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The mammalian reproductive tract is the only organ system in the body where entire 

tissue layers and structures are in physiologically dynamic and cyclic changes. Angiogenesis is 

well known to be critical to assure blood supply for tissue growth and remodeling. Ovarian-

produced steroids control reproductive tract remodeling, and cyclic rhythmicity of the 

hypothalamic-ovarian axis. We proposed that uterine and ovarian remodeling during pregnancy 

is modulated by the conceptus. Color-Doppler ultrasonography, in situ macroscopy, histology, 

immunohistochemistry, and real time PCR were the techniques used throughout this work. 

Special attention was paid to conceptus modulation of the uterine vascular and architectural 

changes prior to implantation in equids and bovids. In mares, transient changes in endometrial 

vascularity accompanied conceptus location changes during the mobility phase. Continued 

presence of the conceptus in the same horn (7-min average) stimulated an increase in vascularity. 

After fixation, endometrial vascularity was higher in the endometrium surrounding the fixed 

conceptus, than in other areas of the ipsilateral horn, or in the opposite horn. Differential dorsal 

thickening of the endometrium preceded embryonic orientation. An early vascular indicator of 

the future position of the embryo proper was discovered. Orientation of the embryonic vesicle 

occurred immediately after fixation. Embryonic dysorientation was associated with a flaccid 
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uterus and defective encroachment of the dorsal endometrium. Asymmetric enlargement of the 

allantoic sac spontaneously corrected dysorientation. The dorsal endometrium at the fixed 

conceptus site was edematous and richly vascularized, exhibiting a high density of blood vessels 

and endometrial glands. Adherence points were found between the yolk sac surface and the 

dorsal endometrium. Location of VEGF and VEGFR-1 did not differ between endometrium of 

pregnant and cyclic mares, and VEGFR-2 was absent or weak at the luminal epithelium of cyclic 

mares, but exhibited greater presence on Days 14 and 21 of pregnancy. Proliferation was intense 

at the luminal epithelium during estrus and practically absent during the luteal phase. During 

pregnancy, all endometrium presented proliferative cells. VEGF and VEGFR-2 mRNA 

expression was higher in pregnant mares than in cyclic. Uterine vascularity during early 

pregnancy in mares was mediated by conceptus presence. In heifers, uterine vascularity 

increased in nonpregnant animals temporally associated with the preovulatory rise in estradiol. In 

pregnant heifers, uterine vascularity increased in the horn ipsilateral to the conceptus from Days 

19 to 40. Vascularity of the contralateral horn remained low until Day 32, when it began to rise, 

reaching vascularity approximately similar to the ipsilateral horn around Day 40. The increase in 

vascularity temporally paralleled allantoic sac development inside of each uterine horn. In mares, 

greater blood flow to the preovulatory follicle was associated with higher pregnancy rate. In 

cows, corpus luteum blood flow increased and decreased with individual PGFM pulses during 

spontaneous luteolysis. Induction of increased CL blood flow by prostaglandin did not assure the 

occurrence of luteolysis. In summary, these data provided insight into the architectural and 

molecular changes in the reproductive tract of equids and bovids. These results set the stage for 

future experiments to understand more completely the role of the conceptus in regulating the 

uterine environment in favor of its development. 
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CHAPTER 1 

INTRODUCTION 

 

In mammals, the organs of the female reproductive tract are morphologically cyclic 

throughout reproductive life. Entire tissue layers and structures are in a constant process of 

apoptosis, renewal, and/or remodeling during physiological conditions. These capabilities during 

adult life make them unique. Cyclic architectural changes are dependent on the vascular system 

as a source of nutrients and, in turn, vessels need to be constantly remodeling to parallel tissue 

changes. It is well known that angiogenesis plays an essential role during tissue growth and 

remodeling. Hypoxia is observed in growing nonvascularized tissues after they reach 300 µm in 

size, and this leads to production of angiogenic factors to promote vascular development by 

ramification of existing vessels from the peripheral area. 

Uterine-ovarian vascular and architectural changes during the reproductive cycle are 

controlled by the cyclic plasma hormonal changes regulated by the hypothalamic-ovarian axis. 

The main players controlling tissue remodeling in the reproductive organs are the steroid 

hormones, estrogens and progesterone. However, during pregnancy, cyclic reproductive tract 

remodeling is interrupted, and changes are now modulated by the conceptus in accordance with 

its needs. Early pregnancy in all mammalian species is a critical time when a series of important 

interactive events between the embryo/fetus (conceptus) and the mother should be perfectly 

coordinated to assure continuation of pregnancy to term. For the purpose of this study, early 

pregnancy is defined as the period from fertilization to development of a functional placenta. 

Critical times of development during early pregnancy could be categorized as: 1) Intraoviductal 

embryonic stage; 2) Intrauterine embryonic development prior to implantation; 3) Maternal 

recognition of pregnancy; 4) Implantation and; 5) Placentation. For all of these events, a healthy 
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conceptus guarantees successful communication and interaction with the mother to avoid early 

pregnancy termination. In addition to the conceptus’s genetic profile, the most import aspect for 

keeping the conceptus healthy is the uterine environment. The uterus provides a source of 

nutrients, is immunologically modulated, and its epithelial cells surface permits conceptus-

maternal cellular interactions. Vascular development and remodeling in both maternal and fetal 

sides are essential for all morphological changes during early pregnancy. Blood supply is also 

important to support the activity of the endometrial glands which provide secretory products 

critical for nourishment of the conceptus prior to final development of the functional placenta. 

The research presented in this dissertation is divided into seven chapters. The chapters 3 

to 6 present results of studies of the vascular and architectural changes during early pregnancy in 

mares. The chapter 7 presents of a comprehensive study of the vascular and architectural changes 

during the two first months of pregnancy in cows. The chapter 8 presents a study on the effect of 

the perifollicular blood flow on fertility of the oocyte in mares. The chapter 9 presents a study of 

the relationship between corpus luteum blood flow and the luteolytic process in cows. 

In this work we demonstrated that endometrial vascular and architectural remodeling is 

modulated by the conceptus well before implantation to create a uterine environment that will 

support initial conceptus development, and assure optimal conditions for all interactive events 

between the embryo/fetus and the mother. This includes mobility and fixation of the conceptus in 

equids, conceptus elongation in bovids, and maternal recognition of pregnancy, uterine immune 

modulation, implantation, and placentation in both species. 

Our main hypotheses are: 1) transient changes in vascular perfusion of the endometrium 

occur in association with changes in location of the conceptus in mares; 2) differential thickening 

of the uterine wall at the mesometrial attachment begins before the earliest indication that 
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orientation of the embryonic vesicle has occurred in mares; 3) dorsal endometrial encroachment 

is the component to define dysorientation or successful orientation in mares; 4) the conceptus 

locally modulates endometrial vascular changes and remodeling prior to implantation in mares; 

5) uterine vascular perfusion changes in cows are mediated by conceptus presence and 

development, and occur at equivalent time points of pregnancy as reported in mares; 6) higher 

pregnancy rate is associated with greater blood flow to the preovulatory follicle in mares, and; 7) 

the increase in corpus luteum blood flow precedes spontaneous luteolysis in cows. 
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CHAPTER 2 

LITERATURE REVIEW 

Early Pregnancy 

Equids 

Equids are the only common eutherian mammals in which real-time images of conceptus 

(embryo, extraembryonic membranes and fluid) migration, fixation, and orientation and 

conversion from yolk sac to allantoic sac placentation can be studied sequentially in vivo and 

detectable without disturbance. This research capability results from the availability of 

transrectal ultrasonography, the large size of the fluid-filled embryonic vesicle (conceptus), and 

the close proximity of the uterine wall to the rectal wall (Ginther 1995b). 

The equine uterus is Y-shaped, and the length of each uterine horn is equivalent to the 

length of the uterine body (Ginther 1992). The embryonic vesicle has a spherical shape resulting 

from its glycoprotein cover or capsule. The carbohydrate composition of the capsule apparently 

undergoes considerable modification during the mobility phase, maternal recognition of 

pregnancy phase, and fixation and orientation phase (Chu et al. 1997). The equine embryonic 

vesicle enters a uterine horn on Day 6 (ovulation = Day 0; Weber et al. 1991, Battut et al. 1997). 

The early embryonic vesicle is spherical and mobile. Based on a uterine-ligation study (Griffin & 

Ginther 1993), the conceptus apparently arrives in the uterine body after Day 8 (Day 0 = 

ovulation). When first detected by transrectal ultrasonography on Days 9 or 10, the vesicle is 

frequently (60% of time) in the uterine body (Ginther 1983a, Leith & Ginther 1984). Thereafter, 

the frequency of entries into the uterine horns increases and a phase of maximum mobility 

begins, involving all parts of the uterus. Maximum mobility extends over Days 12–14 when the 

vesicle grows from about 9 to about 15 mm in diameter. Mobility has been characterized by 

visualizing nine segments of the uterus in approximately equivalent lengths (three for each horn 
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and the body) and locating the vesicle in one of the segments every 5 min for 2 h (Ginther 

1983a). The propulsive force for embryo mobility is uterine contraction as indicated by similar 

temporal changes in uterine contractility and vesicle mobility (Griffin & Ginther 1993, Cross & 

Ginther 1988), reduced mobility after experimental inhibition of contractions (Leith & Ginther 

1985), and reduced contractions in a uterine horn into which vesicle entry is prevented by 

experimental cornual ligation (Griffin & Ginther 1993). The mobility favors physiologic 

exchange between the relatively small conceptus and large uterus (Ginther 1983a). In this regard, 

results of confinement of the conceptus to one uterine horn indicate that the conceptus locally 

stimulates uterine turgidity and edema, as well as contractility (Griffin & Ginther 1993), and that 

movement throughout the uterus is required to prevent the bilaterally active uterine luteolytic 

mechanism (McDowell et al. 1988, Griffin & Ginther 1993). 

Cessation of mobility is called fixation and occurs on Days 15–17 (Ginther 1983b). The 

site of fixation is at a flexure in the caudal segment of one of the uterine horns without regard to 

the side of ovulation. It has been postulated that fixation occurs at the flexure because it is a 

physical impediment to continued mobility of the growing vesicle (Ginther 1983b, Gastal et al. 

1996). Increasing uterine turgidity combined with a decrease in uterine diameter due to the 

influence of the mobile vesicle further contributes to fixation in the most restricted area. In other 

words, fixation occurs due to increasing vesicle growth and a reciprocal relationship between 

increasing uterine tone and decreasing uterine diameter (Gastal et al. 1996). 

Orientation of the embryonic vesicle refers to the position of the embryonic disc or 

embryo proper at the periphery of the vesicle (embryonic pole) relative to the position of the 

mesometrial attachment. The pattern of orientation (antimesometrial versus mesometrial) is 

fairly constant within species but differs among species (Mossman 1971, 1987). The direction in 
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which the embryonic disk faces relative to the mesometrial attachment after orientation is 

completed contributes to species differences in the pattern of development of the fetal 

membranes and the site of attachment of the umbilical cord. When first detected by ultrasound 

(Days 19 to 22), the equine embryo proper is in the ventral hemisphere of the embryonic vesicle 

or opposite to the mesometrial attachment (Ginther 1983b). It is unlikely that orientation occurs 

before embryo mobility ceases. In this regard, simulated embryonic vesicles rotated or rolled 

during intrauterine location changes (Ginther 1985). These observations indicate that orientation 

occurs between the day of fixation (Day 16) and the earliest reported day of ultrasonic 

identification of the embryo proper (Day 19; see Figure 4-1 page 94). 

About 50 to 75% of the wall of the equine embryonic vesicle over Days 16 to 18 is 

composed of two cell layers, the ectoderm and endoderm, and the third layer, the mesoderm is 

present in and at the periphery of the embryonic disc (Ewart 1897, Ginther 1998a). The 

mesoderm of the remaining portion develops between the two cell layers and differentiates into 

connective tissue surrounding the embryonic disc and results in a three-layered portion of the 

vesicle wall at the embryonic pole. Thus, the three-layered or embryonic pole of the vesicle can 

be expected to have greater tensile strength than the opposite pole, although this has not been 

determined directly. Beginning on approximately Day 17, the embryonic vesicle begins to lose 

its spherical form when imaged in cross-section relative to the uterine horn. The ultrasound 

image of the vesicle becomes oblong, triangular, or irregular in shape (Ginther 1983b). The apex 

of the triangular shapes tends to be at the dorsal region of the horn. However, the shape of the 

vesicle does not remain static, and its outline changes frequently during periods of continuous 

ultrasound observations with the scanner (Ginther 1998a). These shape changes are attributable 

to myometrial contractions which may exert a kneading or massage-like action on the fixed 



 

23 

vesicle. Disproportional thickening of the dorsal uterine wall occurs by Day 17 and accounts for 

the nonspherical shapes of the vesicle as it begins to encroach upon the two-layered membrane 

(Ginther 1983b). 

It has been postulated (Ginther 1983b, 1985) that equine embryo orientation results from 

the interaction of at least three factors: 1) differences in tensile strength between the thin (two 

cell layers) and thick (three layers) portions of the vesicle wall; 2) asymmetrical encroachment of 

the uterine wall on the vesicle, resulting from differential thickening of the upper turgid uterine 

wall at the mesometrial attachment; and 3) the massaging action of uterine contractions. A 

distinct, smooth, and strong capsule encloses the embryonic vesicle until about Day 21 

(Betteridge et al. 1982) and is an additional factor that likely favors the orientation process. The 

surface of the equine embryonic vesicle develops adhesive qualities (Denker 2000) which may 

aid in anchoring the vesicle after orientation is completed. 

The beginning of the implantation process in mares starts around Day 40 of pregnancy 

but the beginning of the functional placenta is not observed until Day 60, with complete 

formation of microcotyledons about Day 120 (Allen & Stewart 2001, Sharp 2000). Based on the 

number of tissues separating maternal from fetal blood, the equine placenta is classified as 

epitheliochorial as all six tissue layers (epithelium, stroma, and endothelium) are present in both 

maternal and fetal sides (Amoroso 1952). 

After entering the uterus, the embryo must be detected by the mother and the luteolytic 

mechanism abrogated so as to maintain progesterone synthesis by the corpus luteum (Roberts et 

al. 1996). This is the first luteal response to pregnancy, better known as maternal recognition of 

pregnancy. High embryo loss rates are common at this time in all domestic animals and women, 

and are higher if the conception resulted from assisted reproductive techniques (Mclean 1987; 
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Diskin & Morris 2008; Vanderwall 2008). The mobility phase of the equine embryonic vesicle is 

well established as an important event to maintain luteal function (McDowell et al. 1988). The 

early pregnancy is a critical time for embryo survival in mares, likely to in others mammals 

species. Many are the factors involved in early embryo loss and, securely, the uterine vascular 

and architectural changes will support an adequate uterine environment for embryo survival and 

development. High rate of embryo are reported during the two first months of pregnancy ranging 

from 2.6% to 24.0% (Woods et al. 1987, Carnevale & Ginther 1992, Vanderwall 2008). 

 

Bovids 

 In cows, the morula or early blastocyst enters into the uterus around Day 5 after ovulation 

and the embryonic cells organize into an inner cell mass and the trophoectoderm which will give 

origin respectively to the embryo and conceptus membranes (Betteridge & Fléchon 1988). 

Morulae and blastocysts exhibit a spherical shape. Using ultrasound assessment, Kastelic et al. 

(1988) reported that on Day 11, 73% of the embryonic vesicles were still spherical and 23% 

were oblong in cows. However, by about six days of intrauterine existence, the cow spherical 

embryonic vesicle elongates and begins to take the tubular shape of the uterine lumen. By Day 

17 in cows, the elongated conceptus occupies the entire length of the ipsilateral horn and by Day 

20 the conceptus extends throughout the entire lumen of the contralateral horn. Detailed studies 

about early conceptus morphogenesis and early placentation in cows are available (Greenstein et 

al. 1958; King et al. 1980; 1981; 1982). 

 Intimate contact between trophoblast and uterine epithelium is observed first by the 

trophoblastic cells near the embryonic disc on Day 19 and one day later by trophoblastic cells 

near caruncular regions. By Day 20, the allantoic sac begins to develop, vitelline vessels form a 

rich plexus, and the primitive embryonic heart appears. Microvillous indentations are also 
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observed in the apical border of the trophoblast cells in apparent response to maternal cell 

interactions. Around Days 23 to 25, polynucleate cells are observed and the allantois continues to 

expand rapidly, becoming increasingly vascularized. By Day 24, almost all caruncles exhibit 

microvillous interditations. Placentation is not a uniform process, it begins in the immediate 

vicinity of the embryo and spread towards each end of the conceptus; characterized by adhesion 

and interdigitation of microvilli between maternal epithelium and trophoblast cells. Expansion of 

the allantois is dramatic between Days 28 and 30. At this time, the allantois fuses with the 

trophoectoderm, originating the chorion. Between Days 31 and 33, the primary chorionic villi 

with vascularized mesenchymal cores are observed. They are found as rounded pink patches and 

represent the future fetal cotyledons. 

 These morphological descriptive works demonstrated that physical cellular interactions 

between the endometrium and conceptus in cows begin early in pregnancy, around Day 20. 

Caruncular areas with early interdigitation are observed around Day 25. Primordial placentomes 

with microvilli, a tenuous attachment of maternal and fetal epithelia, and a primitive vascular 

system appear around Day 32 (King et al. 1979; Schlafer et al. 2000). 

Ruminants present a cotyledonary placenta and, based on the morphology and number of 

tissues separating maternal from fetal blood, the bovine placenta is classified as 

synepitheliochorial (Amoroso 1952). All cell layers (epithelium, stroma, and endothelium in both 

maternal and fetal sides) are present. The trophoblast cells are in direct apposition to the surface 

epithelial cells of the uterus and the fetal villi (cotyledon) and the caruncle together form the 

placental units known as placentomes. After the first month of pregnancy, placentation continues 

with the caruncles inducing villous hypertrophy and hyperplasia to form the cotyledons, which 

become larger and more complex placentomes around Day 40 (King et al. 1979; Schlafer et al. 
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2000). As commented before for mares, the highest rates of embryo loss in cows are also 

observed during the two first months of pregnancy, the time of the intense uterine vascular and 

architectural changes. Embryo losses can reach around 50% after embryo transfer procedure 

(Drost et al. 1999, Sartori et al. 2003). Between Days 21 to 45, the rate of embryo loss varies 

from 10% to 21% (Moreira et al. 2001, Chebel et al. 2003, Chebel et al. 2004). 

 

Vascular Development 

Vasculogenesis and Angiogenesis 

New blood vessels can be formed by two different mechanisms, vasculogenesis or 

angiogenesis. Vasculogenesis is the process of de novo formation of blood vessels from 

mesodermally derived precursor cells, the angioblasts (Risau & Flamme 1995, Charnock-Jones 

et al. 2004). This process occurs mainly during fetal development. However, it has been reported 

in human that vasculogenesis in the adult is accomplished by angioblast recruitment from bone 

marrow in response to ischemic lesions (Takahashi et al. 1999a). The first evidence of blood 

vessel development appears outside of the embryo proper, in the yolk sac, as focal aggregations 

of mesenchymal cells, known as blood islands (Conway et al. 2001). In addition, vasculogenesis 

is the first step in development of the cardiovascular system, the first organ system to develop 

and reach functionality during the embryonic stage (Risau 1997).  

