

close to the epididymis, although, in some areas, the lumen was constricted (Fig.   
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Amhr2cre/+SmoM2 mutant mice.  Testis weight, number of elongated spermatids and 
sperm number in the cauda epididymis were determined in 12 week old mice (A-D).  
Mutant and control males at 3-4 months of age were caged with superovulated CD1 
females overnight and the number of ejaculated sperm recovered from the female tract 
were determined (E).  Data are mean ± SEM.  Bars with different superscripts are 
significantly different (P< 0.05; 4-10 mice).
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Sperm properties were assessed at the time of collection and at 2 hours after incubation in capacitation 
media.  Motility was determined by the percentage of the sperm with flagellar activity (100 
sperm/animal), while forward motility was determined by the percentage of motile sperm that were 
moving in a forward trajectory (60-110 sperm/animal).  After 2 hours, hyperactivation was detected by 
visual assessment of asymmetrical beat of the flagellum in different fields of a glass slide with diluted 
sperm, and capacitation was assessed by an increase in protein tyrosine phosphorylation by western 
blot (1 million sperm).  Data are % from 6 mice. 
 

 

 

 

 

 Table 1: Properties of epididymal sperm in Amhr2+/+SmoM2 control and Amhr2cre/+SmoM2 mutant mice 

 Time of collection  Capacitated 2 hours 

Genotype Mot. Fwd. Mot.  Mot. Fwd. Mot. Hyperactivation Capacitation 

Amhr2+/+SmoM2 79 96.1  75 90.2 Yes Yes 

Amhr2cre/+SmoM2 79 96.8  75 90.6 Yes Yes 

t-test (p) 0.97 0.43  0.87 0.81   



Protein tyrosine
phosphorylation

β-tubulin

Figure 4.8.  Western blot analysis of protein tyrosine phosphorylation under non-
capacitating conditions (lane 1) and capacitating conditions (lane 2-7).  Proteins from 
1x106 sperm were resolved by 12% SDS-PAGE.  Lanes 2-4 contain sperm lysates from 
three different control mice while lanes 5-7 contain sperm lysates from three different 
mutant mice. The blot was stripped and re-probed for β-tubulin as a loading control. 
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Seminiferous tubules in stages of spermatogenesis VII and VIII were determined from 3 different 
longitudinal cross-sections through the testis stained with H&E.  Data are from 3 mice of each genotype.  
Similar superscripts within columns and rows indicate no significant difference (p=0.52). 
                           

 

Table 2: Unaltered progression through spermatogenesis in Amhr2cre/+SmoM2 mutant mice 

 Amhr2+/+SmoM2 Amhr2cre/+SmoM2 

Stage VII 6.0%a 5.6%a 

Stage VIII 6.4%a 5.1%a 
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(Fig.  4.9C).  In regions of the vas deferens close to the seminal vesicle in mutant mice, 

the concentration of sperm in the lumen was reduced (Fig. 4.9D).  Injection of trypan 

blue into the lumen of the vas deferens confirmed that in some regions of the vas 

deferens in mutant mice the lumen was narrowed (Fig. 4.9E) whereas these constriction 

were not observed in the vas deferens of control mice (Fig. 4.2E).  In some histological 

sections of the vas deferens of mutant mice, the size of the lumen was reduced and 

appeared almost depleted of sperm (Fig. 4.9F,G).  These areas could potentially 

represent the areas of constriction observed in fresh tissue. 

 

Discussion  

 Male mice in which the HH signaling pathway was overactivated in the testis and 

reproductive tract were subfertile generating half the number of pups as control males.  

In mutant males, testes were reduced in size compared to controls and this resulted in 

decreased total numbers of elongated spermatids and a reduction in the number of 

epididymal sperm.  However, the magnitude of reduction in ejaculated sperm was 

greater than the reduction in epididymal sperm (87% vs 36%) suggesting a defect in 

transport of sperm from the vas deferens at ejaculation.  This possibility is consistent 

with alteration in the vas deferens of mutant mice.  Regions of the vas deferens in 

mutant mice are tortuous rather than straight, there are periodic constrictions in the 

lumen and regions relatively deficient in sperm. 