Angiogenesis, in the other hand, is the process by which new blood vessels develop from 

pre-existing blood vessels (Folkman & Shing 1992, Charnock-Jones et al. 2004). Endothelial 

cells are the central players of the vascular structure and their specialized functions are critical to 

maintain vascular integrity, transport and barrier substances. In the angiogenic process, the 

endothelium represents cellular seeds for the formation of new blood vessels (Charnock-Jones et 

al. 2004). The vascular network in adults is, in general, formed and stable, and the angiogenic 
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process is normally a rare event. However, certain organs in special circumstances are able to 

stimulate vascular development and/or remodeling. Angiogenesis is essential in physiological 

conditions of tissue repair (wound and fracture healing), corpus luteum formation, endometrial 

growth, and embryonic implantation and placentation (Folkman & Shing, 1992, Reynolds et al. 

1992). In addition, the angiogenic process is also observed in such pathological conditions as 

tumor growth and metastasis, rheumatoid arthritis, retinopathies, chronic inflammation, and 

psoriasis (Folkman 1995). A multi step sequence of events is required for sprouting angiogenesis 

and has been described (Jain 2003). Initially, vasodilation and increased vascular permeability 

are observed. In the sequence, proteases leading to degradation of the basement membrane are 

activated and endothelial cells begin to proliferate. These cells migrate towards a chemotactic 

stimulus and they will assemble to form a tube with a lumen. Finalizing the angiogenic process, 

pericytes are recruited to the external surface of the capillary conferring stabilization (Jain 2003, 

Cleaver & Melton 2003). 

 

Regulation of Vascular Development 

The vascular system is responsible for interchange among tissues and organs of nutrients, 

gases, hormones, growth factors, and also cellular wastes (Faber & Thornburg, 1983). During 

tissue remodeling, vascular system development is orchestrated by stimulatory and inhibitory 

signals. Local equilibrium of angiogenic factors and its inhibitors will control the angiogenic 

process switch. There are many critical growth factors involved in the physiological regulation 

and maintenance of blood vessel formation, and the actions of these molecular players must be 

very carefully orchestrated in terms of time, space and dose so as to form a functioning vascular 

network (Jain 2003; Yancopoulos et al. 2000; Risau 1997; Zygmunt et al. 2003). Cytokines, 

hormones, growth factors, hypoxia, hypoglycemia, shear stress and stretch, components of the 
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extracellular matrix and their receptors, matrix metalloproteinases (MMPs) and their tissue 

inhibitors (TIMPs), proteases, fibrin, inflammatory cells and pericytes are all part of the known 

regulators of angiogenesis (Zygmunt et al. 2003). 

The correct oxygen concentration in tissues is vital for cellular survival. An excess of 

oxygen causes oxidative damage and, on the other hand, insufficient oxygen causes metabolic 

disruption. The cellular or tissue response to adapt to oxygen concentration changes could be 

acute or chronic. In chronic responses, specific mRNA transcript levels are altered either by 

transcriptional activation or by alterations in mRNA stability (Charnock-Jones et al. 2004). An 

inadequate vascular supply creates hypoxia limiting tissue growth. This is a physiological signal 

able to stimulate the angiogenic process. Hypoxia inducible factor (HIF-1 alpha) is normally 

produced by tissues in hypoxic states and stimulates transcription of angiogenic factors (Werner 

1997; Zygmunt et al. 2003). However, other cellular mechanisms than hypoxia are also capable 

of inducing accumulation of this factor. HIF-1 alpha is rapidly ubiquitinated and destroyed when 

tissues are normoxic. However, in low oxygen concentration, HIF-1 alpha is stabilized and its 

cellular levels increase (Epstein et al. 2001). 

The VEGF family members are the main players in the formation of new vessels 

(angiogenesis and vasculogenesis) and are responsible for causing mitogenic, angiogenic and 

survival responses mainly in endothelial cells (Ferrara 2004). However, several studies have 

reported mitogenic effects caused by VEGF family members in nonendothelial cells as well, 

such as retinal pigment epithelial cells, pancreatic ducts cells, and Schwann cells (Guerrin et al. 

1995, Oberg-Welsh et al. 1997, Sondell et al. 1999, Fan et al. 2008). VEGF-A mRNA 

expression is induced by hypoxia. HIF-1 alpha, therefore, is a key mediator of VEGF-A 

expression and, in response to hypoxia, it binds to specific enhancer elements, resulting in 
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increased gene transcription. The VEGF-A gene has a promoter region, a hypoxia responsive 

element (HRE), that when bound to HIF-1 alpha initiates transcription (Roy et al. 2006). Several 

major growth factors, including epidermal growth factor, TGF-alpha, TGF-beta, keratinocyte 

growth factor, IGF-1, FGF, and PDGF, hormones as TSH, ACTH, and gonadotropins, are also 

described as up-regulators of VEGF mRNA expression (see Ferrara 2004 for details). 

Estrogen is recognized as one of the driving forces for increased uterine blood flow 

through both rapid and delayed actions, via binding to its receptors in the uterine artery wall, 

especially at the uterine artery endothelium (Albrecht et al. 2003; Heryanto & Rogers, 2002; 

Mendelsohn 2002). In isolated human endometrial epithelial and stromal cell cultures, estrogen 

upregulates VEGF mRNA and protein levels (Charnock-Jones et al. 1993, Shifren et al. 1996) 

and its effect is completely blocked when an estrogen receptor inhibitor is used (Huang et al. 

1998). VEGFR-1 and VEGFR-2 expression is significantly reduced in endometrial vessels in the 

absence of estradiol (Nayak & Brenner 2002) suggesting that estradiol is also essential for 

maintenance of VEGF receptors in the endometrial vasculature. A recent study suggested that 

estradiol may regulate VEGFR-2 expression in endometrial endothelial cells indirectly through 

the modulation of VEGF that, in a paracrine mechanism, stimulates the expression of VEGFR-2 

(Hervé et al. 2006). Kazi et al. (2005) have shown that expression of VEGF by endometrial 

epithelial cells in rodents involves the recruitment of both estrogen receptor alpha and HIF-1 to 

the VEGF promoter. Estrogen also induces endothelial nitric oxide synthase (eNOS) expression 

in the uterus (Yallampalli & Dong 2000, Han et al. 2005). Up-regulation of eNOS and VEGF by 

estrogens provides the two factors necessary for exudation of fluids from the microvasculature 

generating the endometrial edema. 
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Factors other than from the VEGF family also have important roles during vascular 

development and remodeling. The fibroblast growth factor family (FGFs) is important to 

stimulate proliferation and modulation of endothelial cells, inhibition of apoptosis, and providing 

a chemotactic effect on endothelial cells (Klagsbrun 1992). The growth factor family of 

angiopoietins is important to vessel maturation, stabilization, and remodeling (Rowe et al. 2003; 

Yancopoulos et al. 2000; Wulff et al. 2000). Nitric oxide is another factor involved in tissue 

vascularization by stimulating vessel dilation and permeability, and decreasing tone. Recently, a 

study has shown the effect of prostaglandin E2 (PGE2) in angiogenesis (Tamura et al. 2006). 

PGE2 induced tube-like formation of cultured human umbilical vein endothelial cells (HUVECs). 

The authors suggested, with the use of an inhibitor of the arachidonic acid metabolism and/or an 

inhibitor of VEGF receptors, that PGE2 directly stimulates angiogenesis, apart from VEGF 

signaling, and also further induces VEGF expression in HUVECs (Tamura et al. 2006). 

 

Vascular Endothelial Growth Factor Receptor System 

The VEGF family consists of five members: VEGF-A, -B, -C, -D, and placental growth 

factor (PlGF). VEGF-A is the best characterized member, and the most important, due its 

specific and potent mitogenic function in endothelial cells. Four different isoforms have been 

described for VEGF-A; VEGF121, VEGF165, VEGF189, and VEGF206 (subscript numbers indicate 

the number of amino acids in the protein chain). They are generated by alternative splicing of a 

single pre-mRNA with an encoding region (14 kb) containing eight exons (Cross et al. 2003). 

Less frequent splice variants were also identified as VEGF145, and VEGF183 (Ferrara et al. 2003, 

Ferrara 2004, Otrock et al. 2007). 

The isoforms differ in their ability to bind heparin sulfate and extracellular matrix (Cross et 

al. 2003). VEGF121 is freely diffusible in tissue whereas the other isoforms are mainly bound to 
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the extracellular matrix and only become bioavailable after release through proteolysis. VEGF165 

has intermediate binding proprieties. VEGF165 and VEGF121 are the most abundant isoforms in 

the endometrium (Shifren et al. 1996, Torry et al. 1996, Ferrara 2004). VEGF-A was first 

discovered as a tumor-secreted protein that increased microvascular permeability to plasma 

protein (first named as vascular permeability factor; Senger et al. 1983). Later it was found to be 

the primer regulator of both physiological and pathological angiogenesis (Ferrara & Henzel 

1989, Dvorak 2005, Carmeliet 2005, Ferrara 2009). Because of initial discovery and their 

properties, VEGF family members are also known as vascular promoting factors (VPF), due to a 

strong ability to induce vascular leakage (Senger et al. 1983, Cullinan-Bove & Koos 1993, 

Dvorak 2005). 

Placental growth factor (PlGF) is predominantly produced by the trophoblast cells and 

exists as four different known isoforms produced from a single PlGF primary transcript. They 

elicit their functions in both autocrine and paracrine manners through the receptors NRP-1, NRP-

2 and VEGFR-1 (Roy et al. 2006). PlGF has reduced expression in quiescent vasculature but is 

up-regulated along with VEGFR-1, in pathological and hypoxic conditions (Carmeliet et al. 

2001). On the other hand, in trophoblast cells the expression of PlGF is reduced and soluble 

VEGFR-1 increased during hypoxia (Shore et al. 1997). 

The VEGF family members act mainly through transmembrane tyrosine kinase receptors, 

VEGFR-1 (Flt-1), VEGFR-2 (Tlk-1 or KDR), VEGFR-3, and also through the neuropilin 

receptors (NP-1 and NP-2) selectively expressed on neurons and vascular endothelium (Dvorak 

2005). VEGFR-1 and VEGFR-2 are expressed in both endothelial and nonendothelial cells in the 

endometrium, suggesting a pleiotropic role (Chennazhi & Nayak 2009). VEGFR-2 appears to be 

the major receptor responsible for mediating the pro-angiogenic effects of VEGF-A (Ferrara 



 

32 

2004, Roy et al. 2006). To elicit the actions of VEGF-A, the receptors dimerize and undergo 

intracellular autophosphorylation resulting in a cascade of protein activation downstream. 

VEGFR-1 is expressed in endothelial cells, pericytes, placental trophoblast cells, 

osteoblasts, monocytes/macrophages, renal mesangial cells, and in some hematopoietic stem 

cells (Zachary & Gliki 2001). VEGFR-1 knockout mice die in early stages of embryogenesis due 

to disorganization of blood vessels and overgrowth of endothelial cells (Roy et al. 2006). 

VEGFR-1 transmits only weak mitogenic signals in endothelial cells, but when dimerized with 

VEGFR-2, presents strong mitogenic signaling properties (Huang et al. 2001). The functions and 

signaling properties of VEGFR-1 can be different depending on the developmental stage of the 

animal and cell types (Ferrara et al. 2003). However, VEGFR-1 was initially proposed to be a 

“decoy” receptor, able to regulate in a negative fashion the activity of VEGF by preventing 

binding to VEGFR-2 (Park et al. 1994). A soluble form of VEGFR-1 was found to be involved 

in preeclampsia. This soluble receptor contains only the extracellular domain and can bind to the 

soluble VEGF depleting its circulating levels and causing the symptoms of preeclampsia 

(Maynard et al. 2003). 

VEGFR-2 is the primary receptor which signals the intracellular pathways of VEGF-A. 

Activation of VEGFR-2 stimulates vasodilatation, endothelial cell migration, proliferation, and 

prosurvival signals. This receptor is expressed in endothelial cells, circulating endothelial 

progenitor cells, pancreatic duct cells, retinal progenitor cells, and megakaryocytes (Ferrara et al. 

2003, Ferrara 2004). VEGFR-2 undergoes dimerization and ligand-dependent tyrosine 

phosphorylation and, consequently, induces phosphorylation of several proteins in endothelial 

cells such as phospholipase C, PI-3 kinase, Ras GTPase-activating protein, and the Src family 

(Guo et al. 1995, Eliceiri et al. 1999). VEGF induces endothelial cell growth by activating the 
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Raf-Mek-Erk pathway, requiring protein kinase C in the place of the usual Ras (Takahashi et al. 

1999b). VEGFR-3 binds VEGF-C and VEGF-D but its expression is restricted to lymphatic 

endothelial cells and some fenestrated blood vascular endothelial cells (Kaipainen et al. 1995). 

The neuropilins, Nrp-1 and Nrp-2, have roles in immunology and neuronal development but they 

also have been reported to be involved in angiogenesis (Klagsbrun et al. 2002). 

 

Fibroblast growth factor family (FGFs) 

There are at least 23 characterized FGFs that bind one or more of the four known receptors 

(Ornitz & Itoh 2001). The FGF receptor system is critical for normal trophoblast and inner cell 

mass interactions and development, but their role in mediating angiogenesis is less well 

characterized (Rossant & Cross 2001). FGFs stimulate endothelial cell proliferation and 

migration in vitro, and induce sprouting of blood vessels in vivo in the chick choriallantoic 

membrane and cornea (Cross & Claesson-Welsh 2001). 

FGF2 was first isolated from human placental tissue and is known as a stimulant of 

endothelial cell mitosis and angiogenesis in vivo. Trophoblast cells also produce and release 

FGF2 in culture (Moscatelli et al. 1988, Hamai et al. 1998). The temporal and spatial expression 

of FGF-4 in animal models suggests that it could be a modulator of placental angiogenesis. FGF4 

is expressed in the villi stroma adjacent to fetal blood vessels (Anteby et al. 2004). FGF7 has 

also been suggested to be involved in placental vascular development (Wollenhaupt et al. 2005). 

There is evidence that FGF expression is regulated by sex steroid hormones (Fujimoto et al. 

1996). FGF2 and FGFR-1 mRNA are significantly higher during the proliferative phase than in 

the secretory phase of human endometrium suggesting estrogen mediation (Sangha et al. 1997). 

In general, the FGF family is pluripotent exerting many actions in reproductive tissues. The 
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temporal and spatial expression of FGF and its receptors suggest they may be players in 

angiogenesis during implantation and early placentation (Torry et al. 2007). 

 

Angiopoietins 

Angiopoietins (Ang-1 and Ang-2) binds to the Tie-2 receptor to activate a signaling system 

involved in vessel maintenance, growth and stabilization (Carmeliet 2005). Ang-1 and Ang-2 

compete for Tie-2 receptor binding and serve as functional antagonists to each other. Ang-1 

binding to Tie-2 promotes vascular maturation by recruiting periendothelial support cells, while 

Ang-2 binding promotes destabilization of blood vessels allowing initiation of 

neovascularization (Eklund & Olsen 2006, Wakui et al. 2006). The Ang-1/Ang-2 proteins 

determine the angiogenic response (Sato et al. 1995). Ang-2 mRNA is expressed only at sites of 

vascular remodeling in adults. Ang-2 antagonizes the Ang-1 action by preventing excessive 

sprouting and branching of blood vessels (Maisonpierre et al. 1997). Ang-1 is the most studied 

angiopoietin and its mRNA is detected during the development of the myocardium in embryos 

and later in the mesenchyme surrounding blood vessels (Davis et al. 1996).  

 

Angiogenesis in the Female Reproductive Tract 

Female reproductive organs contain some of the few tissues in the body during adult age 

that exhibit cyclic periods of growth and regression, and the growth these tissues is extremely 

rapid. As an example, preovulatory follicle tissue in cows weighs around 200 mg and five days 

after ovulation, the corpus luteum weights around 6 g (Reynolds et al. 1992). The reproductive 

tract of mammals is in continuous cyclic change and vascular remodeling is essential for tissue 

growth. Angiogenesis is a common feature in the female reproductive tract in physiological 

conditions during the reproductive cycle and pregnancy (follicular development, corpus luteum 
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formation, endometrial remodeling; Reynolds et al. 1992, Jaffe 2000) and it is an important 

component of pathological conditions as well (tumors, follicular cysts, polycystic ovaries, and 

endometriosis in women; Zygmunt et al. 2003). 

 

Uterus 

Endometrial vessels are unique because their functions are primarily orchestrated by the 

level of steroid hormones, estrogens and progesterone (Chennazhi & Nayak 2009). The nature of 

the signals responsible for induction and control of endometrial angiogenesis has been the focus 

of many studies (Bourlev et al. 2006; Girling & Rogers 2005; Hervé et al. 2006). The crucial 

factors regulating blood vessel formation belong to the endothelial growth factor family and the 

most important is the VEGF-A with its two receptors, VEGFR-1 and VEGFR-2 (Roy et al. 2006; 

Ferrara et al. 2003; Ferrara 2004; Yancopoulos et al. 2000). However, VEGF-A mRNA and 

protein are expressed in the luminal epithelium, glands, and stroma but not in endothelium of 

uterine vessels (Nayak & Brenner 2002, Charnock-Jones et al. 1993, Shifren et al. 1996, Torry et 

al. 1996). VEGF-A can be found in the endothelium by immunohistochemistry but it may be a 

result of detection of the VEGF-A bound to its receptors and therefore, it does not confirm its 

production by these cells (Chennazhi & Nayak 2009). 

 

Ovaries 

In the ovaries, small primordial follicles do not contain a capillary network, but they are 

dependent on proximal stromal vessels (Geva & Jaffe 2000). In primary follicles, one or two 

arterioles develop and, when the follicle antrum appears, the follicles exhibit a vascular ring in 

the theca layers. A vascular network is established at the periphery of the follicle at the time of 

rapid follicle growth and differentiation. Shortly before ovulation, these thecal capillaries 
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develop a fenestrated appearance, sprout rapidly and invade the granulosa cell layer. At the time 

of ovulation, the follicle collapses and the granulosa cells come in contact with the blood vessels 

and the corpus luteum starts to be formed (Reisinger et al. 2007). The corpus luteum doubles its 

size and cell number every 60 hours (Reynolds et al. 1994) with 50-85% of the cell proliferation 

occurring in the microvascular compartment (Reynolds et al. 1994, 2000, Redmer et al. 2001). 

The role of VEGF in follicle development has been demonstrated. Treatment with VEGF 

antibodies immediately after ovulation totally suppressed corpus luteum vascular development in 

monkeys (Fraser et al. 2000). In addition, preovulatory follicles injected with sVEGFR-1 which 

sequestrated VEGF subsequently exhibited impaired ovulation (Hazzard et al. 2002). 

Administration of a VEGF trap in the early and mid-luteal phase showed that VEGF presence is 

critical for corpus luteum development and function (Fraser et al. 2005). 

 

Pregnancy 

Vascular development and remodeling in both maternal and fetal sides is essential for 

successful pregnancy in all mammalian species. Particular time-points are: 1) prior to 

implantation, 2) implantation, 3) placentation, and 4) throughout pregnancy accompanying fetal 

development to term (Reynolds et al. 2006; Torry et al. 2007). Before and at the time of 

implantation, the vascularized endometrium provides an appropriate uterine environment, 

through endometrial gland secretions to support embryo survival and development (Burton et al. 

2007). After implantation, development and expansion of the placental villus vasculature serves 

to supply the initial fetal demands for nutrients and oxygen. Throughout pregnancy, materno-

placental vasculature remodeling is continuous, and accounts for the gradual increase in fetal 

transport of nutrients, respiratory gases, and wastes during its growth (Reynolds et al. 2006; 

Torry et al. 2007). Use of an angiogenic inhibitor before or right after implantation in mice 
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resulted in resorption of all embryos (Klauber et al. 1997), and supports the hypothesis that 

angiogenesis is a critical component of normal implantation/placentation in early stages of 

pregnancy. 

The fetal vascular system is initiated through vasculogenesis. This process begins in the 

embryo around 21 days post conception in humans (Knoth 1968) and at an equivalent stage of 

development in equine and bovine embryos (Greenstein et al. 1958, Betteridge et al. 1982, 

Betteridge & Fléchon 1988) but angioblastic cell cords are observed earlier at the time of 

mesoderm development. Studies have suggested that basic fibroblast growth factor (FGF-2 or 

bFGF) is involved in recruitment of the vascular progenitor cells during placental villus 

development (Ferriani et al. 1994, Shams & Ahmed 1994). However, VEGF-A has been 

described as the main factor responsible for the angioblastic cell cord formation and is highly 

expressed in the embryo during early pregnancy (Shore et al. 1997). 

Regulation of the angiogenic process during early pregnancy development, more 

specifically during implantation and placentation, is very similar to the angiogenic process 

observed during tumor development. In both situations, proliferation, migration and invasion 

through extracellular matrix are observed and the peripherical vasculature serves as the source 

for recruitment of the new blood supply (Zygmunt et al. 2003, Charnock-Jones et al. 2004, 

Kaufmann et al. 2004). However, two big differences are also observed between early pregnancy 

and tumor vascular development. During pregnancy, invasion and formation of new vessels is 

self-limited compared with vessel formation in tumors but the mechanisms involved in this 

during pregnancy remain unknown. In addition, the embryo not only accesses the maternal 

vascular system, but also stimulates the formation of its own vascular system (vasculogenesis 

and angiogenesis), a fact not observed in tumors (Zygmunt et al. 2003). 
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The mechanisms involved in early local stimulation of uterine vascularity by the conceptus 

in domestic animals have not been clarified. One consideration is that the early conceptus alters 

endometrial vascularity through production of vascular stimulants. Estrogen is recognized as one 

of the driving forces for increased uterine blood flow through both rapid and delayed actions, via 

binding to its receptors in the uterine artery wall, and especially at the uterine artery endothelium 

(Albrecht et al. 2003; Heryanto & Rogers 2002; Mendelsohn 2002). For example, estrogens 

stimulate increased uterine blood flow in the sow, cow, and ewe (Ford 1982). In vitro studies 

have shown that Day 12 porcine embryos (Ford et al. 1982a) and Day 16 bovine embryos 

(Shemesh et al. 1979; Chenault 1980) produce estrogens. Marked production of estrogen by the 

equine conceptus occurs as early as Day 12 (Zavy et al. 1984; Raeside et al. 2004). Thus, 

estrogen has vasostimulatory properties, and production by the conceptus occurs on the days that 

the conceptuses of horses, swine, and cattle are stimulating local uterine vascularity. The 

blastocysts of many species also secrete a variety of prostaglandins, and it has also been 

proposed that conceptus prostaglandins stimulate increased uterine blood flow (Lewis 1989). The 

nature of signals responsible for induction and control of endometrial angiogenesis has been the 

focus of many studies (Bourlev et al. 2006; Girling & Rogers 2005; Hervé et al. 2006). 

Impaired vascularization during pregnancy, more specifically during late stages, is well 

known to be related to pregnancy failure and suboptimal or abnormal fetal development 

(Reynolds et al. 2006; Torry et al. 2007). Increased blood flow is an important mechanism to 

increase transplacental exchange in pregnancy. Measurements of blood flow in the uterine 

arteries in pregnant cows showed an approximately 4.5-fold increase in the second half of 

pregnancy compared with the first half (Reynolds et al. 1986). Maternofetal vascular growth and 

remodeling have been the focus of many studies during late pregnancy because of their 
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relationship with compromised fetal growth (Reynolds & Redmer 1995; Reynolds et al. 2005; 

Reynolds et al. 2006; Torry et al. 2007). Experimental models of compromised pregnancy have 

been used to study uterine vascular adaptation as the fetal requirements of placental exchange 

increase during pregnancy (Reynolds et al. 2006). Mayhew et al. (2004) suggested that altered 

placental vascular development and expression of angiogenic factors are driven by placento-fetal 

hypoxic conditions. Many studies have shown an association between increased gene expression 

of the major angiogenic factors, as VEGF and eNOS, with altered placental growth and vascular 

development (Reynolds & Redmer 2001; Redmer et al. 2005; Reynolds et al. 2005). 

 

Doppler Ultrasonography 

Principles 

Transrectal B-mode (gray scale) ultrasonography revolutionized diagnosing and 

monitoring of biologic and pathologic reproductive events in cattle and horses. An important 

advantage of this technique is that a structure can be evaluated in real time while the area is 

being scanned systematically. B-mode is used not only to identify and measure structures, but 

also to assess physiologic status. Moreover, the transvaginal route is used for ultrasound-guided 

entry of specific anatomic targets for recovering or sampling of fluids and tissues (e.g., oocyte 

aspiration, luteal biopsy) and inserting substances (e.g., embryos, semen, follicular factors, 

hormones, drugs). Doppler technology has had an increasing impact in human medicine and 

science for more than two decades but is new for theriogenology and animal research purposes. 

Doppler ultrasound adds blood-flow information to the B-mode image about anatomy and 

function (Ginther & Utt 2004). Recently, a book reviewing the principles and applied aspects of 

examination of the reproductive tract of cows and horses using Doppler ultrasonography has 

been published (Ginther 2007). 
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Doppler ultrasound involves two modalities (spectral mode and color-flow mode) with 

distinctly different methods for targeting an area of interest. For the spectral mode, the blood-

flow characteristics in a focused area of a vessel are assessed by placement of a sample gate 

cursor into the B-mode or color-mode image of the lumen of a targeted vessel. The changes in 

Doppler-shift frequencies and signal amplitudes are displayed in the form of a sine wave, and 

each waveform represents a cardiac cycle. Real velocity measurements are dependent on 

knowledge of the insonation angle between the transducer to the vessel. The maximum point in 

the traced outline represents the peak systolic velocity (PSV). Similarly, the low point just before 

the next systolic increase represents the end diastolic velocity (EDV), and an average of the 

maximum values over the time of a cardiac cycle is called the time-averaged maximum velocity 

(TAMV). Blood flow volume (mL/min) can be automatic calculated by the instrument if the 

ultrasound insonation angle related to the vessel, diameter of the vessel, and mean velocity of the 

flow are known or able to be measured. 

Doppler indices are alternatives to velocity Doppler measurements. They are especially 

useful when sampling small, tortuous vessels in which a straight segment is not available to 

estimate the angle of insonation and consequently the real Doppler velocities. Indices are ratios 

of velocity measurements and therefore are independent on the Doppler angle. Moreover, the 

indices are interpretable and relatable to the hemodynamics, proximal or downstream to the point 

of arterial examination. The most frequently used indices are: resistance index (RI) and 

pulsatility index (PI). As an example, a progressive decrease in RI and PI is observed in the 

umbilical artery as pregnancy advances in humans (Reuwer et al. 1984). The interpretation is 

that placento-fetal resistance or vascular impedance decreased as pregnancy advanced, implying 

an increase in blood flow. 
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Color-flow imaging estimates blood velocities and encodes and displays it as colored 

regions superimposed on the B-mode image. The extent of local perfusion or blood flow area 

within the tissues can be estimated with color flow and quantified directly at the level of the 

tissue. This approach to color Doppler evaluation has appeal for both clinical and research 

purposes because it focuses directly on the tissue or structure of interest. The approach can 

consider the entire structure or tissue area in real-time, rather than being confined to a still image 

or to focal evaluation from placement of a sample gate within a given vessel. Estimating and 

recording the extent of perfusion as indicated by the number and size of colored spots or areas on 

the image can be done by scoring (e.g., 0-4 for none to maximal). An important advantage of 

estimating is that the entire structure, or portion of a structure, can be evaluated in real time 

while the area is being scanned systematically. Scoring systems are subjective, but subjectivity 

can be converted to objectivity, especially for research, by videotaping the images so that scoring 

can be done without knowledge of source or scoring can be done by a second operator online or 

offline who is unaware of the source of the image or even the hypothesis under test. Also, 

colored spots or pixel aggregates can be selected from the images, extracted, and counted by 

specific software. 

 

Blood flow in the Reproductive Tract of Domestic Animals 

Interest in understanding the physiological control of the blood flow changes in the 

reproductive tract of domestic animals is not new. In the 60’s and early 70’s, many experiments 

were done measuring blood flow volume or perfusion of the reproductive organs and correlating 

it with the metabolism of gases and nutrients. At that time, blood flow was measured by different 

invasive and indirect techniques such as the use of surgically implanted catheters placed in the 

vein of the organ of interest. Using this approach, a substance could be systemically injected and 
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a series of blood samples collected from the catheterized vein. Based on the diffusion 

equilibrium, the blood flow was estimated. At that time, many studies using this technique or 

another similar technique were used to study the blood flow of the reproductive organs during 

the different reproductive states. Also, blood flow was correlated with the organ metabolism of 

gases and nutrients (Huckabee et al. 1961, 1968, 1970; Caton et al. 1974 Anderson et al. 1977, 

Greiss & Anderson 1969, 1970). 

In the late 70’s and 80’s, many studies measuring blood flow to reproductive tract of 

cows, sows and ewes were done using electromagnetic probes. These probes were surgically 

fixed around main uterine and ovarian arteries. Blood flow was then electronically calculated. As 

with previous approaches to estimate blood flow, this technique is still invasive and needs a 

surgical procedure to implant and fix the probes but, as an advantage, the assessment of blood 

flow was calculated automatically. Using this technology, blood flow had been studied in cows 

(Ford et al. 1979, Davis & Collier 1985, Wolfenson et al. 1985, Knickerbocker et al. 1986), 

sows (Ford & Christenson 1979, Ford et al. 1982a, 1982b), and ewes (Abrams & Sharp 1977, 

Ford 1982, Roman-Ponce et al. 1983, Caton & Kalra 1986). 

Starting from late 80’s, B-mode ultrasonography (gray scale) represented a major 

technological advance for reproductive research and as a clinical tool for reproductive diagnosis 

in large animals. Recently, Doppler ultrasound technology has begun to be used in assessing 

blood flow in the reproductive tract of large animals. As commented in the previous topic 

“Principles”, Doppler technology has been used in human medical diagnostics and science for 

more than three decades. However, this technology is new for theriogenology and animal 

research purposes in large animals. Ten years ago, a few papers on Doppler ultrasonography in 

reproduction of large animals could be found. In the decade since, an exponential increase in the 
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number of publications has occurred but the research is still centralized in three main laboratories 

in the world; one in Japan, another in Germany, and a third in the United States. The majority of 

the research has been related to basic reproductive physiology and, in the last three years, more 

applied research has emerged, building the foundations for the use of this technology as a routine 

tool for theriogenologists. A brief literature review of the accomplishments using Doppler 

ultrasonography to assess uterine and ovarian blood flow during estrous and pregnancy in horses 

and cows is presented bellow. 

 

Blood Flow Assessed by Doppler Ultrasonography 

Uterus during Estrous Cycle 

Cyclic variations in blood flow at the uterine arteries have been studied by 

electromagnetic probes implanted surgically in cows (Ford et al. 1979, Ford & Chenault 1981), 

sheep (Roman-Ponce et al. 1983) and sows (Ford & Christenson 1979, Ford et al. 1982a, b). 

These studies mainly demonstrated that the rhythmic changes in blood flow are correlated with 

the circulating levels of steroids hormones, suggesting its regulation by the cyclic altering levels 

of estrogens and progesterone. 

Only a few studies on the uterine vascular perfusion have been done during the estrous 

cycle using Doppler ultrasonography. Bollwein et al. (1998) published the first work evaluating 

uterine blood flow in large animals using Doppler ultrasonography in mares. It was a very simple 

experiment with the objective of developing techniques for scanning the uterine arteries and 

interpreting blood flow using spectral Doppler data. Further, the same group evaluated uterine 

blood flow changes at the uterine arteries during the estrous cycle in mares (Bollwein et al. 

2002a) and cows (Bollwein et al. 2000) and measurements were made using the spectral mode to 

calculate resistance index (RI), pulsatility index (PI) and/or time averaged maximal velocity 
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(TAMV). All of these end-points are indicators of the organ capability to receive blood. The 

results were similar to previous works using electromagnetic probes (Ford et al. 1979, Ford & 

Chenault 1981). The uterine blood flow increased in parallel to the increased circulating levels of 

estrogens during the estrous cycle. 

As commented before, there are two main approaches for using Doppler ultrasonography 

to evaluate blood flow changes; the color-mode and spectral-mode. Spectral-mode is used to 

assess blood flow in a main vessel such as the uterine artery or ovarian artery and provides 

evaluation of the vascular hemodynamics downstream of the point of measurement, in a sine 

wave format representing blood flow resistance. Color mode, in the other hand, provides a two-

dimensional picture of the organ structure in gray scale with a colored map overlaid, indicating 

the degree of organ blood perfusion. Color mode indicates visually the functionality of a specific 

structure based on the degree of blood perfusion, on the other hand, spectral Doppler indicates a 

global picture of the functionality of the entire organ, as it reflects how well or poorly blood 

perfuses the organ, based on vascular resistance proximal to the organ. Spectral Doppler may not 

detect small vascular changes observed in specific tissues or structures inside of the organ, 

however. 

Silva et al. (2005) and Silva & Ginther (2006), and Silva et al. (2009), respectively in 

mares and heifers, were the first evaluation of the uterine blood flow changes using color-mode 

Doppler ultrasonography. Blood perfusion was studied at the endometrium and mesometrium 

areas during the estrous cycle and pregnancy. In mares, transient changes in endometrial 

vascularity accompany conceptus location changes during the mobility phase and, after fixation, 

endometrial vascularity is higher in the endometrium surrounding the fixed conceptus, than in 

other areas of the ipsilateral horn, or in the opposite horn. In heifers, uterine vascularity increases 
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in nonpregnant animals temporally associated with the preovulatory rise in estradiol. In pregnant 

heifers, uterine vascularity increases in the horn ipsilateral to the conceptus from Days 19 to 40. 

Vascularity of the contralateral horn remains low until Day 32, when it begins to rise, reaching 

vascularity approximately equal to the ipsilateral horn around Day 40. The increase in 

vascularity temporally parallels allantoic sac development inside of each uterine horn. 

 

Ovaries 

The majority of published works using Doppler technology in large animals are directed 

to evaluating blood flow changes in the ovarian function. This is understandable due to the fact 

that the ovaries are the controlling center of reproduction and present cyclic dynamic events like 

follicular waves, follicular growth dominance, ovulation, corpus luteum formation, and 

luteolysis. 

A description of ovarian blood flow during the estrous cycle in mares has been published 

(Bollwein et al. 2002a). Authors demonstrated a positive correlation between increased ovarian 

blood flow and increasing circulating levels of estrogens. A more detailed study of corpus 

luteum perfusion in mares using color Doppler ultrasonography indicated increased blood flow 

temporally associated with corpus luteum activity (Bollwein et al. 2002b). Extensive vascular 

formation (angiogenesis) occurs in the follicular wall during its development until ovulation 

(Geva & Jaffe 2000, Reisinger et al. 2007) and blood flow changes have been correlated with the 

several different stages of follicular development including first follicular waves in cows (Acosta 

et al. 2005), preovulatory LH surge in cows (Acosta et al. 2003), preovulatory follicle in mares 

(Gastal et al. 2006), cystic follicles in cows (Rauch et al. 2008), transitional follicles in mares 

(Acosta et al. 2004a, Gastal et al. 2007), dominance and selection of follicles in mares (Acosta et 
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al. 2004b), among many others. These reports presented aspects of blood flow changes related to 

the physiological morphology and hormonal changes in ovarian follicles. 

Recently, a couple of studies evaluated the relationship between follicular blood flow and 

reproductive efficiency. The extent of the follicular wall with color-Doppler detected blood flow 

has been positively associated with pregnancy rate in women (Chui et al. 1997, Coulam et al. 

1999, Bhal et al. 2001, Borini et al. 2001). However, there was no significant relationship 

between pregnancy rate and uterine artery or intraovarian Doppler pulsatility index (Bhal et al. 

2001). A recent in vitro fertilization study in women found that well-vascularized follicles early 

in a follicular wave and on the day of hCG treatment late in the wave resulted in a higher 

pregnancy rates after embryo transfer (Shrestha et al. 2006). Results of another study indicated 

that examining vascular impedance distal to an intraovarian artery by spectral Doppler indices 

may be useful in assessing the quality of an oocyte (Du et al. 2006). These studies set the stage 

for the following animal studies. 

In animals, the first published practical work using color-Doppler ultrasonography was 

done in mares and is presented in the Chapter 8 of this dissertation. We found that high 

perifollicular blood perfusion after hCG injection is correlated with elevated pregnancy rates. 

After this first study, a similar study was done in heifers and our findings in mares were 

confirmed to occur in this species (Siddiqui et al. 2008). In a subsequent step, Siddiqui et al. 

(2009) reported positive correlation between high vascular perfusion of the preovulatory follicle 

wall and in vitro fertilization rates and blastocyst cleavage rates. As a practical tool, Doppler 

ultrasonography was also tested to differentiate persistent ovarian follicles and luteinized 

follicles (cysts) from normal follicles (Rauch et al. 2008). It was found that Doppler 

ultrasonography is more precise than regular B-mode ultrasonography in characterizing follicle 
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patterns and subsequently selecting an appropriated treatment. Follicles in cows treated with 

gonadotropins were monitored to evaluate blood flow changes, but no statically significant 

correlation between gonadotropin treatment and increase of ovarian blood flow was detected 

(Honnens et al. 2008a, b). Utt et al. (2009) evaluated corpus luteum blood flow as an early 

indicator of pregnancy status in cows. They concluded that evaluation of the corpus luteum 

blood flow is not specific and sensitive enough to predict pregnancy. 

Detailed studies of the physiological aspects of blood flow changes during corpus luteum 

formation and luteolysis in mares and cows have been published and can be reviewed in mares 

(Ginther et al. 2007b) and cows (Acosta & Miyamoto 2004, Miyamoto et al. 2005). During early 

corpus luteum development, blood flow increased paralleled to circulating progesterone levels 

and was associated with potential of the corpus luteum to produce progesterone (Acosta et al. 

2003).The foregoing demonstrate the tremendous power of color-Doppler ultrasonography as a 

research tool with which to understand the reproductive tissue responses to blood flow needs. 

Studies involving placement of transducers on the ovarian artery and insertion and 

entrapment of radioactive microspheres of various diameters have shown that blood flow to the 

corpus luteum (CL) decreases dramatically in association with luteolysis (Niswender et al. 