In the current study, Amhr2cre-mediated recombination, as assessed by 

expression of YFP and tdTOMATO reporter proteins, was detected in the testis,  



Amhr2+/+SmoM2 control

Amhr2cre/+SmoM2 mutant
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Epididymal end

Epididymal end
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Seminal vesicle end

Figure 4.9. Areas of constriction within the vas deferens of Amhr2cre/+SmoM2  mutant 
mice associated with reduced sperm numbers.  Phase contrast images of vas deferens 
from control and mutant mice (A-D).  Vas deferens perfused with trypan blue in mutant 
mouse (E).  H&E staining of a cross section of the vas deferens (F) and corresponding 
higher power image that shows few sperm in the lumen (G).  White arrows in panels 
A-C point the lumen of the vas deferens full of sperm while in panel D sperm are few 
present within the lumen.  Arrowheads in panels C and E point to areas of constriction 
in the vas deferens.  Panels are representative images from 3-4 mice at 12-16 weeks 
of age. Abbreviations are stroma (ST), luminal epithelium (LE) and blood vessel asso-
ciated with the vas deferens (BV).  The size reference bar in panel G represents 1.5 
mm in panels A-D, 1 mm in panel E and 600 µm in panel F and 45 µm in G.
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epididymis and vas deferens.  It was previously reported that Amhr2cre-mediated 

recombination occurs in the Müllerian duct and gonads as early as E.12.5 (Arango et 

al., 2008; Jamin et al., 2002).  However, the current results show that Amhr2cre-

mediated recombination also occurs in derivatives of the Wolffian duct. These findings 

are consistent with expression data for Amhr2 in microarrays deposited in GEO profiles 

in Genbank.  In these arrays, Amhr2 was detected in the epididymis of mice at E12 

(GDS2202/1457021_x_at/Amhr2) and in the epididymis and vas deferens at E14.5 

(GDS3862 / 1457021_x_at / Amhr2).  Despite the fact that Amhr2cre-mediated 

recombination occurred at some point prior to day 1 of age and might therefore be 

expected to induce expression of dominant active SmoM2, expression of transcriptional 

targets of HH signaling, Ptch1, Hhip1 and Gli1 in the vas deferens and epididymis were 

similar in 1 day-old control and mutant males.  These findings suggest that cre-

mediated induction of dominant active HH signaling at some point during 

embryogenesis altered development of the vas deferens resulting in decreased 

transport of sperm at ejaculation. 

Another possible cause of defects in development of the vas deferens is the 

presence of persistent Müllerian tissue attached to the epididymis and vas deferens of 

mutant mice.  As expected, reporter proteins YFP and tdTOMATO were present in the 

reproductive tract of 1 day-old Amhr2cre/+SmoM2 and Amhr2cre/+tdTomato females 

respectively, indicating that Amhr2cre-mediated recombination had occurred in this 

Müllerian derivative.  The fact that YFP was expressed in the persistent tissue attached 

to the vas deferens and epididymis in mutant mice is consistent with its Müllerian origin. 
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In newborn mice, expression of Amhr2 in the persistent Müllerian tissue of 

mutant males and the reproductive tract of mutant females was reduced compared to 

that in the reproductive tract of control females.  This suggests that overactivation of HH 

signaling reduced expression of AMHR2 in the Müllerian duct resulting in the 

persistence of Müllerian tissue in mutant males.  There are several instances in which 

AMH/AMHR2 signaling is reduced and the Müllerian ducts persist.  Deletion of Amh or 