1976). It has been elusive as to whether the decreased luteal blood flow preceded or 

accompanied the luteolytic process (Knickerbocker et al. 1988). However, rather than a decrease 

in luteal blood flow as an initial step in the luteolytic process, recent color-Doppler studies in 

cattle indicated that luteal blood flow initially and transiently increased during or prior to a 

decrease in plasma progesterone during exogenous PGF-induced luteolysis (Acosta et al. 2002) 

and spontaneous luteolysis (Shirasuna et al. 2004a, b, c, Miyamoto et al. 2005). 

Episodic increase in corpus luteum blood flow during luteolysis in cows paralleled the 
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individual pulses of prostaglandin F metabolite (PGFM; Ginther et al. 2007). In contrast to 

reports of an association between transiently increased blood flow and initiation of luteolysis in 

cattle, recent color Doppler studies in horses failed to find a similar blood flow phenomenon 

associated with either PGF-induced (Ginther et al. 2006) or spontaneous (Ginther et al. 2008) 

luteolysis. Treatment with PGF caused a short-term increase in progesterone within 5 min of 

administration that remained elevated for 10 min before decreasing. A change in luteal blood 

flow did not occur until a decrease occurred at 24 h. Luteolysis, as indicated by decreasing 

progesterone, began well before the beginning of a detectable decrease in blood flow. The 

temporal association between changes in blood flow and progesterone concentrations during 

spontaneous luteolysis was studied at 24-h intervals. There was no indication that either an acute 

increase or decrease in luteal blood flow occurred prior to or at the beginning of the precipitous 

decrease in progesterone concentration in mares. 

In the study of induced luteolysis in cows (Acosta et al. 2002), a single injection of a 

PGF analogue (cloprostenol) was used. The ratio of colored spots from color-Doppler signals of 

blood flow was used as a quantitative index of blood flow. Progesterone concentration decreased 

significantly between 0 h and 1 h posttreatment and blood flow transiently increased between 0 h 

and 0.5 h and then decreased after 2 h. Thus, blood flow increased while progesterone was 

decreasing. In the study of spontaneous luteolysis in cows (Shirasuna et al. 2004c), blood 

sampling and blood-flow determinations were made every 12 h. Blood flow  increased between 

16 and 17 days postestrus and then decreased. A PGF metabolite (13,14-dihydro-15-keto-

PGF2; PGFM) was elevated at 17 and 18 days, and plasma progesterone began to decrease at 

18 days. The authors concluded that luteal blood flow increased before progesterone decreased 
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and proposed that the acute increase of intraluteal blood flow is a universal phenomenon prior to 

spontaneous luteolysis. 

 

Pregnancy 

 Uterine blood flow changes during pregnancy have been an object of interest of many 

studies. Using electromagnetic probes, it was shown that blood flow increased in the uterine 

artery ipsilateral but not contralateral to the conceptus between Days 13 and 15 in sheep 

(Reynolds et al. 1984) and Days 15 and 17 in cattle (Ford et al. 1979). Swine have embryos in 

both horns and blood flow transiently increases in both uterine arteries 12 and 13 days after 

insemination, but when embryos are experimentally confined to one horn, the blood flow 

increases only on that side (Ford & Christenson 1979); furthermore, blood flow to uterine 

segments containing a conceptus is greater than for segments that do not contain a conceptus 

(Ford et al. 1982a). Blood flow to the pregnant uterus has been shown to be increased in the 

uterine artery ipsilateral to the embryo proper on Days 14-18 and after Day 25 in heifers (Ford et 

al. 1979). A brief review of the earliest studies on uterine blood flow changes is provided by 

Ford (1985). 

 Transrectal Doppler ultrasonography was used for noninvasive study of the blood flow in 

the uterine arteries during early pregnancy in mares (Bollwein et al. 2003, 2004a). Time 

averaged maximum velocity (TAMV) was higher and resistance index (RI) was lower in the 

arteries of pregnant mares than in nonpregnant mares beginning on Day 11. From Days 15 to 29 

of pregnancy, TAMV was higher and RI lower in the uterine artery ipsilateral to the conceptus 

than in the opposite artery. The authors indicated that an increase in TAMV represented greater 

blood flow in the arteries, and a decrease in RI represented reduced resistance to blood flow in 

the vasculature distal to site of assessment. It was not determined whether conceptus fixation had 
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occurred in at least some mares by the day of detection of a difference in blood flow between the 

ipsilateral and contralateral arteries. Thus, a local effect of the embryonic vesicle on the uterine 

vasculature in association with mobility of the conceptus was not demonstrated. Data on uterine 

vascular changes during early pregnancy in mares assessed by color-mode Doppler 

ultrasonography have been published (Silva et al. 2005, Silva & Ginther 2006, Ginther & Silva 

2006). The effect of the conceptus mediating uterine perfusion changes during mobility phase 

and after embryonic vesicle fixation was studied. In addition, the effects of uterine vascular 

changes on the endometrial ultrasonographic morphology were also investigated. 

 Blood flow changes at the uterine artery (upstream of the uterus) have been studied by 

Doppler ultrasonography in cows during pregnancy (Bollwein et al. 2002a, Panarace et al. 2006, 

Krueger et al. 2008, Honnens et al. 2008c). Bollwein et al. (2002a) characterized the uterine 

blood flow changes monthly during pregnancy. The resistance index (RI) was lower and time-

averaged maximum velocity (TAMV) and blood flow volume higher in the artery ipsilateral to 

the conceptus. Throughout pregnancy, RI values decreased and TAMV and blood flow volume 

increased. Increased TAMV represented greater blood flow in the arteries and a decrease in RI 

represented reduced resistance to blood flow in the vasculature distal to the site of assessment. 

Panarace et al. (2006) studied once weekly 13 pregnant cows from Days 30 to 270 of pregnancy. 

The authors found that RI at the uterine arteries continuously decreased during pregnancy and 

was lower at the side ipsilateral to the conceptus. Exactly the opposite was found for TAMV. 

These findings indicate a decrease in vascular resistance in the uterus throughout pregnancy. 

Furthermore, the decrease was greater in the pregnant horn. A large increase in blood volume 

was observed after week 16 in the pregnant horn side and a slight blood volume increase 

observed after week 20 in the contralateral horn. Recently, uterine blood flow from cyclic and 
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pregnant cows during the three first weeks of pregnancy was examined (Honnens et al. 2008c). 

Higher TAMV was observed at the uterine arteries in cyclic cows on Day 18 than in pregnant 

cows. Increased estrogen and decreased progesterone were correlated with the TAMV changes at 

this time. The authors did not find differences between the uterine horn ipsilateral to the 

conceptus and the contralateral horn. We present in chapter 7 results of a study of uterine blood 

flow changes during early pregnancy in cows assessed by color-mode Doppler ultrasonography. 

Our results detected differences in vascular perfusion between the uterine horns after Day 20 of 

pregnancy. Also, the endometrial vascular changes during pregnancy in cows were intimately 

associated with the formation of the allantochorion during conceptus development. 



 

52 

CHAPTER 3 

CHANGES IN VASCULAR PERFUSION OF THE ENDOMETRIUM IN ASSOCIATION 

WITH CHANGES IN LOCATION OF THE EMBRYONIC VESICLE IN MARES 

Synopsis 

The equine embryonic vesicle is mobile on Days 12–14 (Day 0 = ovulation), when it is 

about 9–15 mm in diameter. Movement from one uterine horn to another occurs on average 

about 0.5 times per hour. Mobility ceases (fixation) on Days 15–17. Transrectal color Doppler 

ultrasonography was used to study the relationship of embryo mobility (experiment 1) and 

fixation (experiment 2) to endometrial vascular perfusion. In experiment 1, mares were bred and 

examined daily from Days 1–16 and were assigned, retrospectively, to a group in which an 

embryo was detected (pregnant mares; n=16) or not detected (n=8) by Day 12. Endometrial 

vascularity (scored 1–4, none to maximal) did not differ on Days 1–8 between groups or between 

the side with and without the corpus luteum. Endometrial vascularity scores were higher (P < 

0.05) on Days 12–16 in both horns of pregnant mares than in mares with no embryo. In pregnant 

mares, the scores increased (P < 0.05) between Days 10–12 in the horn with the embryo and 

were higher (P < 0.05) than in the opposite horn on Days 12–15. In experiment 2, 14 pregnant 

mares were examined from Day 13 to 6 d after fixation. Endometrial vascularity scores and 

number of colored pixels per cross section of endometrium were greater (P < 0.05) in the 

endometrium surrounding the fixed vesicle than in the middle portion of the horn of fixation. 

Results supported the hypothesis that transient changes in endometrial vascular perfusion 

accompany the embryonic vesicle as the vesicle changes locations during embryo mobility. 
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Introduction 

The equine uterus is Y-shaped, and the length of each uterine horn is equivalent to the 

length of the uterine body (Ginther 1992). The early embryonic vesicle is spherical and mobile. 

Based on a uterine-ligation study (Griffin & Ginther 1993), the conceptus apparently arrives in 

the uterine body after Day 8 (Day 0 = ovulation). When first detected by transrectal 

ultrasonography on Days 9 or 10, the vesicle is frequently (60% of time) in the uterine body 

(Ginther 1983a, Leith & Ginther 1984). Thereafter, the frequency of entries into the uterine 

horns increases and a phase of maximum mobility begins, involving all parts of the uterus. 

Maximum mobility extends over Days 12–14 when the vesicle grows from about 9 to about 15 

mm in diameter. Mobility has been characterized by visualizing nine segments of the uterus in 

approximately equivalent lengths (three for each horn and the body) and locating the vesicle in 

one of the segments every 5 min for 2 h (Ginther 1983a). 

The propulsive force for embryo mobility is uterine contraction as indicated by similar 

temporal changes in uterine contractility and vesicle mobility (Griffin & Ginther 1993, Cross & 

Ginther 1988), reduced mobility after experimental inhibition of contractions (Leith & Ginther 

1985), and reduced contractions in a uterine horn into which vesicle entry is prevented by 

experimental cornual ligation (Griffin & Ginther 1993). The mobility favors physiologic 

exchange between the relatively small conceptus and large uterus (Ginther 1983a). In this regard, 

results of confinement of the conceptus to one uterine horn indicate that the conceptus locally 

stimulates uterine turgidity and edema, as well as contractility (Griffin & Ginther 1993), and that 

movement throughout the uterus is needed to prevent the bilaterally active uterine luteolytic 

mechanism (Griffin & Ginther 1993, McDowell et al. 1988). 

The cessation of mobility is called fixation and occurs on Days 15–17 (Ginther 1983b). 

The site of fixation is at a flexure in the caudal segment of one of the uterine horns without 
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regard to the side of ovulation. It has been postulated that fixation occurs at the flexure because it 

is the greatest impediment to continued mobility of the growing vesicle (Ginther 1983b, Gastal et 

al. 1996). A decrease in uterine diameter because of increasing turgidity from the stimulation of 

the mobile vesicle further contributes to fixation in the most restricted area. 

The effects of the mobile equine conceptus on vascular perfusion of the endometrium are 

unknown. Transrectal Doppler ultrasonography was used recently for noninvasive study of the 

blood flow in the uterine arteries during early equine pregnancy (Bollwein et al. 2003). Time 

averaged maximum velocity (TAMV) was higher and resistance index (RI) was lower in the 

arteries of pregnant mares than in nonpregnant mares beginning on Day 11. From Days 15 to 29 

of pregnancy, TAMV was higher and RI lower in the uterine artery ipsilateral to the conceptus 

than in the opposite artery. The authors indicated that an increase in TAMV represented greater 

blood flow in the arteries, and a decrease in RI represented reduced resistance to blood flow in 

the vasculature distal to site of assessment. It was not determined whether conceptus fixation had 

occurred in at least some mares by the day of detection of a difference in blood flow between the 

ipsilateral and contralateral arteries. Thus, a local effect of the embryonic vesicle on the uterine 

vasculature in association with mobility of the conceptus has not been demonstrated. 

The purpose of the present study was to test the hypothesis that transient changes in 

vascular perfusion of the endometrium occur in association with changes in location of the 

conceptus, as indicated by greater perfusion in the uterine horn containing the conceptus than in 

the opposite horn during the maximum mobility phase. In addition, comparisons in vascularity 

were made between horns ipsilateral and contralateral to the corpus luteum on Days 1–8 in bred 

mares in which an embryo was later detected versus not detected and between the horn of 

embryo fixation and the opposite horn. The time of an effect of the conceptus on vascularity of 
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the endometrium and the time of an effect on uterine contractility were compared for a tentative 

indication of whether a similar conceptus-generated stimulus is involved in the two uterine 

responses. 

 

Materials and Methods 

Animals 

Animals were handled in accordance with the Guide for Care and Use of Animals in 

Agricultural Research. Pony mares of mixed breeds, 6 to 15 years of age, weighing 290–430 kg, 

were used during the last half of the ovulatory season. The mares had free access to grass hay, 

water, and trace-mineralized salt. Mares with docile temperament and no apparent abnormalities 

of the reproductive tract (Ginther 1995b) were selected. The selected mares were scanned daily 

by ultrasound and bred naturally when a preovulatory follicle reached 35 mm and every other 

day thereafter until ovulation. Mares with twin embryos were not used.  

 

Ultrasonography 

A pulse-wave ultrasound scanner with both B-mode (gray scale) and color Doppler 

functions was used (Aloka SSD-2000; Aloka America, Wallingford, CT). Uterine contractions 

were assessed in B-mode, using a finger-mounted 7.5 MHz convex transducer (UST-995-7.5). 

The transducer was placed transrectally over the middle segment of each uterine horn in a 

longitudinal plane. The extent of contractility was scored as described for the uterine body 

(Cross & Ginther 1988). The scores ranged from 1–4, indicating no, minimal, intermediate, and 

maximal activity. 

 Vascular perfusion of the endometrium was evaluated, using the color Doppler flow-

mode function and a 7.5 MHz linear-array transducer (UST-5821-7.5) with a beam-field width of 
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60 mm.  The following settings were used: velocity range limit, 9.96 cm/s; flow filter, 4; and 

frame rate, 6 Hz. The transducer was placed over a cross section of the middle segment of each 

uterine horn. The vascularity or vascular perfusion was estimated subjectively by scoring the 

extent of colored areas in the endometrium during real-time cross sectioning of the middle 

segment of each horn during a continuous span of 1 min; because of animal and uterine 

movements, multiple cross sections were viewed. Only the colored areas that appeared to be 

within the endometrium were considered (Figure 3-1). The scores ranged from 1–4, indicting no, 

minimal, intermediate, and maximal involvement. The 1-min scan was recorded on digital 

videocassettes (MiniDV). 

 Vascular perfusion of the endometrium was assessed objectively by off-line measurement 

of the number of colored pixels as an indicator of blood flow area. Three still images from cross 

sections of the middle segment of each horn were used for determination of number of colored 

pixels, and the average was used in the analyses. The images were captured from the 

videocassettes using Adobe Premiere Pro 1.5 software (TIFF format; Adobe Systems, San Jose, 

CA). Colored spots or pixel aggregates were selected from the images, extracted, and saved (GIF 

format) using Adobe Photoshop 5.5 software (Adobe Systems, San Jose, CA). ImageJ 1.31v 

software (National Institutes of Health, USA) was used for calculation of the total number of 

colored pixels for each GIF format image. 

 In addition to color Doppler evaluation of the endometrium, spectral Doppler scans were 

made of the arteries at the mesometrial attachment. These vessels were outside of the uterine 

horn but within 1 cm of the uterine surface. For the spectral mode, the velocity range limit was 

set at 19.9 cm/s and the Doppler filter at 100 Hz. Spectral waveforms were generated three times 

for three cardiac cycles by placement of a 2-mm wide gate over the most intensely colored area 
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in the color flow/B-mode image (Figure 3-1). One cardiac cycle was arbitrarily chosen from each 

of the three scans and the average was used for measurement of TAMV and pulsatility index 

(PI), using preset functions in the ultrasound scanner. The determination, meaning, and 

interpretation of TAMV and PI are given in a discussion of blood flow velocity in the uterine 

arteries of women (Sladkevicius et al. 1993). An increase in TAMV and a decrease in PI are 

reported to indicate increased vascular perfusion of tissues distal to the point of examination of 

the artery. 

 

Experiment 1 

Twenty four naturally bred mares were examined daily beginning between Hours 1300-

1800 with the duplex B-mode/color-mode scanner from Day 1 (Day 0 = ovulation) until Day 16. 

Examination procedures and data analyses were divided into Days 1–8 and Days 9–16; Day 9 

was the earliest day of detection of an embryonic vesicle. On Days 1–8, comparisons were made 

between the uterine horns that were ipsilateral and contralateral to the corpus luteum. 

Comparisons were then made between mares in which an embryo was not detected by Day 12 or 

thereafter (n = 8) and pregnant (n = 16) mares, using the average between horns for each mare. 

On Days 9–16, comparisons were made similarly, except that the uterine horn containing the 

embryonic vesicle and the opposite horn were used. Assignment to the pregnant group could not 

be made until an embryonic vesicle was detected. Therefore, the number of pregnant mares per 

day increased over Days 9 (3 mares), 10 (11 mares), 11 (15 mares), and 12–16 (16 mares/day). 

On each day, the mobility of the embryonic vesicle was monitored every 5 min, as described 

(Leith & Ginther 1984), until the vesicle remained in the same uterine horn for five consecutive 

examinations (20 min). Uterine contractility was scored in B-mode, and the 1-min continuous 

scanning of the middle segment of each uterine horn was done in color-mode for endometrial 
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vascularity scoring. The color Doppler was set on spectral mode for measuring TAMV and PI at 

the mesometrial attachment. 

 

Experiment 2 

Fourteen mares, different from those used in experiment 1, with an embryonic vesicle on Day 11 

or 12 were used. A 2-h mobility trial was done on Day 13, beginning between Hours 1730–2400. 

The location of the vesicle in one of nine uterine segments of similar length (three for each horn 

and the body) was recorded every 5 min (Leith & Ginther 1984). Seven of the 14 mares were 

used to objectively evaluate the reliability of the subjective scoring system that had been used by 

the operator 1 in experiment 1 to estimate the extent of vascular perfusion of the endometrium. 

In these seven mares, the embryonic vesicle was not in the middle segment of the horn at the 

time of scoring, so that bias associated with the presence of a vesicle was avoided. Operator 2 

isolated on videocassette the 1-min continuous scanning of the middle segment of each uterine 

horn and assigned an identification number to each of the 14 segments. The segments were 

randomized by operator 2, and an endometrial color Doppler score was made by operator 1 

without knowledge of embryo location and mare identity. In addition, operator 1 selected three 

images from each segment that seemed representative of the extent of colored Doppler areas 

within the endometrium. These three images of each uterine segment (total, n = 42 images) were 

given an identification and randomized by operator 2. Each randomized endometrial image was 

evaluated by operator 1 for number of discrete colored spots or pixel aggregates and total 

number of colored pixels. 

 Initial information on the exposure time needed by the embryonic vesicle to stimulate 

endometrial vascular perfusion and uterine contractility was obtained by scoring the middle 

segment of each horn for vascularity and contractility on Day 13 in all 14 mares. A scoring 
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session was done every 20 min for 2 h for a total of eight examinations per mare. In the same 

mares over the same 2 h, the location of the embryonic vesicle in one of the nine uterine 

segments had been recorded every 5 min, as described above. Therefore, retrospective 

examination of these records made it possible to select mares in which the vesicle entered a horn 

and remained there for a prolonged period, encompassing at least two scoring sessions (20 min). 

Endometrial vascularity and uterine contractility scores for the uterine horn containing the 

embryo in these mares were taken from three consecutive scoring sessions: session 1 (before the 

embryo entered the horn), session 2 (after the embryo had entered), and session 3 (with the 

embryo still in the horn). Complete data involving all three scoring sessions were available for 

10 mares. Comparison of scores from sessions 2 and 3 with those of session 1 thus provided 

some indication of how vascularity and contractility had been affected by the presence of the 

embryo for various time intervals. 

 After Day 13, mobility trials were done each day in all 14 mares and continued until the 

day no changes occurred among segments during 2 h. The absence of a location change in 2 h 

was defined as fixation, as previously reported (Ginther 1983b). Fixation was positively 

confirmed in all mares during another mobility trial on the following day. Daily determinations 

for the uterine contractions and color Doppler end points (vascularity score, TAMV, PI) were 

done from Day 13 until 6 d after fixation for all 14 mares. Data were centralized to the day of 

fixation including the horn of the future fixation, extending from 3 d before fixation to 6 d after 

fixation. In addition to the vascularity assessments of the middle segment of the uterine horns, 

the vascularity of the endometrium around the vesicle after fixation was assessed by including 

the vesicle in the continuous 1-min cross sectioning of the endometrium. End points for the 

middle segment of each uterine horn were compared between the horn of fixation (or future 
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fixation) and the opposite horn. In addition, endometrial vascularity comparisons included the 

group with data from around the vesicle beginning on the day of fixation. Data were analyzed for 

3 d before fixation and separately from the day of fixation to 6 d after fixation. 

 

Statistical Analyses 

Data were examined for normality with Kolmogorov-Smirnov test. When the normality 

test was significant (P < 0.05), data were transformed to natural logarithms. The scores for 

Doppler vascularity and uterine contractility were considered nonparametric and were analyzed 

by a ranking procedure (Kruskal-Wallis test). The ranked scores for contractility and vascularity 

and the other Doppler end points were analyzed by the mixed procedure of SAS (version 8.2; 

SAS Institute Inc., Cary, NC) to determine the main effects and the interaction, using a repeated 

statement to account for autocorrelation between sequential measurements. Paired and unpaired 

t-test were used to locate the differences within and between horns and between pregnant and 

nonpregnant mares when significant main effects or an interaction were obtained. Discrete data 

were analyzed by t-tests. The proportion of mares for each day in experiment 1 with adequate 

Doppler color signals for measurement of TAMV and PI were compared between days with chi-

square tests. A probability of P ≤ 0.05 indicated a significant difference and probabilities 

between P > 0.05 and P < 0.1 indicated approaching significance. 

 

Results 

Experiment 1 

The endometrial vascularity scores and contractility scores on Days 1–8 and 9–16 and the 

results of statistical analyses are shown (Figure 3-2). On Days 1–8, there were no significant 

differences for endometrial vascularity. However, contractility progressively increased between 
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Days 2 or 3 and Day 8. On Days 9–16, endometrial vascularity increased after Day 11 in the 

pregnant group with a more pronounced increase in the horn with the embryo than in the 

opposite horn; vascularity did not change in the group in which an embryo was not detected. 

Uterine contractility in the pregnant group increased similarly in both uterine horns between 

Days 10 and 12. 

 The color Doppler signals within the endometrium were inadequate for the production of 

spectral waveforms in both groups of mares throughout the experiment. Color Doppler signals 

for vessels in the mesometrial attachment were adequate for spectral analyses in both horns of 

some mares in each group during Days 1–8; the frequency of an adequate signal initially 

increased and then decreased, as shown (Figure 3-3). During Days 9–16, the frequency of 

adequate signals increased in both uterine horns but only in the pregnant mares. Spectral 

analyses for TAMV and PI were done for the two horns in pregnant mares with adequate signals 

on Days 10–16; a significant day effect for both end points reflected an increase over days for 

TAMV and a decrease for PI (Figure 3-4). 

 

Experiment 2 

During the 2-h mobility trials on Day 13, the embryonic vesicle moved from one horn to 

the other 1.0 ± 0.2 times per trial and between a horn and the body or vice versa 3.9 ± 0.5 times. 

The mean day of fixation was Day 15.8 ± 0.2 (range, Days 15–17). The objective vascularity 

scores from the real-time video clips were greater (2.1 ± 0.2 versus 1.7 ± 0.2; P < 0.02) and the 

subjective vascularity scores were greater (1.9 ± 0.2 versus 1.5 ± 0.1; P < 0.02) in the horn with 

the embryo versus the opposite horn. The number of colored spots in images of endometrial 

cross sections  in the objective evaluations were greater (P < 0.04) in the horn with the embryo 
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than in the opposite horn and approached significance (P < 0.1) for the total number of colored 

pixels per endometrial image (Table 3-1). The continued presence of the vesicle in the same horn 

for an average of 7 min stimulated an increase (P < 0.004) in vascularity or perfusion of the 

endometrium of the middle segment of the horn (Table 3-2); a corresponding increase in 

contractility approached significance (P < 0.1). 

 The endometrial vascularity scores and number of colored pixels in the endometrium, 

TAMV and PI of the mesometrial attachment, and uterine contractility scores before and after 

fixation are shown (Figure 3-5). During 1 to 3 days before fixation, the day effect was significant 

(P < 0.05) for all end points, except contractility. The group effect and interaction were not 

significant for any end point before fixation. The statistical results are shown for the days of and 

after fixation. Endometrial vascularity and number of colored endometrial pixels were 

progressively higher in the following sequence: horn without the vesicle, horn with the vesicle, 

and the area of endometrium surrounding the fixed vesicle. The TAMV was higher and the PI 

was lower in the horn with the vesicle on most days after fixation.  

 

Discussion 

Embryo mobility or the movement of the spherical equine embryonic vesicle between 

portions of the uterus during maximum mobility over Days 12–14 with fixation ranging between 

Days 15–17 in the present study was similar to previous reports (Leith & Ginther 1984, Ginther 

1983a, Ginther 1983b, Gastal et al. 1996). Results for Day 13 indicated that the embryonic 

vesicle moved from one horn to another an average of 0.5 times/h. Therefore, the ability to detect 

differences between the horn containing the embryonic vesicle and the opposite horn required 

that local uterine responses to the conceptus developed and abated in less than 0.5 h on the 

average after the vesicle entered and departed the horn, respectively. Results of experiment 2 
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indicated that an increase in endometrial vascularity scores occurred within an average of 7 min 

after the vesicle entered a horn and did not increase further during the ensuing 20 min. This 

estimate can be considered unrefined, however, and future studies will be needed with a shorter 

interval between measurements of the uterine responses and consideration of vascular 

development both before and after the horn is exposed to the vesicle. 

 The results strongly supported the hypothesis that changes in vascular perfusion of the 

endometrium occur locally in association with location changes of the embryonic vesicle during 

the mobility phase. Higher vascularity scores were found for the horn with the embryo at the 

time of examination than in the opposite horn throughout Days 12–15. The scores in the embryo-

containing horn increased between Days 10 and 12. Although the scores were higher in the 

embryo-containing horn than in the opposite horn, scores were higher in both horns of pregnant 

mares than in mares in which an embryo was not detected by Day 12 or thereafter. Local and 

transient vascular perfusion of the endometrium as the mobile equine embryonic vesicle 

traverses the uterus is a novel finding. At a comparable stage of pregnancy in cattle and sheep, 

the conceptus expands along the length of the horn on the side of ovulation and does not involve 

the opposite horn. These species differences appear to be associated with a unilateral utero-

luteolytic pathway in cattle and sheep and a systemic pathway in horses (Ginther 1998b). Blood 

flow increases in the uterine artery ipsilateral but not contralateral to the conceptus between Days 

13 and 15 in sheep (Reynolds et al. 1984) and Days 15 and 17 in cattle (Ford et al. 1979a). 

Swine have embryos in both horns and blood flow transiently increases in both uterine arteries 

12 and 13 days after insemination, but when embryos are experimentally confined to one horn, 

the blood flow increases only on that side (Ford et al. 1979b); furthermore, blood flow to uterine 

segments containing a conceptus is greater than for segments that do not contain a conceptus 
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(Ford et al. 1982a). The stimulation of the local uterine vascular system by the embryos that has 

been reported for cattle, sheep, and swine and for ponies in the present study occurs 

approximately at the time the embryos are involved in luteal maintenance. The present study in 

mares demonstrated the rapid locally sensitive nature of the phenomenon. 

 The mechanism involved in local stimulation of uterine vascularity by the conceptus in 

these species has not been clarified. One consideration is that the early conceptus alters 

endometrial vascularity by the production of vascular stimulants. In this regard, estrogens 

stimulate increased uterine blood flow in the sow, cow, and ewe (Ford 1982). In vitro studies 

have shown that Day-12 porcine embryos (Ford et al. 1982b) and day -16 bovine embryos 

(Shemesh et al. 1979, Chenault et al. 1980) produce estrogens. The trophoblast of the equine 

embryonic vesicle is involved in steroid conversion as early as Day 8 (Paulo et al. 1985) and Day 

13 (Flood & Marrable 1973). A marked in vitro production of estrogen by the equine conceptus 

occurs as early as Day 12 (Zavy et al. 1979, Raeside et al. 2004).  Thus, estrogen has 

vasostimulatory properties and production by the conceptus occurs on the days the conceptus of 

horses, swine, and cattle is stimulating local uterine vascularity. In this regard, a recent study in 

mares found that PI values were higher for the uterine artery during both estrus and diestrus in 

estrogen-treated mares than in nontreated mares (Bollwein et al. 2004b). The blastocysts of 

many species secrete a variety of prostaglandins, and it has been proposed that conceptus 

prostaglandins stimulate increases in uterine blood flow (Lewis 1989). Equine embryos secrete 

PGF2 and PGE2 (Watson et al. 1989, Stout & Allen 2002, Sharp 2000). However, it is not 

known whether prostaglandins, steroids, or other factors account for the increased endometrial 

vascular perfusion described in the present studies. Furthermore, physical stimulation unrelated 

to direct production of a vasoactive substance by the conceptus cannot be ruled out.  
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 After completion of experiment 1, there was concern that the scoring of endometrial 

vascularity may have been biased because the operator was aware of the location of the 

embryonic vesicle. Therefore, an objective reliability trial was incorporated into experiment 2 on 

Day 13, wherein the operator scored the endometrial vascularity without knowledge of embryo 

location or animal identity. Vascularity scores were higher in the horn that contained the embryo 

for both the objective and subjective scoring systems, indicating that the subjective scoring 

system used in experiment 1 was useful. Another indication of the reliability of the scoring 

system was the similar conclusions between scoring vascularity and counting the number of 

colored spots or pixels in images of endometrial cross sections in the reliability trial and in the 

comparisons of the horn of fixation and the opposite horn. It is concluded that the subjective 

scoring of endometrial vascularity was a useful and convenient approach. 

 For the spectral Doppler assessments of the arteries of the mesometrial attachment, the 

TAMV and PI increased and decreased, respectively, over Days 10–16 of pregnancy; there was 

no difference between horns, as indicated by the absence of a group effect and a day-by-group 

interaction. Results for both of these end points indicate increased vascular perfusion of the 

uterus distal to the site of assessment. Even though the highest Doppler shift was assessed, based 

on selection of the brightest colored area, true blood velocities likely were not expressed by the 

TAMV values. The angle of insonation was unknown. However, the relative TAMV values are 

taken as meaningful expressions of vascular perfusion distal to the assessment. It is unlikely that 

the angle of artery insonation would have been different between the horns with and without the 

embryo. In addition, volume of blood flow delivered by the arteries was not determinable 

because the diameters of arteries were unknown.  
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 The TAMV and PI end points may have been less sensitive than the scoring of the 

vascular perfusion of the endometrium and therefore did not detect the localized difference 

between horns during the mobility phase. In this regard, a previous spectral analysis color 

Doppler study in mares was done for the main uterine arteries (Bollwein et al. 2003); greater 

increases in blood flow were found in pregnant mares than in nonpregnant mares after Day 11, 

but there was no difference between the embryo-containing horn and the opposite horn until Day 

15. The frequency of the occurrence of fixation by Day 15 was not determined. In the present 

study, post-fixation endometrial vascularity and number of colored pixels were greatest in the 

endometrium surrounding the fixed embryonic vesicle and were greater in the middle segment of 

the horn of fixation than in the opposite horn. There were no differences before fixation between 

the horn of future fixation and the opposite horn, indicating that the extent of prefixation vascular 

perfusion did not play a role in the selection of the horn of fixation. The post-fixation results for 

the arteries in the mesometrial attachment and the greater TAMV on the side of fixation are 

consistent with the previously reported TAMV results for the uterine artery of the horn 

containing the embryo beginning on Day 15 (Bollwein et al. 2003). 

 The similarity between mares in which an embryo was not detected and pregnant mares 

in endometrial vascularity until the increases in both horns in pregnant mares after Day 11 is 

consistent with the previous studies of blood flow in the uterine arteries (Bollwein et al. 2003). 

Furthermore, there were no differences between horns ipsilateral and contralateral to the corpus 

luteum in the mares in which an embryo was not detected, as previously reported for nonbred 

mares (Sharp 2000, Allen & Stewart 2001). A unimodal increase and decrease in the frequency 

of adequate Doppler signals for spectral analyses of arteries in the mesometrial attachment of 

mares with no embryo detected occurred between Days 1–11; maximum values occurred on 
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approximately Days 4–6. This result likely reflects the transient lower pulsatility index reported 

for the uterine artery on Days 4–6 (Bollwein et al. 2002). In the present study, pregnant mares 

showed a similar unimodal profile, except that number of mesometrial attachments with 

adequate spectral signals increased again after Day 8, resulting in a significant difference by Day 

11 between pregnant mares and mares with no detected embryo. The reason for the transient 

increased incidence of Doppler spectral displays on Days 4–6 in both groups of mares is not 

known. In this regard, the presence or absence of an embryo on Days 1–8 cannot be considered 

because embryonic loss could have occurred in the group with no embryo detection by Day 12. 

A transient increase in estradiol on Days 4–6 has not been reported. However, some 

interovulatory intervals have increased follicular activity at this time (Ginther et al. 2004). 

Furthermore, early short-term increases in uterine tone (Griffin et al. 1992) and in estrus-like 

uterine echotexture (Hayes et al. 1985) have been reported during early diestrus. Further study 

will be needed to determine if the apparent transient changes in endometrial perfusion, uterine 

tone, and endometrial echotexture in early diestrus are interrelated and whether estrogens or 

other factors are involved. 

 Uterine contractions are active in mares during diestrus, whereas the uterus of other farm 

species is quiescent (Ginther 1992). An increase in contractions in the uterine horns during 

approximately Days 3–8 in pregnant mares as well as in the mares with no embryo detection was 

shown in the present study. The further and more profound increase in contractility 

concomitantly with increased mobility of the conceptus confirms previous findings (Cross & 

Ginther 1984, Gastal et al. 1996). A noteworthy difference in contractility and endometrial 

perfusion in the present study was the absence of a detected difference between the embryo-

containing horn and the opposite horn for contractions versus the greater vascular perfusion in 
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the embryo-containing horn. This result suggests that different factors may be involved in the 

two phenomena or that endometrial perfusion abates more rapidly than uterine contractions after 

the conceptus departs from a horn. 

 In summary, color Doppler ultrasonography was used to study the relationships of 

endometrial vascular perfusion and uterine blood flow to the mobility of the embryonic vesicle 

during early pregnancy in mares. Endometrial vascularity scores were similar between mares 

with no embryo detected and pregnant mares until an increase in scores occurred in both horns of 

pregnant mares by Day 12. In the pregnant mares, the scores were higher in the embryo-

containing horn than in the opposite horn from Day 12 to 6 d after fixation. Spectral analyses of 

arteries in the mesometrial attachment indicated a gradual increase in time averaged maximum 

velocity in both horns during the mobility phase and a greater velocity in the horn of fixation 

than in the opposite horn, beginning on the day of fixation. 
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Table 3-1.  Means ± SEM for vascular end points of the endometrium on Day 13 of pregnancy, 

obtained without knowledge of identity of mare or horn. Experiment 2. 

 

 Uterine horn 

 

End points With embryo Without embryo 

 

Endometrial vascularity (score*) 2.1 ± 0.2a 1.7 ± 0.2b 

 

Colored spots (No.)† 4.7 ± 0.9a 3.6 ± 0.6b 

 

Colored pixels (No.) 316 ± 67 243 ± 46 

 

 

* Scored from 1–4 for none, minimal, intermediate, and maximal. 

† Separate aggregates of colored pixels within the endometrium; average of three cross-

sectional images of the endometrium. 

ab Within an end point, means with a different superscript are different (P < 0.05). The 

difference between groups for number of pixels approached significance (P < 0.1). 
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Table 3-2.  Means ± SEM for relationships between the beginning of exposure of a uterine horn 

to an embryonic vesicle and stimulation of uterine contractions and endometrial 

vascularity. Experiment 2. 

 

 Scoring sessions at 20-min intervals 

 

 Session 1 Session 2 Session 3 

 End points (embryo absent) (embryo present) (embryo present) 

 

Interval (min) 12.0 ± 1.9* 7.0 ± 1.7** 27.0 ± 1.9# 

Contractility (score †) 2.6 ± 0.1 2.8 ± 0.1 2.8 ± 0.2 

Endometrial vascularity 1.8 ± 0.2a 2.6 ± 0.2b 2.3 ± 0.2b 

    (score †)  

* Between session 1 and beginning of a prolonged period with the embryonic vesicle in the 

same uterine horn. 

** Between beginning of the prolonged period and session 2. 

# Between beginning of the prolonged period and session 3. 

† Scored from 1 to 4, none to maximum. 
ab Means with a different superscript are different (P < 0.05). 
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Figure 3-1.Two images of cross-sections of uterine horns showing minimal (left panel) and 

maximal (right panel) colored areas of the endometrium from the Doppler flow mode. 