Amhr2 results in persistence of the Müllerian ducts which differentiate into oviducts, 

uterus and vagina (Behringer et al., 1994; Jamin et al., 2002).  Deletion of Wnt7a results 

in male mice in which the Müllerian ducts persist and consist of undifferentiated tubes 

adjacent to the epididymis and vas deferens (Parr and McMahon, 1998).  Conditional 

deletion of βcatenin mediated by the Amhr2cre allele results in persistence of Müllerian 

ducts (Kobayashi et al., 2011).  In male mice with overactivation of βcatenin mediated 

by the Amhr2cre allele, the Müllerian ducts persist in focal areas.  In these areas, there 

was positive staining for smooth muscle actin and desmin suggesting the tissue had 

muscle, but no uterine glands or luminal folds were found (Tanwar et al., 2010b).  In 

Amhr2cre/+SmoM2 mutant males, the persistent Müllerian tissue consisted of an 

undifferentiated mesenchyme without a lumen or luminal epithelium.  This phenotype 

could indicate that the initial regression of the luminal epithelium occurs in mutant mice 

despite low levels of Amhr2 expression, but then SMOM2 either prevents the regression 

of the mesenchyme or promotes its survival.  Another possibility is that the initial 

regression of the Müllerian duct is altered by absence of AMHR2 signaling and that 

other factors increase in response to HH signaling and mediate regression of the 

luminal epithelium of the Müllerian duct. 
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In Amhr2cre/+SmoM2 mutant males, the physical mechanism that induces 

ejaculation might be impaired.  The vas deferens serves to protect and store sperm 

(Snyder et al., 2010) and contractile waves within the epididymis and the vas deferens 

at ejaculation mediate expulsion of sperm (Coolen et al., 2004; Vignozzi et al., 2008).  In 

mice lacking P2X1 receptors, which mediate contraction of smooth muscle cells, 

contractile waves in the vas deferens are impaired and males are infertile (Mulryan et 

al., 2000).  It is possible that in Amhr2cre/+SmoM2 mutant males, the tortuous trajectory 

of the lumen of the vas deferens and the physical presence of Müllerian tissue attached 

to the epididymis and vas deferens could dampen contractile waves at the time of 

ejaculation reducing the numbers of sperm in the ejaculate.  

In light of the tortuous appearance of the vas deferens, it was postulated that 

genes that regulate the patterning of the male reproductive tract might be altered.  In 

male mice, Hoxa9 is expressed in the epididymis and vas deferens (Hannema and 

Hughes, 2007), Hoxa10 and Hoxa11 are expressed in the region of the Wolffian duct 

that will become the vas deferens and  Hoxa13 is expressed in the posterior region of 

the Wolffian duct that will become the seminal vesicle (Podlasek et al., 1999a).  Deletion 

of Hoxa10 or Hoxa11 results in a vas deferens that is partially coiled rather than straight 

(Hsieh-Li et al., 1995; Podlasek et al., 1999b). In hypodactyly mice, which have a 

deletion in the initiator codon for Hoxa13 transcript, seminal vesicles are less branched 

(Post and Innis, 1999).  In the current study, however, there was no difference in the 

expression of Hoxa9, Hoxa10, Hoxa11 and Hoxa13 between control and mutant mice, 

suggesting that SmoM2 might alter the morphology of the vas deferens by a mechanism 

other than by altering Hoxa genes.  Investigation of Hoxa genes in mutant males 
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seemed worthwhile since in  Amhr2cre/+SmoM2 mutant females, SmoM2 led to abnormal 

expression of Hoxa13 in the uterus which was associated with the absence of uterine 

glands and the presence of stratified squamous luminal epithelial cells which are typical 

of the vagina (Migone et al., 2012).   

The size of the testis was reduced in Amhr2cre/+SmoM2 mutants and this could 

contribute to reduced numbers of sperm in the epididymis.  In 1 day-old 

Amhr2cre/+tdTomato mice, tdTOMATO was expressed in the testis, mainly in Sertoli and 

Leydig cells which are cell types in which Amhr2cre-mediated recombination was 

previously reported to occur (Boyer et al., 2008; Jeyasuria et al., 2004; Tanwar et al., 

2010a).  Therefore, aspects of testis development might have been altered by 

overactivation of HH signaling, leading to reduced testis size.  Despite this, 

spermatogenesis proceeded normally in mutant mice.  There was no difference in the 

number of elongated spermatids produced per gram of testis compared to control mice.  

Production of testosterone is likely unaffected in mutant mice since the weight of the 

seminal vesicle, an androgen-responsive tissue that serves as an indicator of proper 

levels of circulating androgens (Moore et al., 1930), was similar to that of control mice.  

Furthermore, the transition from round spermatids at stage VII to elongated spermatids 

at stage VIII which is dependent on testosterone (O'Donnell et al., 1994) did not differ 

between control and mutant mice.  Properties of sperm such as motility, capacitation 

and hyperactivation were similar in control and mutant mice.  Subfertility was previously 

observed when the seminal vesicle and the coagulating gland were removed from mice 

preventing their ability to generate vaginal plugs (Pang et al., 1979; Peitz and Olds-

Clarke, 1986).  Vaginal plugs are necessary to prevent leakage of sperm from the 
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reproductive tract.  Production of abnormally small and soft plugs by nexin-1 null mice 

results in subfertility (Murer et al., 2001).  However, in Amhr2cre/+SmoM2 mutant mice, 

plugs were strongly adhered to the vagina and had similar weight and texture to those 

of control mice, eliminating defects in vaginal plug formation as a potential reason for 

subfertility.     

In summary, conditional overactivation of the HH signaling pathway using the 

Amhr2 allele reduces fertility in male mice.  Subfertility was likely due to reduced sperm 

numbers in the ejaculate.  Reduced sperm numbers could be explained by the presence 

of persistent Müllerian tissue that impedes normal development of the vas deferens or 

impairs its contractions at the time of ejaculation.  The fact that expression of Amhr2 

was reduced in Müllerian tissue in response to overactivation of HH signaling suggests 

that impaired AMH signaling caused persistent Müllerian tissue in mutant males.  

Evidence that Amhr2-mediated recombination occurs in the epididymis and vas 

deferens by the day of birth was presented for the first time.  Expression of SMOM2 in 

the vas deferens may have contributed to localized narrowing of the lumen and 

development of a tortuous trajectory which could impair contractions at ejaculation.  

Another factor contributing to subfertility could be the reduced weight and spermatid 

content of the mutant testes that is associated with a reduction in sperm numbers in the 

cauda epididymis.  Findings from this study showed that overactivation of HH signaling 

in the male reproductive tract alters its development, and leads to persistence of 

Müllerian tissue. 
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 Two main questions were addressed in this dissertation: Determine the role of 

vasoconstriction at ovulation and study the role of the Hedgehog (HH) signaling 

pathway in the development of the male reproductive tract.  An association between 

vasoconstriction and ovulation was established by initial studies with mice with 

conditional overactivation of the HH signaling pathway.  In these mice, recombination of 

a dominant active allele of the signal transducer SmoM2 was directed to the gonads 

and the reproductive tract via the Amhr2cre allele.  Generated Amhr2cre/+SmoM2 females 

were infertile due to a defect in ovulation and in development of the female reproductive 

tract.  Amhr2cre/+SmoM2 males were subfertile due to a defect in the development of the 

reproductive tract.   

Amhr2cre/+SmoM2 mutant females were infertile due to a defect in follicle rupture.  

Despite this failure in follicle rupture, Amhr2cre/+SmoM2 females developed follicles up to 

the preovulatory stage and underwent many of the changes that are expected to occur 

in response to LH surge.  It was determined that in these mutant mice, the theca layer 

had a dramatic reduction in smooth muscle actin positive cells (Ren et al., 2009).  Later, 

it was determined that in these female mice, overactivation of the HH signaling pathway 

in the ovary led to abnormal development of thecal vessels.  These vessels failed to 

acquire vascular muscle cells surrounding endothelial cells (Ren et al., 2012).  These 

mice were thought to be an excellent model to study the relationship between ovulation 

and vasoconstriction as it was hypothesized that in Amhr2cre/+SmoM2 females, the 

defect in vascular maturation would impair vasoconstriction. 