The sample gate (sg, left panel) indicates the area sampled in the mesometrial 

attachment (mm=mesometrium) for generating the spectrum used by the scanner in 

calculating time averaged maximum velocity and pulsatility index. The arrows for 

each panel delineate the endometrium. 
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Figure 3-2. Means ± SEM scores for endometrial vascularity and uterine contractility in bred 

mares in which an embryo was either detected or not detected by Days 9–12. Number 

of mares was 16 and 8 for the mares with and without an embryo, respectively, except 

that only 3, 11, and 15 mares with a detected embryo were available on Days 9, 10, 

and 11, respectively. The day effect was significant (P < 0.0001) for contractility on 

Days 1–8, and the day-by-group interaction on Days 9–16 was significant for 

contractility (P < 0.02) and vascularity (P < 0.0001). An asterisk (*) indicates a day of 

a difference (P < 0.05) between horns within the pregnant group and between days 

within a group. The pound mark (#) indicates the days of a difference (P < 0.05) 

between pregnant and nonpregnant groups. CL = corpus luteum. Contra = 

contralateral. Ipsi = ipsilateral. Experiment 1. 
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Figure 3-3. Percentage of uterine horns with adequate Doppler signals for spectral analyses of an 

artery in the mesometrial attachment. The proportion of horns with adequate signals 

increased (P < 0.05) between Days 2–5 or 1–4 and decreased (P < 0.05) between 

Days 5–8 or 4–9 in  bred mares in which an embryo was detected and not detected, 

respectively. There was no significant difference between horns within a group on 

Day 1–8. A pound mark (#) indicates a day with a difference (P < 0.05) between 

groups on Days 11–16. Experiment 1. 
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Figure 3-4. Means ± SEM for time averaged maximum velocity and pulsatility index in vessels 

of the mesometrial attachment on Days 10–16 in pregnant mares. D = main effect of 

day. Experiment 1. 
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Figure 3-5. Means ± SEM for uterine color Doppler end points and contractility in the middle 

segment of the uterine horn of fixation and the opposite horn. The upper two panels 

include data for the area of endometrium at the location of the fixed vesicle. The 

scores for vascularity and contractility were from 1–4 for none, minimal, 

intermediate, and maximal. Significant main effects (G, group; D, day) and the 

interaction (GD) are shown for the days of and after fixation. An asterisk (*) indicates 

a day with a difference (P < 0.05) between the group above and the group below the 

asterisk within a day. Experiment 2. 
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CHAPTER 4 

AN EARLY VASCULAR INDICATOR OF COMPLETED ORIENTATION OF THE 

EMBRYO AND THE ROLE OF THE DORSAL ENDOMETRIAL ENCROACHMENT IN 

MARES  

 

Synopsis 

The spherical equine embryonic vesicle is mobile throughout the uterine lumen for several 

days before becoming fixed in the caudal segment of a uterine horn on Day 16 (ovulation = Day 

0). Orientation refers to the position of the embryo proper at the periphery of the vesicle relative 

to the position of the mesometrial attachment. In mares, the embryonic pole of the vesicle is 

antimesometrial after completion of orientation. Day of vesicle fixation, differential thickening 

of the endometrium near the mesometrial attachment, and orientation of the embryonic vesicle 

were studied in 30 ponies, using B-mode and color-Doppler transrectal ultrasonography. The 

thickness of the endometrium at the mesometrial aspect of the vesicle divided by the thickness at 

the antimesometrial aspect was termed the encroachment ratio. At the future site of fixation, the 

first increase (P < 0.05) in the encroachment ratio occurred between 4 and 1 days before fixation. 

An early vascular indicator of the future position of the embryo proper was discovered by color-

Doppler imaging and consisted of a colored spot in the image of the endometrium close to the 

wall of the embryonic pole. The early indicator was detected in each mare 0.5 ± 0.1 days after 

fixation and 2.5 ± 0.2 days before first detection of the embryo proper. The position of the early 

indicator when first detected at the periphery of the embryonic vesicle was not different 

significantly from the position of the embryo proper when first detected. Results supported the 

hypothesis that differential thickening of the endometrium precedes orientation and indicated 

that orientation occurs immediately after fixation. 
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Introduction 

Species of the genus Equus apparently are the only common Eutherian mammals in 

which embryo-uterine interactions (migration, fixation, and orientation) can be observed in real-

time and apparently without disturbance. This research capability results from the availability of 

transrectal ultrasonography, the large size of the fluid-filled embryonic vesicle (conceptus), and 

the close proximity of the uterine wall to the rectal wall (Ginther 1995a). 

The equine embryonic vesicle enters a uterine horn on Day 6 (ovulation = Day 0; Weber 

et al. 1991, Battut et al. 1997). Based on a uterine-ligation experiment (Griffin et al. 1993), the 

vesicle enters the uterine body on about Day 8. When first detected by ultrasound (Days 9 to 10), 

the vesicle is a distinctly spherical 3 to 4 mm structure and is usually (60% of time) found in the 

uterine body (Leith & Ginther 1984). Thereafter, mobility of the vesicle increases and reaches 

extensive mobility on Day 11. During the extensive mobility phase, the vesicle traverses the full 

length of the uterus many times per day (Ginther 1983a). Each of the uterine horns and the 

uterine body are similar in length, and the mobile vesicle spends a similar amount of time in each 

part. Embryo mobility is associated with uterine contractions (Leith & Ginther 1985). A recent 

study indicated that transient changes in endometrial vascular perfusion accompany the location 

changes of the embryonic vesicle (Silva et al. 2005). Fixation (cessation of mobility) occurs at a 

flexure in the caudal segment of a uterine horn under the influence of increasing growth of the 

vesicle and a reciprocal relationship between increasing uterine tone and decreasing uterine 

diameter (Gastal et al. 1996). Vascular perfusion is greater in the endometrium surrounding the 

fixed vesicle than in the opposite horn or in the middle of the horn of fixation (Silva et al. 2005).  

Orientation of the embryonic vesicle refers to the position of the embryonic disc or 

embryo proper at the periphery of the vesicle (embryonic pole) relative to the position of the 

mesometrial attachment. The pattern of orientation (antimesometrial versus mesometrial) is 
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fairly constant within species but differs among species (Mossman 1971, 1987). The direction in 

which the embryonic disk faces relative to the mesometrial attachment after orientation is 

completed contributes to species differences in the pattern of development of the fetal 

membranes and the site of attachment of the umbilical cord. When first detected by ultrasound 

(Days 19 to 22), the equine embryo proper is in the ventral hemisphere of the embryonic vesicle 

or opposite to the mesometrial attachment (Ginther 1983b). It is unlikely that orientation occurs 

before embryo mobility ceases. In this regard, simulated embryonic vesicles rotated or rolled 

during intrauterine location changes (Ginther 1985). These observations indicate that orientation 

occurs between the day of fixation (Day 16) and the earliest reported day of ultrasonic 

identification of the embryo proper (Day 19). 

About 50 to 75% of the wall of equine embryonic vesicle over Days 16 to 18 is 

composed of two cell layers without mesoderm (Ginther 1998a). The mesoderm of the remaining 

portion develops between the two cell layers and differentiates into connective tissue 

surrounding the embryonic disc and results in a three-layered portion of the vesicle wall at the 

embryonic pole. Thus, the three-layered or embryonic pole of the vesicle can be expected to have 

greater tensile strength than the opposite pole, although this has not been determined directly. 

Beginning on approximately Day 17, the embryonic vesicle begins to lose its spherical form 

when imaged in cross-section relative to the uterine horn. The ultrasound image of the vesicle 

becomes oblong, triangular, or irregular in shape (Ginther 1983b). The apex of the triangular 

shapes tends to be at the dorsal region of the horn. However, the shape of the vesicle does not 

remain static, and its outline changes frequently during periods of continuous ultrasound 

observations with the scanner (Ginther 1998a). These shape changes are attributable to 

myometrial contractions which may exert a kneading or massage-like action on the fixed vesicle. 
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Disproportional thickening of the dorsal uterine wall versus the ventral wall occurs by Day 17 

and accounts for the nonspherical shapes of the vesicle (Ginther 1983b). 

It has been postulated (Ginther 1983b, 1985) that equine embryo orientation results from 

the interaction of at least three factors: 1) differences in tensile strength between the thin (two 

cell layers) and thick (three layers) portions of the vesicle wall; 2) asymmetrical encroachment of 

the uterine wall on the vesicle, resulting from differential thickening of the upper turgid uterine 

wall at the mesometrial attachment; and 3) the massaging action of uterine contractions. A 

distinct, smooth, and strong capsule encloses the embryonic vesicle until about Day 21 

(Betteridge et al. 1982) and is an additional factor that likely favors the orientation process. The 

surface of the equine embryonic vesicle develops adhesive qualities (Denker 2000) which may 

aid in anchoring the vesicle after orientation is completed. 

The overall purpose of this experiment was to examine the hypothesis that differential 

thickening of the uterine wall at the mesometrial attachment begins before the earliest indication 

that orientation has occurred. Initially, a search was made for early indicators of the position of 

the embryonic disc at the periphery of the vesicle, using color-Doppler assessment of the 

endometrium and vesicle (Experiment 1). The time of the occurrence of differential thickening of 

the dorsal uterine wall at the site of fixation was then examined (Experiment 2). Findings were 

considered supportive of the hypothesis if differential thickening occurred before the earliest 

indication of completed orientation. 
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Materials and Methods 

Animals 

Animals were handled in accordance with the United States Department of Agriculture 

Guide for the Care and Use of Animals in Agricultural Research. Pony mares of mixed breeds 

were used (age, 3-18 yr; 260-410 kg). The mares had free access to grass hay, water, and trace-

mineralized salt. Mares were selected that had docile temperament and had no apparent 

ultrasonically detected abnormalities of the reproductive tract (Ginther 1995b). The selected 

mares were scanned daily by ultrasound and bred naturally when a preovulatory follicle reached 

35 mm and every other day thereafter until ovulation.  

 

Anatomy and Ultrasonography 

 The transrectal ultrasound transducer was held close to the upper surface of the uterus. In 

this regard, the equine uterus assumes a T- or Y-shape as it rests upon other abdominal organs 

(Ginther 1992). The stem of the T or Y represents the uterine body, and the arms represent the 

two uterine horns (Figure 4-1). The mesometrium and its accompanying blood vessels attach to 

the dorsal surface of the horns, as seen in a suspended tract; however, because the uterus usually 

rests upon other viscera, the attachment to the uterine horns is dorso-caudal with respect to the 

mare’s body. The ultrasound transducer was held approximately parallel to the floor, directed 

cranially, and rotated on its vertical axis to obtain a cross-sectional view of the vesicle and 

uterine horn by using a symmetrical image of the horn (Figure 4-1). The left aspect of the 

ultrasound image represented the tissues on the cranial aspect of the transducer. Therefore, the 

mesometrial attachment was in the upper-right corner of the image, even through the anatomical 

attachment was to the dorsal aspect of the horn. Large branches of blood vessels formed a 

network along the upper surface of the horns, as seen on the ultrasound image (Figure 4-1). 
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 Pulse-wave ultrasound scanners with both B-mode (gray scale) and color-Doppler 

functions equipped with 7.5-MHz transducers were used (Aloka SSD-2000 and Aloka SSD-

3500; Aloka America, Wallingford, CT, USA). One transducer was a convex-array with a beam-

field width at the transducer face of 20 mm (UST-995-7.5). The other was a linear-array with a 

beam-field width of 60 mm (UST-5821-7.5). Settings for B-mode and color-Doppler mode 

controls were kept constant, except for the controls for magnification and delineation of color-

Doppler area. The color-Doppler settings for velocity range and flow filter were 10 cm/sec and 4, 

respectively. The principles and techniques of Doppler ultrasound in equine reproduction have 

been reported (Ginther & Utt 2004). 

 

End Points 

 The day of ovulation in these experiments was the day the ovulatory follicle was no 

longer present at a daily examination and was designated Day 0. Embryo mobility was assessed 

by assigning vesicle location to one of nine uterine segments (Figure 4-1) every 5-min for 2 h, as 

described (Ginther 1984a). A mobility trial was done each day until the vesicle did not move 

between uterine segments during 2 h, and the absence of movements was defined as fixation. 

Fixation was confirmed in all mares on the subsequent days by the continued presence of the 

vesicle in the same uterine segment. For the study of orientation, sites at the periphery of the 

cross-sectional image of the embryonic vesicle were assigned positions, according to the face of 

a clock (Figure 4-2), as described (Ginther 1995b). Twelve o’clock was at the center of the 

mesometrial attachment to the dorsal aspect of the horn. The o’clock approach was used for 

determining the position of the embryo proper at the periphery of the vesicle (Experiments 1 and 

2) and for measuring endometrial thickness at various positions (Experiment 2). The position 
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was recorded in an individual to the nearest hour and the average for a group of mares was 

expressed by hour and tenth of an hour (e.g., 6.5 for 6:30 o’clock). 

During a preliminary color-Doppler study, it was noted that a colored spot on the 

ultrasound image indicating blood flow developed consistently after fixation in the endometrium 

at the ventral aspect of the vesicle opposite to the mesometrial attachment and adjacent to the 

wall of the vesicle. The localized colored area was distinguishable from other endometrial 

colored spots by closer proximity to the vesicle and greater stability in location and appearance 

between frequent examinations at a given session (Figure 4-3). After completion of Experiment 

1, it was clear that these spots indicated the position of the embryonic disc before the embryo 

proper with heart beats was identified by B-mode and color-mode scanning. The spots were 

therefore defined as an early indicator of the future position of the embryo proper. The center of 

the early indicator was used to record its position relative to the periphery of the vesicle. End 

points common to both experiments were days of fixation and first detection of the early 

indicator and the embryo proper, length of intervals between end points, and clock-face positions 

and day-to-day position changes of the early indicator and embryo proper. 

 

Experiment 1 

 Twenty-four mares with an embryonic vesicle were used. Embryo mobility trials began 

on Day 13 and continued daily until the day of fixation. Orientation of the early indicator and the 

embryo proper were compared among first and last days of detection of the indicator, first day of 

detection of the embryo proper, and Day 21 (last day of examinations). 
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Experiment 2 

Eleven mares with an embryonic vesicle were examined daily from Day 12 until Day 19. 

A 2-hour mobility trial was performed until the vesicle remained in the same uterine segment for 

2 hours (fixation). Detection of the early indicator was attempted daily during the mobility phase 

beginning on Day 14.  

Endometrial thickness (distance between the myometrium and embryonic vesicle) was 

measured in B-mode in the caudal segment of the uterine horns daily during the mobility phase 

and after fixation. During the mobile phase, measurements were made after the vesicle remained 

for ≥ 5 min in the caudal segment of either horn and were made every 5 min until the vesicle left 

the segment. Beginning on the day of fixation, measurements were done each day at the site of 

the embryonic vesicle. Measurements were made from a frozen image of the embryonic vesicle 

in cross-section relative to the uterine horn at maximum diameter of the vesicle. Thickness 

measurements of the endometrium were taken at the following o’clock positions relative to the 

site of the mesometrial attachment at 12:00 o’clock (center of attachment): 1:30, 4:30, 7:30, and 

10:30 o’clock (Figure 4-2). The o’clock positions of 1:30 and 10:30 were defined as representing 

the dorsal aspect (mesometrial) of the cross-section of endometrium and 4:00 and 7:30 as the 

ventral aspect (antimesometrial). Thickness was measured with the calipers of the ultrasound 

scanner between the internal surface of the wall of the embryonic vesicle and the apparent 

junction between endometrium and myometrium. The internal wall of the vesicle was used 

because the surface between the endometrium and vesicle wall often was indistinct. The junction 

between endometrium and myometrium was based on the characteristic echotexture of the 

endometrium (Ginther 1995b). 

Dorsal endometrial encroachment upon the vesicle from greater endometrial thickness 

dorsally than ventrally was assessed by dividing the dorsal thickness measurements by the 
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ventral measurements, and the result was defined as an encroachment ratio (Figure 4-2). A ratio 

of 1 indicated that the dorsal and ventral endometrial walls encompassing the vesicle were 

similar in thickness, and a ratio of 2 indicated that the dorsal wall was twice as thick as the 

ventral wall. To reduce the error associated with the irregular shape of the vesicle, the mean of 

the quotients between 1:30 and 7:30 and between 10:30 and 4:30 was used for each daily value. 

The encroachment ratio was not different (P > 0.05) among the measurements that were made at 

5-min intervals, and the mean for the 5-min intervals was used for each mare and day in further 

analyses. 

Endometrial perfusion or vascularity was evaluated in color-Doppler mode in the caudal 

segment containing the vesicle during endometrial-thickness measurements. During the mobility 

phase, the estimates were made when the vesicle was temporarily in the caudal segment of either 

uterine horn. Perfusion was estimated subjectively by scoring the extent of colored areas in the 

endometrium during real-time cross sectioning in a continuous span of 1 min. Because of animal 

and uterine movements, multiple cross-sections were viewed until an adequate uninterrupted 1-

min series was obtained. Only the colored areas that appeared to be within the endometrium were 

considered. The scores were 1, 2, 3, and 4, indicating nil, minimal, intermediate, and maximal 

perfusion, respectively. The scoring system was validated previously (Silva et al. 2005). The 

selected 1-min scan was recorded on a digital videocassette. 

 Vascular perfusion of the endometrium also was assessed objectively by off-line 

measurement of the number of colored pixels and the number of colored spots as an indicator of 

blood-flow area, as described (Silva et al. 2005). A selected still frame (image) with the 

estimated maximum flow area from each 1-min recorded scan was used. The images were 

captured from the videocassettes using Adobe Premiere Pro 1.5 software (TIFF format; Adobe 
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Systems, San Jose, CA, USA). Colored spots or pixel aggregates were selected from the images, 

extracted, and saved (GIF format) using Adobe PhotoShop 5.5 software (Adobe Systems). The 

number of colored spots was extracted directly from the GIF format images. ImajeJ 1.31v 

software (National Institutes of Health, Bethesda, MD, USA) was used for calculation of the 

total number of colored pixels for each GIF-format image. The subjective and objective 

perfusion end points were not different (P > 0.05) among the measurements at 5-min intervals, 

and the mean for the 5-min intervals was used in the analyses for each approach. 

Sequential endometrial encroachment and perfusion data were centralized to fixation and 

extended from 4 days before to 3 days after fixation. Before fixation, daily comparisons of 

endometrial thickness and vascular perfusion surrounding the vesicle when in a caudal segment 

were made between the horn of future fixation and the opposite horn. The two horns were 

compared for 4, 3, and 2 days before fixation; data were not included for the opposite horn on the 

day before fixation, owing to the absence of a vesicle in the opposite horn during the mobility 

trial in seven of nine mares. Endometrial encroachment was also centralized to first detection of 

the early indicator. 

 

Statistical Analyses 

 Data were examined for normality with the Kolmogorov-Smirnov test. Data that were not 

normally distributed were transformed to natural logarithms. The scores for Doppler vascularity 

were considered to be nonparametric and were analyzed by a ranking procedure (Conover 1999). 

The ranked scores and the parametric end points were analyzed by the mixed procedure of SAS 

(version 8.2; SAS Institute, Inc., Cary, NC) to determine the main effects and the interaction, 

using a repeated statement to account for autocorrelation between sequential measurements. 

Paired and unpaired Student t-tests were used to locate differences within and between horns, 
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respectively, when significant main effects or an interaction were obtained. Discrete data were 

analyzed by Student t-tests. The proportion of mares with the embryonic vesicle located in the 

future horn of fixation versus the opposite horn 1 day before fixation was compared with a chi-

square test. A probability of P ≤ 0.05 indicated a significant difference. All values, unless 

otherwise stated, are the mean ± SEM. 

 

Results 

 Five mares were not used, because of embryonic loss during the experimental periods 

(n=3) and fixation in the uterine body (n=2), resulting in 21 mares for Experiment 1 and 9 mares 

for Experiment 2. The mean day of fixation, day of first detection of the early indicator of the 

future position of the embryo proper, day of first detection of the embryo proper, intervals 

between these three events, and clock-face position and day-to-day changes in position of the 

early indicator and embryo proper are shown for each experiment and combined for the two 

experiments (Table 4-1). Data from last day of examination in Experiment 2 are not given in the 

table, owing to early termination of the experiment (Day 19). The early indicator was first 

detected on the day of fixation (17/30 mares; 57%) or 1 day (40%) or 2 days (3%) after fixation, 

resulting in the interval of 0.5 ± 0.1 days between the two events. In all mares in both 

experiments, the early indicator was detected before detection of the embryo proper (range of 

intervals, 1 to 5 days). The days of first detection of the embryo proper with heart beats (number 

of mares) were as follows: Day 17 (1), Day 18 (11), Day 19 (13), and Day 20 (5). 