The first challenge to study the follicular vasculature in mice, was to identify the 

most effective way to evaluate different parameters related to the vasculature.  After 
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initial studies in which components of the vasculature were imaged ex vivo using 

confocal microscopy and multiphoton microscopy, it was established that in order to 

obtain an accurate description of the physiological changes occurring at the time of 

ovulation, this procedure would need to be performed in vivo.  As described in chapter 2 

and published in a peer-reviewed journal (Migone et al., 2013), a procedure was 

developed in which the follicular vasculature could be imaged in vivo using multiphoton 

microscopy.  Using this procedure, vascular properties such as vessel diameter, velocity 

of red blood cells and blood flow could be determined in individual blood vessels of the 

preovulatory follicle.  Using multiphoton microscopy provided the advantage of lateral 

resolution sufficient to perform imaging in capillary-size vessels.  An additional 

measurement included in chapter 3 was the determination of the thickness of the follicle 

wall, which was not developed by the time the content in chapter 2 was published.  A 

variant of this procedure included experimental situations in which different solutions 

were infused into the bursal cavity to determine their effect(s) on ovulation.  However, 

despite reduced phototoxicity and reduced photobleaching associated with multiphoton 

microscopy, axial resolution was limited to 240 µm from the surface of the follicle.  Since 

the diameter of the preovulatory follicle is approximately 500 µm, this study was limited 

to imaging individual vessels at the surface of the follicle and not at the base.  However, 

the limitation in imaging at the base of the follicle was overcome by the use of Power 

Doppler micro-ultrasound (refer to chapter 3).  Power Doppler did not have enough 

resolution to study changes in individual blood vessels, however, it provided enough 

resolution to grossly assess changes in bulk flow at the base compared to the surface of 

the follicle. 
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With the devised procedure as described in chapter 3, vascular changes in 

Amhr2cre/+SmoM2 mutant and genotype matched control females were studied in the 

preovulatory follicle.  While in control mice an acute reduction in blood flow and 

diameter of thecal vessels occurred prior to ovulation, this was absent in mutant mice.  

Also, a dramatic thinning of the follicle wall observed in control mice prior to ovulation 

did not occur in mutant mice.  However, it was necessary to determine if the 

vasoconstriction identified at the apex of the follicle prior to ovulation was just a 

response to thinning of the follicle wall.  Therefore, thinning of the follicle wall was 

blocked with intrabursal infusion of serum, an abundant source of protease inhibitors.  In 

this experiment, infusion with serum into the bursal cavity prevented the thinning of the 

follicle wall and ovulation; however, the expected changes in blood flow and vessel 

diameter occurred.   

Based on the findings with Amhr2cre/+SmoM2 mice that suggested an association 

between vasoconstriction and follicle rupture, an experiment was designed to prevent 

the periovulatory rise of the vasoconstrictor Edn2 in wild type mice.  Injection of Ech, an 

inhibitor of hypoxia inducible factors, is known to prevent the increase of Edn2 and 

block ovulation (Kim et al., 2009).  The expected decrease in blood flow and vessel 

diameter and the acute thinning of the apical follicle wall that occur prior to ovulation 

were absent in Ech-treated mice.  In another set of experiments it was hypothesized 

that END2 could be infused into the bursal cavity to overcome the effects of Ech and 

restore ovulation.  EDN2 infusion led to a reduction in blood flow and vessel diameter 

and caused thinning of the follicle wall followed by rupture.  This suggested that the role 

of EDN2 in promoting ovulation is via induction of vasoconstriction. 
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In order to eliminate the possibility that EDN2 might influence rupture by a 

mechanism other than vasoconstriction, a different vasoconstrictor, ANG2 was infused 

into the bursal cavity to test whether it could overcome the effects of Ech.  ANG2, also 

induced vasoconstriction and rescued ovulation in Ech-treated mice providing strong 

evidence that vasoconstriction is essential for ovulation.   

Finally, to overcome the limitation in axial resolution of multiphoton microscopy, 

Power Doppler ultrasound was used to study vascular changes at the base of the 

follicle.  Using Power Doppler, it was determined that while vasoconstriction occurred at 

the apex of the follicle, it did not occur at the base.  In conclusion, in chapter 3 it was 

determined that vasoconstriction prior to ovulation only occurs at the surface of the 

follicle and is essential for ovulation. 

Now that vasoconstriction has been identified as a necessary event for follicle 

rupture, the mechanism by which vasoconstriction mediates follicle rupture needs to be 

identified.  While it is widely accepted that follicle rupture occurs after extensive 

digestion of the follicle wall that leads to its thinning, it is still not known how thinning of 

the follicle wall is restricted to the apex of the follicle.  Previous studies performed ex 

vivo in a number of domestic species revealed an area at the apex of the follicle that is 

depleted of blood vessels prior to ovulation (Macchiarelli et al., 2006; Macchiarelli et al., 

2010).  The use of Color Doppler, demonstrated that prior to ovulation blood flow is 

absent at the apex of follicles in humans and cows (Acosta et al., 2003; Brannstrom et 

al., 1998).  Studies presented in chapter 3 demonstrated that the formation of the area 

depleted of blood vessels at the apex of the follicle is mediated by vasoconstriction 

because a reduction in blood flow and vessel diameter occurred.  Furthermore, since 
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vasoconstriction occurs at the same place and at the same time as thinning of the 

follicle wall, it is possible that vasoconstriction could be regulating thinning of the follicle 

wall.  It has been shown previously that serum protease inhibitors can leak out of blood 

vessels and be localized within the ovary (Curry et al., 2001; Zhu and Woessner, 1991).  

Therefore, it would be interesting to determine if vasoconstriction at the apex of the 

follicle could potentially limit the efflux of serum protease inhibitors in that region of the 

follicle, leading to the known increase in protease activity at the apex.  While increased 

activity of gelatinases at the apex of the follicle has been reported (Curry et al., 2001), to 

date there is no report that ties directly the concept of vasoconstriction and selective 

location of protease inhibitors.   

One experiment that would address this question is to determine a different 

pattern of expression of serum protease inhibitors within the follicle.  In an attempt to do 

so, I previously performed IHC for one of the serum protease inhibitors, alpha 2 

macroglobulin; however the antibody worked poorly.  A different option could be the 

isolation of regions of the theca at the apex and base of follicles at 12 h after hCG using 

laser capture microdissection and then perform ELISA for alpha 2 macroglobulin or 

other serum protease inhibitors on the samples collected.  I anticipate that in the 

samples collected at the apex of the follicles, the amount of serum protease inhibitors 

will be reduced relative to that of the base.  If this is correct, another alternative could be 

to perform the same experiment in an anovulatory mouse model such as that of an Ech-

treated mouse.  Here, I expect that the levels of serum protease inhibitors would be 

similar at the base and at the apex of the follicle.  A final experiment could be perform 

the same experiment in an Ech-treated mouse after a vasoconstrictor has been infused 
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into the bursal cavity.  Given the hypothesis that vasoconstriction can limit the location 

of protease inhibitors, I anticipate that induction of vasoconstriction in an Ech-treated 

mouse will induce a selective location for serum protease inhibitors that was previously 

prevented by Ech.   