 

Experiment 1 

 The early indicator served to mark the future position of the embryo proper and was 

detected in all mares. The early indicator consisted of colored spots in close apposition to or 
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impinging upon the wall of the vesicle (Figure 4-3). One to six processes of the colored spots 

appeared to involve the vesicle wall. The indicator persisted in approximately similar form from 

first detection until the embryo-proper stage in individual mares. An echoic spot without a color-

Doppler signal arose from the internal wall of vesicle and protruded into the fluid area of the 

vesicle at the site of the early indicator in 9/21 mares (43%) on the day before an embryonic 

heart-beat was detected. 

 The position (clock-face hours) of the early indicator at the first detection did not differ 

from the position at last detection (day before detection of embryo-proper) or from the position 

of the embryo proper at first detection and at last detection on Day 21 (Table 4-1). The change in 

position between first detection of the early indicator and embryo proper did not differ between 

mares with an interval from indicator to embryo proper of 1 or 2 days (change in position, 1.1 ± 

0.5 h; n=8) versus ≥ 3 days (0.8 ± 0.2 h; n=13). 

 

Experiment 2 

 The diameter (cross-sectional relative to the uterine horn) of the embryonic vesicle 

increased progressively (significant increase each day) from 4 days before fixation (9.8 mm) 

until the day of fixation (24.1 mm). Growth rate of the vesicle during this time was 3.6 mm/day. 

Significant vesicle diameter changes were not detected for the 3 days after fixation. During the 2-

h mobility trials at 4 days to 2 days before fixation, the percentage of mares in which the vesicle 

appeared in both horns (39%), only in the future horn of fixation (26%), or only in the opposite 

horn (35%) was not different among these three groups. However, 1 day before fixation, the 

vesicle was in only the future horn of fixation or the adjacent cranial end of the uterine body 

during the mobility trial in 7 of 9 mares, compared to 2 of 9 in only the opposite horn and 0 of 9 
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in both horns (P < 0.05). An early indicator of the future position of the embryo proper was not 

identified during the mobility phase in any mare. 

The endometrial encroachment ratios, vascularity scores, number of colored spots, and 

number of colored pixels for 4 days before to 3 days after fixation are shown (Figure 4-4). There 

were no significant effects of horn (horn of future fixation and opposite horn), day, or an 

interaction of day and horn for the encroachment ratio over 4, 3, and 2 days before fixation. 

However, for 4, 3, and 2 days before fixation, the main effect of day was significant for 

vascularity score (P < 0.0001), number of colored spots (P < 0.001), and number of colored 

pixels (P < 0.005). There was no horn effect. The days of significant differences are shown 

(Figure 4-4). Analyses of data for the horn of fixation from 4 days before to 3 days after fixation 

were significant (P < 0.003) for each of the four end points. The first significant increase 

occurred between 4 and 1 days before fixation for the encroachment ratio (P < 0.02), between 4 

and 2 days before fixation for vascularity score (P < 0.05) and number of colored pixels (P < 

0.05), and between 4 and 1 days before fixation for number of colored spots (P < 0.05). 

The endometrial encroachment ratio in the horn of fixation differed (P<0.0001) over days 

centralized to the first day of detection of the early indicator. The ratio first increased (P < 0.04) 

between 4 and 2 days before first detection of the indicator (Figure 4-5).  

 

Discussion 

  The diameter growth rate of the embryonic vesicle (3.6 mm/day) during the mobility 

phase and the day of fixation are similar to reported values (Ginther 1995b). The absence of an 

increase in cross-sectional expansion of the vesicle relative to the uterine horn after fixation is 

consistent with previous studies (Ginther 1995b); expansion occurs longitudinally along the 

uterine lumen, owing to turgidity of the uterine wall. Fixation occurred in the caudal segment of 
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a uterine horn in 30 of 32 mares. The remaining fixations (6%) occurred in the uterine body, 

which is similar to the 7% incidence of fixation in the body in a previous study (Gastal et al. 

1996). One of the two mares was bred in two earlier studies and fixation during each of the three 

pregnancies occurred in the middle of the uterine body, indicating repeatability. 

During the last day of the mobility phase, the vesicle was mobile within the future horn 

of fixation but did not enter the opposite horn in a significant number of mares (7 of 9). This is a 

novel finding, and the underlying mechanism is not known. However, the vesicle may have 

entered the cranial- most aspect of the uterine body before returning to the caudal segment of the 

horn of fixation; this could not be determined, critically. The slight, but significant, increase in 

differential dorsal endometrial thickening (encroachment ratio) in the caudal segment of the 

future horn of fixation between 4 and 1 days before fixation and the reported increased uterine 

turgidity (Gastal et al. 1996) may have contributed to the fixation process. The degree of dorsal 

thickening in the nonfixation horn could not be evaluated in the seven mares with apparent 

confinement of the mobile vesicle in or near the horn of future fixation on the day before 

fixation; the absence of the vesicle in the caudal segment of the opposite horn precluded 

measurement of thickening. Further study with a different approach will be needed. Moreover, 

study is needed on the extent of differential dorsal endometrial thickening in other parts of the 

horn of fixation and throughout the opposite horn. 

 In a recent study (Silva et al. 2005), the extent of vascular perfusion was assessed in the 

middle segment of each horn during the mobility phase. Perfusion increased in both horns during 

Days 11 to 14, but was greater in the horn that contained the embryo at the time of assessment. 

An increase in vascularity occurred within 7 min after the vesicle entered a horn. In the present 

study, vascular perfusion during the mobility phase was assessed in the caudal segment of each 
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horn after the vesicle was present in the caudal segment for at least 5 min; the results were 

similar to those of the previous study (Silva et al. 2005). The increase in vascularity began before 

the increase in the encroachment ratio in the endometrium at the site of future fixation. The post 

fixation 2-day increase in vascularity score at the site of fixation was also similar for the present 

and previous studies. However, the increase in the encroachment ratio between 1 and 3 days after 

fixation in the present study was more rapid than during 4 to 0 days before fixation, whereas a 

continued increase in vascularity did not occur 1 to 3 days after fixation. The nonsynchronous 

occurrence of endometrial perfusion and encroachment suggested, although tenuously, that the 

two events were from different stimulating factors, presumably from the embryonic vesicle. The 

rapid increase in the encroachment ratio after fixation may have reflected the continued presence 

of the vesicle, assuming that the vesicle produced a factor that stimulated thickening of the 

endometrium. It seems reasonable that the differential thickening would occur closest to the 

mesometrial attachment or the point of entry of blood vessels into the uterine horns. In this 

regard, the dorsal thickening may be considered preparatory to the attachment of the umbilical 

cord adjacent to the mesometrial attachment during the fetal stage (Ginther 1998a). 

 Morphology of the fixation site (implantation chamber) has been examined with 

histologically-prepared specimens (Enders & Liu 1991). As the vesicle expanded, the ventral 

endometrium at the embryonic pole dilated and formed the chamber. The endometrial folds were 

distinct dorsally and flattened ventrally. The chamber assumed an oval shape, indicating that the 

turgid horn allowed expansion only in the direction of the uterine lumen. Endometrial folds at 

each end of the chamber were closely apposed. These descriptions from excised tracts are 

consistent with earlier descriptions based on ultrasonography (Ginther 1983b). However, 

morphologic description of the tissue architecture of the profound hypertrophy at the dorsal 
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aspect of the chamber apparently has not been reported. The echotexture of the endometrial 

encroachment was not considered or compared to the echotexture of the endometrium in other 

parts of the uterus in the present study. Comparison of the dorsal and ventral aspects of the 

endometrium by ultrasound in the present study was not productive, primarily because 

enhancement artifacts obscured the endometrium beneath the fluid-filled vesicle; enhancement 

artifacts result from relative over-saturation by echoes from the ventral wall because of limited 

attenuation of the ultrasound beams while passing through the yolk-sac fluid (Ginther 1995a). 

The morphology and underlying mechanisms involving the endometrial enlargement near the 

mesometrial attachment will need investigation. 

The discovery of an early color-Doppler indicator in the endometrium marking the future 

position of the embryo proper at the periphery of the vesicle in all 30 mares was an asset in the 

study of the orientation phenomenon. Results supported the hypothesis that dorsal endometrial 

encroachment begins before the earliest indication that orientation had occurred and, in addition, 

indicated that encroachment began even before fixation. 

 The range of intervals from first detection of the early indicator to the first detection of 

the embryo proper (1 to 5 days) indicated the extent of variation in the interval. Nevertheless, the 

mean clock-face position of the early indicator and the embryo proper remained approximately 

constant and were not different from one another. The day-to-day change in position of the early 

indicator and embryo proper in individuals throughout the experiments was minimal (means of 

0.4 and 0.2 clock-face hours). That is, there was little position orientation change from day-to-

day or between first detection of the early indicator and the last examination of the embryo. 

 The anatomical origin of the color-Doppler signals that were used as early indicators of 

the future position of the embryo proper and especially the colored processes that appeared to 
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permeate the vesicle wall are unknown. The major portion of the colored area likely represented 

blood flow in endometrial vessels that were stimulated or dilated as a result of the close 

apposition to the embryonic disc. The color processes that appeared to reach the yolk sac fluid 

may have represented movement of blood in rudimentary embryonic vessels and contractions of 

the primitive heart. In this regard, a detailed study of embryonic angiogenesis at this stage is 

lacking. It has been reported that an anastomotic network of blood vessels in the yolk-sac wall 

adjacent to the embryo proper and a heart chamber were present on Day 18, but the crucial Days 

of 15 to 17 were not included in the study (Enders et al. 1993). The color responses at the edge 

of the colored spots also may have represented blooming artifacts or the extension of the color 

signals beyond the lumens of blood vessels (Zwiebel & Pellerito 2005). Our current technology 

and knowledge were not adequate for determining whether portions of the colored early indicator 

involved embryonic as well as endometrial vessels, and further study is needed. 

 First detection of the embryo proper with heart beats (on Days 17 to 20 was about 2 days 

earlier than for previous reports (Days 19 to 22; Ginther 1995b). The earlier detection 

represented an improvement in the resolution of the B-mode ultrasound technology combined 

with confirmation of heart beats with the color-Doppler function. The detection of a small echoic 

spot on the internal surface of the vesicle at the position of the early indicator in 43% of mares 

on the day before detection of the embryo proper can be attributed to an embryo proper before 

the detection of heart beats. 

In conclusion, the embryonic vesicle entered and was mobile in the uterine horn of future 

fixation on the day before fixation more frequently than for the opposite horn. Differential dorsal 

thickening of the endometrium that surrounds the embryonic vesicle began during the later days 

of the mobility phase. After fixation, the differential dorsal thickening or endometrial 



 

93 

encroachment upon the vesicle increased rapidly and was more than 4 times thicker than 

ventrally by three days after fixation. Color-Doppler imaged blood vessels formed in the 

endometrium close to the ventral wall of the embryonic pole of the vesicle an average of 0.5 days 

after fixation and 2.5 days before detection of the embryo proper with heart beats. These distinct 

color spots were designated as early indicators of the future position of the embryo proper at the 

periphery of the vesicle. An early indicator was detected in all mares opposite to the dorsal 

endometrial thickening and mesometrial attachment, and its position did not differ significantly 

from the position of the later-detected embryo proper with heart beats. Based on the position of 

the early indicator, orientation of the embryonic vesicle occurred immediately after fixation and 

on a temporal basis supported the hypothesis that dorsal endometrial encroachment begins before 

the earliest indication that orientation has occurred. 
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Table 4-1.  Means (± SEM) for days of fixation and detection of the orientation indicators and 

clock-face positions for each experiment. 

 

 
Experiment 1 

(n = 21) 

Experiment 2 

(n = 9) 

Combined 

(n = 30) 

Day after ovulation    

      Fixation
 

15.9 ± 0.1 15.9 ± 0.2 15.9 ± 0.1 

      First detection of early indicator
a 

16.4 ± 0.2 16.3 ± 0.1 16.4 ± 0.1 

      First detection of embryo proper
 

19.1 ± 0.1 18.4 ± 0.1 18.8 ± 0.1 

Intervals (days)    

      Fixation to early indicator
 

0.5 ± 0.1 0.4 ± 0.2 0.5 ± 0.1 

      Early indicator to embryo proper
 

2.6 ± 0.2 2.1 ± 0.2 2.5 ± 0.2 

      Fixation to embryo proper
 

3.1 ± 0.2 2.6 ± 0.2 3.0 ± 0.1 

Position (clock-face hours)
b 

   

      Early indicator    

            First detection 6.1 ± 0.2 6.0 ± 0.2 6.1 ± 0.2 

            Last detection 6.3 ± 0.1 6.3 ± 0.4 6.3 ± 0.1 

      Embryo proper    

            First detection 6.4 ± 0.3 6.1 ± 0.6 6.3 ± 0.2 

            On Day 21 6.5 ± 0.3 --- --- 

Position change/day (clock-face hours)    

      Early indicator 0.4 ± 0.2 0.2 ± 0.1 0.3 ± 0.1 

      Embryo proper 0.2 ± 0.1 --- --- 
a
Localized colored area in endometrium that indicated the future clock-face position of the 

embryo proper with heart beats. 
b
Clock-face position relative to 12:00 o’clock at the center of the mesometrial attachment. 

No significant differences in means between experiments. 
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Figure 4-1. Diagram of the transrectal placement of a linear-array ultrasound transducer, showing 

the spatial relationships among the uterine horns, transducer, and sonograms. The 

colored spots are color-Doppler indicators of blood flow. The arrows in the image on 

the left indicate the outer limits of the endometrium. The nine uterine segments used 

in the mobility trials are shown. ma=mesometrial attachment. 
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Figure 4-2. Color mode sonogram depicting the o’clock method of determining the position of a 

structure at the periphery of the embryonic vesicle (A) and B-mode sonogram 

illustrating the method for determining the endometrial encroachment ratio (EER; B). 

The numbers (3, 6, 9, 12) refer to o’clock positions. Alignment with the area of 

mesometrial attachment is at 12:00 o’clock or 12 hours. Endometrial thickness (B) at 

10:30 was divided by the thickness at 4:30 (green arrows) and the thickness at 1:30 

was divided by the thickness at 7:30 (yellow arrows). The average endometrial 

encroachment ratio in this illustration is 2.7. 
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Figure 4-3. Sonograms illustrating (arrows) early endometrial indicators of the future position of 

the embryo proper (A, B) and the embryo proper (C, D). The arrows (A, B) indicate 

sites where the color of the early indicator appears to permeate the vesicle wall, a 

small embryo proper (note the small color spot; C), and a more developed embryo 

proper (D). The color-Doppler assessment was confined to the area delineated by the 

dotted lines (A) to improve the color flow resolution. 
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Figure 4-4. Means (±SEM) for endometrial encroachment ratio (dorsal thickness divided by 

ventral thickness) and three end points for assessing the extent of vascular perfusion 

of the endometrium centralized to the day of fixation (n=9 mares). Horn of fixation 

before Day 0 refers to the future horn of fixation as determined retroactively. The 

opposite horn refers to the horn in which fixation did not occur. An asterisk indicates 

a significant difference (P < 0.05) between days combined for the two horns. For each 

panel, lower-case letters above the day axis indicate days of differences between 

means within the horn of fixation; any two days without a common lower-case letter 

are different (P < 0.05). 
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Figure 4-5. Means (±SEM) for endometrial encroachment ratio (dorsal thickness divided by 

ventral thickness) centralized to first day of detection of the early indicator (n=9). 

Lower-case letters above the day axis indicate days of differences between means; 

any two days without a common lower-case letter are different (P < 0.05). 
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CHAPTER 5 

INCIDENCE AND NATURE OF DYSORIENTATION OF THE EMBRYO PROPER AND 

SPONTANEOUS CORRECTION IN MARES 

 

Synopsis 

Orientation of the embryo proper at the periphery of the equine embryonic vesicle is 

normally antimesometrial or on the ventral aspect of the embryonic vesicle (6 o’clock relative to 

12 o’clock at the center of the mesometrial attachment). An early ultrasonographically detectable 

vascular endometrial indicator of the future position of the embryo proper has been reported 

previously and was first detected in a mean 2.5 days before detection of the embryo proper. In 

the present study, four occurrences of dysorientation of the embryo proper were found in a group 

of 30 mares (incidence, 13%). When first detected, the early indicator of the clock-face position 

of the embryonic pole for the dysorientation and normal orientation group, respectively, was 1.3 

± 0.3 and 0.4 ± 0.1 hours from the 6 o’clock position (P < 0.008). The extent of dysorientation 

increased progressively over Days 16 to 19, so that the embryo proper was at 3, 9, 9, or 10 

o’clock. Dysorientation was associated with a flaccid uterus and defective encroachment of the 

dorsal endometrium upon the vesicle in three of the four mares. In a second study, dysorientation 

of the embryo proper occurred in two mares with apparently normal uterine tone and endometrial 

encroachment. When first detected, the embryo proper was at 9 or 10 o’clock. However, 

asymmetric enlargement of the allantoic sac spontaneously corrected the dysorientation, so that 

orientation of the umbilical-cord attachment was at a normal position near 12 o’clock. 
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Introduction 

The large size of the fluid-filled embryonic vesicle (conceptus) and the close proximity of 

the uterine wall to the rectal wall in the mare provide an exquisite model for study of embryo-

uterine interactions, using transrectal ultrasonography (Ginther 1983a, 1983b). Equids are the 

only common eutherian mammals in which real-time images of conceptus migration, fixation, 

and orientation and conversion from yolk sac to allantoic sac placentation can be studied 

sequentially in vivo and apparently without disturbance. The spherical embryonic vesicle reaches 

the uterine body on about Day 8 (ovulation = Day 0; Griffin et al. 1993) and over Days 9 to 15 

(diameter, 3 to 20 mm) traverses the full length of the uterine horns and body many times per 

day (Ginther 1983a, Leith & Ginther 1985). The vesicle becomes fixed on Day 16 in the caudal 

portion of a uterine horn. Fixation is attributable to an impediment to continued mobility from a 

bend in the horns, increasing uterine turgidity, and increasing vesicle growth and occurs despite 

the continuation of uterine contractions (Ginther 1983b, Leith & Ginther 1985, Gastal et al. 

1996). 

 Orientation of the embryo proper refers to its position at the periphery of the embryonic 

vesicle relative to the mesometrial attachment. In the equine species, the embryonic pole is 

antimesometrial (opposite to the mesometrial attachment) or on the ventral aspect of the vesicle 

after orientation is completed (Ginther 1998a). The pattern of orientation (mesometrial, 

antimesometrial, intermediate) is constant within species but differs among species (Mossmam 

1971, 1987). Because of the advantages of the horse model, the mechanisms of the orientation 

process have been studied in detail, in contrast to the absence or dearth of information in other 

species. The orientation process in mares has been attributed (Ginther 1983b, 1985, 1998) to 

physical or mechanical characteristics of the uterus and conceptus as follows: 1) differences in 

tensile strength between the thin (two cell layers) and thick (three layers) portions of the wall of 
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the embryonic vesicle; 2) asymmetric encroachment of the turgid uterine wall upon the vesicle, 

resulting from differential thickening of the dorsal endometrium at the mesometrial attachment; 

3) the massaging action of uterine contractions; and 4) a distinct, smooth, and strong capsule 

enclosing the embryonic vesicle until about Day 21 (Betteridge et al. 1982). The surfaces of the 

equine embryonic vesicle and endometrium develop adhesive qualities (Denker 2000, Enders & 

Liu 1991, Al-Ramadan et al. 2002), which may aid in anchoring the vesicle after orientation is 

completed. 