Identification of vasoconstriction as an essential step required for follicle rupture 

has a potential implication in the development of contraceptive methods.  Currently, 

female contraceptive methods are hormonally regulated and prevent follicle rupture.  It 

would be interesting to explore the possibility of developing a non-hormonal 

contraceptive method that blocks vasoconstriction in the follicle and prevents follicle 

rupture.  It would be necessary to create a system of drug delivery that targets 

exclusively the area of interest in the ovary: thecal vessels.  If such drug delivery system 

is achieved, it would be beneficial to have a contraceptive method in which only the last 

step prior to ovulation is controlled and to prevent possible off-target effects with the 

current methods.  This potential non-hormonal contraceptive method is required to be 

reversible in humans.  Furthermore, creation of a modified version that is non-reversible 

could be used in wild life populations that need to be controlled, such as deer and feral 

cats. 

In Amhr2cre/+SmoM2 mutant males, conditional overactivation of the HH signaling 

pathway using the Amhr2 allele led to reduced fertility.  Subfertility was likely due to 

reduced sperm numbers in the ejaculate which could be explained by the presence of 

persistent Müllerian tissue that prevented the normal development of the vas deferens 

or impaired its contractions.  In Amhr2cre/+SmoM2 mutant males, expression of Amhr2 

was reduced in Müllerian tissue due to overactivation of HH signaling suggesting that 
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impaired AMH signaling caused persistence of Müllerian tissue in these males.  In this 

study, evidence that Amhr2-mediated recombination occurred in the epididymis and vas 

deferens by the day of birth was presented for the first time.  Expression of SMOM2 in 

the vas deferens may have contributed to formation of regions in which the lumen was 

narrowed and had a tortuous trajectory.  Another factor contributing to subfertility could 

have been the reduced weight and spermatid content of the mutant testes that was 

associated with a reduction in sperm numbers in the cauda epididymis.  It was 

concluded that that overactivation of the HH signaling pathway in the male reproductive 

tract led to subfertility, altered development of the reproductive tract and persistence of 

Müllerian tissue 

In humans, a condition in which the Müllerian duct persists throughout adulthood 

is referred as persistent Müllerian duct syndrome (PMDS).  In humans with PMDS, a 

mutation in anti Müllerian hormone (AMH) or in AMHR2 have been identified.  In the 

current study, reduction in Amhr2 mediated by expression of SMOM2 appears to be the 

reason why in Amhr2cre/+SmoM2 mutant males there is persistent Müllerian tissue.  

However, in order to firmly establish a defect in AMH/AMHR signaling further 

experiments need to be performed.  It has been shown that in vitro culture of Müllerian 

ducts in the presence of testis, a source of AMH, leads to the regression of the ducts 

(Price et al., 1979).  Therefore, it would be worthwhile to culture male reproductive 

tracts of control and mutant mice before the Müllerian ducts have regressed in the 

presence or absence of wild-type testis.  If in mutant mice there is a reduction in 

AMHR2, they would not have the ability to respond to normal levels of AMH and the 

Müllerian tissue would persist.  However, if for some unexpected reason, the Müllerian 
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ducts regress in mutant mice, it would indicate that perhaps in Amhr2cre/+SmoM2 mutant 

males either there is a reduction in AMH or there is another factor that leads to the 

persistence of Müllerian tissue. 

The findings presented in chapter 4 demonstrated that overactivation of HH 

signaling altered the development of the male reproductive tract, particularly the vas 

deferens.  Even though this result does not prove a direct role of HH signaling in the 

development of the reproductive tract, it suggest the possibility that HH signaling could 

influence the proper development of the male reproductive tract.  Furthermore, it 

demonstrates that dysregulation of HH can have an effect on the development of the 

male reproductive tract. 

In the current study it was shown that creation of Amhr2cre/+SmoM2 mutant mice 

was instrumental to study reproductive processes in male and female mice.  In male 

mice, it was shown that overactivation of HH signaling led to reduced fertility, altered 

development of the male reproductive tract and caused persistence of Müllerian tissue.  

Mutant females served as an excellent model to test the association between 

vasoconstriction and ovulation.  Furthermore, after the initial findings in mutant females, 

a series of experiments was performed that led to the main result of this dissertation, 

demonstration that vasoconstriction at the apex of the follicle is essential for ovulation. 
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