 In a recent study (Silva et al. 2005), the extent of endometrial vascular perfusion was 

assessed by color-Doppler ultrasonography in the middle segment of each horn during the 

mobility phase. Perfusion increased in both horns during Days 11 to 14 but was greater in the 

horn that contained the mobile embryo at the time of assessment. An increase in vascularity 

occurred within 7 minutes after the vesicle entered a horn. In another study (Silva & Ginther 

2006), the endometrium began to thicken dorsally (endometrial encroachment) during the later 

days of the mobility phase. After fixation, dorsal thickening increased more rapidly and was 

more than four times greater than ventrally by 3 days after fixation. Color-Doppler imaged blood 

vessels formed in the endometrium opposite to the mesometrial attachment and close to the 

ventral wall or embryonic pole of the vesicle an average of 0.5 days after fixation on mean Day 

15.9 and 2.5 days before detection of the embryo proper with heart beats on mean Day 18.8. 

These distinct color spots were designated as early indicators of the future position of the embryo 

proper at the periphery of the vesicle. An early indicator was detected in all of 30 mares in an 

antimesometrial position opposite to the dorsal endometrial encroachment and mesometrial 

attachment, and its position did not differ significantly from the position of the later-detected 

embryo proper with heart beats. Based on the position of the early indicator, orientation of the 
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embryonic vesicle occurred immediately after fixation and on a temporal basis supported the 

hypothesis that differential endometrial thickening encroaches upon the fixed vesicle before the 

earliest indication that orientation has occurred. 

 In the present study, a search was made for indications of malpositioning or 

dysorientation of the embryonic pole in the records obtained from the previous study (Silva & 

Ginther 2006). The physical nature of the progressive development of dysorientation was 

characterized. Orientation and defined dysorientation were compared to further test the 

hypothesis that dorsal endometrial encroachment was a component of successful orientation. In 

addition, spontaneous correction of the dysorientation process was described. 

 

Materials and Methods 

 Animal management, B-mode (gray-scale) and color-Doppler ultrasound equipment and 

techniques, and data collection procedures have been reported (Silva & Ginther 2006). The 

present study is a reassessment of reported data (Silva & Ginther 2006) after grouping the mares 

into those with normal orientation and those with dysorientation. The position of the embryo on 

Day 19 was used to assign mares to the normal orientation group (early embryo proper 

antimesometrial or at the ventral aspect of vesicle) or dysorientation group (embryo proper 

mesometrial or at the dorsal aspect) based on a previous report (Ginther 1985). Sites at the 

periphery of the cross-sectional image of the embryonic vesicle were assigned positions, 

according to the face of a clock (Figure 5-1). Twelve o’clock was at the center of the 

mesometrial attachment to the dorsal aspect of the horn. The o’clock approach was used for 

determining the position of the embryonic pole at the periphery of the vesicle in all 30 mares. 

The position was recorded to the nearest hour. Positions at or above 3 and 9 o’clock were defined 
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as being in the dorsal aspect of the horn (mesometrial) and positions at or below 4 and 8 o’clock 

were defined as being in the ventral aspect (antimesometrial).  

Two structural markers of orientation of the embryonic pole were used: 1) presence of a 

color Doppler early endometrial indicator of the future position of the embryo proper and 2) 

presence of the embryo proper with heart beats. The localized early endometrial vascular 

indicator of completed orientation was distinguishable from other endometrial color-Doppler 

signals for blood flow by closer proximity to the embryonic vesicle and greater stability in 

location and appearance during frequent examinations at a given session (Silva & Ginther 2006). 

Termination of the study was on Day 19. The end points were days of fixations, first detection of 

the early indicator, and first detection of the embryo proper. The clock-face position of the early 

indicator and embryo proper was expressed as number of hours from 6 o’clock. The number of 

hours or deviation in position from 6 o’clock regardless of direction (clockwise or 

counterclockwise) was used to compare groups and days rather than the actual clock-face 

position, owing to the canceling effect when direction of change was not considered. The change 

in number of hours from 6 o’clock was determined for day of first detection of each indicator of 

orientation. Stability of the position was assessed by changes over Days 16 to 19.  

Endometrial thickness (distance between the apparent endometrial/myometrial interface 

and embryonic vesicle) was assessed in four available mares with dysorientation of the embryo 

proper and seven randomly selected mares with normal orientation. Thickness was measured in 

B-mode on the days of first detection of the early-indicator and embryo proper and on Days 15 to 

19. Measurements were made from a frozen image of the embryonic vesicle in cross-section 

relative to the uterine horn in two directions at maximum diameter of the vesicle. Thickness 

measurements of the endometrium were taken at the following o’clock positions: 1:30, 4:30, 
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7:30, and 10:30 relative to the site of the mesometrial attachment at 12 o’clock. The o’clock 

positions of 1:30 and 10:30 were defined as representing the dorsal aspect (mesometrial) of the 

cross-section of endometrium and 4:30 and 7:30 as the ventral aspect (antimesometrial). Dorsal 

endometrial encroachment upon the vesicle from greater endometrial thickness dorsally than 

ventrally was assessed by dividing the dorsal thickness measurements by the ventral 

measurements, and the result was defined as an encroachment ratio (Silva & Ginther 2006). The 

encroachment ratio at first detection of the early indicator and at first detection of the embryo 

proper was used for comparison of the normal-orientation and dysorientation groups. In addition, 

the encroachment ratios for Days 15 to 19 were compared between groups. 

 The position of the embryonic pole (number of hours from 6 o’clock) for Days 16 to 19 

and the encroachment ratio for Days 15 to 19 were studied by a factorial ANOVA to determine 

main effects of group and day and the interaction of group by day. When an interaction was 

obtained, comparisons between the orientation and dysorientation groups were made by unpaired 

Student’s t-tests. 

 In a second study, dysorientation was observed in two mares with apparently normal 

uterine tone and endometrial encroachment. The dysorientation in these two mares was 

monitored daily until Day 45. 

 

Results 

 Dysorientation of the embryo proper, defined by a position in the dorsal aspect of the 

uterine horn or in the mesometrial area, occurred in four of 30 mares (13%). There were no 

differences between the normal-orientation and dysorientation groups in day of fixation, day of 

first detection of the early indicator, or day of first detection of the embryo proper (Table 5-1). 

For the early indicator and for the embryo proper, the number of hours from 6 o’clock at first 
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detection was significantly greater for the dysorientation group than for the normal-orientation 

group (Table 5-1). The effect of group and day and the interaction of group by day was different 

(P < 0.0001) for number of hours from 6 o’clock over Days 16 to 19 (Figure 5-2). The 

interaction resulted from a greater increase over days and a greater mean within each day in the 

dysorientation group. 

 The dorsal encroachment ratio for the difference in endometrial thickness between the 

dorsal and ventral aspects of the uterine horn was less for the dysorientation group than for the 

normal orientation group on the first day of detection of the embryo proper (Table 1). The 

increase in the encroachment ratio over Days 15 to 19 also was less in the dysorientation group, 

as indicated by a day-by-group interaction (P < 0.03; Figure 5-2), similar to the results for 

number of hours from 6 o’clock. 

 On Day 19, the conceptus had primarily a guitar-pick shape with the apex near 12 o’clock 

in the normal-orientation group, as previously reported (Ginther 1983b), whereas the conceptus 

was oblong in three of four mares in the dysorientation group (Figure 5-3). Specifically, the 

maximum linear dimension of the conceptus averaged over the four mares was greater (P < 

0.002) and the opposite dimension was smaller (P < 0.03) in the dysorientation group (34.8 ±  

1.6 and 16.8 ± 2.2 mm, respectively) than in the normal-orientation group (27.0 ± 0.4 and 24.0 ± 

2.3 mm, respectively). 

 In the second study in which dysorientation was observed upon first detection of the 

embryo proper in two mares, spontaneous correction of the dysorientation occurred in each mare. 

The correction involved asymmetric expansion of the allantoic sac, so that the umbilical cord of 

the fetus attached in a normal position in the area of the mesometrial attachment (Figure 5-4). 
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Discussion 

 Orientation of the embryo proper was defined as positioning of the embryonic pole at 6 

o’clock or opposite to the center of the mesometrial attachment (12 o’clock). All positions of the 

embryo proper at or above 3 to 9 o’clock were used to define dysorientation of the embryo 

proper. Assigning mares to normal orientation and dysorientation groups was made on Day 19, 

the last day with data from all 30 mares. Detection of the embryo proper with heart beat on mean 

Day 18.8 was about 2 days earlier than for previous reports, owing to improved ultrasound 

technology (Silva & Ginther 2006). Dysorientation of the embryo proper in 4 of 30 (13%) mares 

is the first information on incidence of dysorientation in any species. On Day 19, the embryonic 

pole of the four mares with dysorientation was at 3, 9, 9, or 10 o’clock. The o’clock positions on 

Day 19 in the 26 mares with normal orientation ranged from 5 to 7 o’clock (reported mean for 

the 30 mares, 6.1 ± 0.6 o’clock, Silva & Ginther 2006).  

 The reliability of using the early indicator to determine the future position of the embryo 

proper with heart beats has been reported for this group of 30 mares (Silva & Ginther 2006); 

there were no differences in clock-face position of the embryonic pole between the early-

indicator and embryo-proper stages. Number of hours from 6 o’clock was greater in the 

dysorientation group, compared to the normal group, on the first day of the detection of the early 

indicator. However, a gradual change in position from the antimesometrial area to the 

intermediate area occurred consistently in a given direction (clockwise or counterclockwise) 

within each of the four mares with embryo dysorientation. The findings of progressive position 

changes over Days 16 to 19 demonstrated position instability in the dysorientation group. These 

findings on the nature of the dysorientation process have not been previously described for any 

species.  
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 An increase in the endometrial encroachment ratio in the horn of fixation began before 

fixation with a more profound increase after fixation (Silva & Ginther 2006). In the present 

study, an increase in the encroachment ratio similar to the encroachment in the normal group did 

not occur in the dysorientation group, as indicated by the day-by-group interaction. The defective 

development of dorsal endometrial encroachment in association with dysorientation supported 

the hypothesis that differential dorsal thickening is at least part of the normal process for 

orientation of the embryo proper. On the day of detection of the early indicator in the 

dysorientation group, the embryonic pole was in the antimesometrial area, and its position over 

subsequent days was less stable than in the normal-orientation group. Therefore, our 

interpretation is that the dorsal endometrial thickening that began before fixation was adequate 

initially for placing the embryonic pole in the antimesometrial area in both groups, but the 

increase in encroachment was not adequate to maintain the antimesometrial orientation in the 

dysorientation group. Therefore, under this assumption, the embryonic pole gradually moved to 

an abnormal position as the embryonic vesicle increased in diameter.  

The measurements of the embryonic vesicle in two planes with the uterus in cross section 

indicated that the vesicle was more oblong or flattened in the dysorientation group averaged over 

the four mares. It was also noted that the uterus was more flaccid upon digital compression, 

similar to the uterus during diestrus, but unlike the turgid uterus at this stage of pregnancy 

(Gastal et al. 1996). Lack of development of uterine turgidity and underdeveloped endometrial 

encroachment accounts for the distortion in the shape of the conceptus. In individual mares, 

dysorientation was associated with a flaccid uterus and poor endometrial encroachment (three 

mares), but uterine tone, endometrial encroachment, and resulting shape of the conceptus seemed 

normal in the remaining mare. Dysorientation has been described previously in a mare that did 
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not develop the uterine tone characteristic of pregnancy (Ginther 1985); in addition to the 

conceptus being upside down, the conceptus at Day 33 extended into the middle of the uterine 

horn. This earlier description is consistent with the present finding that the embryonic vesicles in 

the dysorientation group were more oblong in three of four mares. A report (Ginther 1984b) of 

dysorientation of the umbilical cord involved four fetuses that remained after embryo reduction 

in unilateral twin sets. The umbilical cord of the survivor was attached in the ventral hemisphere 

of the vesicle. Dysorientation of the umbilical-cord attachment was associated with embryo 

reduction after Day 20. When the reduction occurred before Day 20, orientation of the umbilical 

cord of the survivor was similar to orientation for a singleton, apparently because there was time 

for orientation of the embryo proper to occur after reduction was completed. There were no twin 

embryos in the present study.  

 In the second study, two cases of dysorientation of the embryo proper were observed 

upon first detection of the embryo proper; uterine tone and endometrial encroachment seemed 

normal, as for the one of four mares with dysorientation in the primary study. However, these 

two mares were monitored daily until Day 45, whereas information was not available beyond 

Day 19 for the four mares in the primary study. The final position or orientation of the 

attachment of the umbilical cord was determined in the two mares in the second study. In both 

mares, the cord was attached in a normal position at the dorsal or mesometrial aspect of the 

conceptus (12 o’clock), even though when first detected, the embryos proper were at 9 and 10 

o’clock. That is, spontaneous correction of the dysorientation of embryo proper occurred during 

expansion of the allantoic sac, as shown (Figure 5-4). As the allantoic sac expanded, the embryo 

proper and the apposing vascularized membranes between the yolk sac and allantoic sac moved 

toward a site opposite to the initial clock-face position of the embryo proper. However, owing to 
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dysorientation of the embryo proper, one end of the joint membrane of the yolk sac and allantoic 

sac was first to reach the area of endometrial encroachment at the dorsal aspect of the conceptus 

or the area of mesometrial attachment. The first end of the membrane to reach the mesometrial 

area apparently became adhered, as indicated by the failure to detect further movement; the 

adhesive qualities of the endometrial/vesicle interface have been described (Enders & Liu 1991). 

The other end of the joint membranes continued to move as the allantoic sac expanded until it 

also reached the mesometrial area. Thereby, the initial dysorientation of the embryo proper was 

corrected, so that orientation of the umbilical cord was in the mesometrial area. Presumably, 

spontaneous correction of dysorientation of the embryo proper would not have occurred in the 

three of four mares with a flaccid uterus and minimal endometrial encroachment in the primary 

study; however, this was not ascertained because of termination of the study at Day 19.  

 In retrospect, it appears that the equine conceptus undergoes two forms of orientation. 

The first, orientation of the embryo proper, occurs soon after the end of the mobility phase. As a 

result, the embryonic pole is positioned at approximately 6 o’clock or opposite to the 

mesometrial attachment. The second, orientation of the umbilical-cord attachment, occurs during 

expansion of the allantoic sac and positions the umbilical attachment at the 12 o’clock in 

juxtaposition to the attachment of the mesometrium. Thus, the mechanism for orientation of the 

umbilical-cord attachment maintains correct positioning and corrects malpositioning of the 

embryo proper.  

 The outcome of the pregnancies with dysorientation of the embryo proper was not 

determined. In this regard, the blood vessels of the embryonic placental membranes come 

together mesometrially and become part of the umbilical cord when the fetus approaches the 

mesometrial area. Thus, the orientation processes assure that the attachment of the placental 
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vessels will be in juxtaposition to the mesometrial attachment of the maternal vessels. Proper 

orientation of the umbilical-cord attachment may have efficiency or survival value for the fetus, 

but this has not been studied. In the five reported (Ginther 1984b) cases of dysorientation of the 

embryo proper, the conceptus reached the fetal stage (Day 40) with no indication of an affect on 

size (Ginther 1984b, 1985). Apparently, therefore, dysorientation is not detrimental to the 

conceptus during the embryo stage. Information is available on dysorientation of the umbilical-

cord attachment during the fetal stage only in the reported mare with a flaccid uterus (Ginther 

1984b). The foal seemed unaffected. Speculatively, dysorientation during the fetal stage could be 

detrimental because the fetal body and limbs may compromise the malpositioned umbilical cord 

attachment, but the incidence of this hypothetical outcome is not known. 

In conclusion, normal orientation of the embryonic pole in the antimesometrial area 

occurred in 26 mares and dysorientation in four mares (13%). Dysorientation was present when 

the embryonic pole was first identified on Day 16; an early indicator of the future position of the 

embryo proper was a mean of 1.3 hours from 6 o’clock, compared to 0.4 hours in the normal 

group. Position of the embryonic pole changed progressively over days so that the position of the 

embryo proper was at 3, 9, 9, and 10 o’clock on Day 19 in the four mares. Dysorientation of the 

embryo proper in three of the four mares was temporally associated with a flaccid uterus and 

defective encroachment of the dorsal endometrium upon the vesicle. In a second study, 

spontaneous correction of dysorientation of the embryo proper occurred in two mares with 

apparently normal uterine tone and endometrial encroachment. Correction occurred during 

asymmetric expansion of the allantoic sac, so that the orientation of the umbilical-cord 

attachment was at approximately 12 o’clock or near the mesometrial attachment. 
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Table 5-1.  Means ± SEM for events associated with normal orientation and dysorientation. 

 

 

 Normal 

End point orientation Dysorientationa Probability 

 

Number of mares 26 4 - - -  

Fixation (Day) 15.8 ± 0.1 16.0 ± 0.4 NS 

First detection (Day) 

 Early indicatorb 16.3 ± 0.2 16.3 ± 0.2 NS 

 Embryo proper 18.8 ± 0.2 18.8 ± 0.3 NS 

Positionc (No. hours from 6:00) 

 Early indicatord 0.4 ± 0.1 1.3 ± 0.3 P<0.008 

 Embryo properd 0.7 ± 0.1 3.3 ± 0.3 P<0.00001 

Endometrial encroachment (ratio)e 

 Early indicatord 2.5 ± 0.3 2.0 ± 0.3 NS 

 Embryo properd 4.5 ± 0.5 2.8 ± 0.5 P<0.03 

 

 a Embryo proper in dorsal aspect of embryonic vesicle on Day 19. 
 b Endometrial vascular indicator of the future position of the embryo proper. 

 c Clock-face position of the indicated structure relative to 12 o’clock at the mesometrial 

attachment. 
 d At first detection 
 e Thickness of the endometrium at 1:30 and 10:30 divided by the thickness at 4:30 and 7:30. 

Data available for seven mares in the normal group and four mares in the dysorientation 

group. 

 NS Not significant 
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Figure 5-1. Illustration of the determination of clock-face positions relative to the mesometrial 

attachment at 12 o’clock. The embryo proper is at 5 o’clock. The distance between 

graduation marks is 10 mm. 
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Figure 5-2. Mean (± SEM) for encroachment ratio and clock-face position of the embryonic pole 

(number of hours from 6 o’clock). The interaction between group (normal orientation 

and dysorientation) and day was significant for both end points. Difference between 

groups was significant (P < 0.05) for Days 18 and 19 for endometrium and for each 

day for embryonic pole. 

 



 

115 

 

 

 
 

Figure 5-3. Color-Doppler ultrasonograms of the conceptus at Day 19 for normal orientation and 

dysorientation. Encroachment or thickening of the endometrium between the 

mesometrial attachment (upper right) and the embryonic vesicle is prominent for 

normal orientation but is not apparent for dysorientation. Arrows indicate the 

periphery of the endometrium. E = embryo proper. 
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Figure 5-4. Comparison of the expansion of the allantoic sac for a conceptus with normal 

orientation and dysorientation of the embryo proper (E). Correction of the 

dysorientation of the embryo proper occurred by asymmetric expansion of the 

allantoic sac, so that the orientation of the umbilical-cord attachment of the fetus (F) 

was in a normal position in the mesometrial area. In the correction of dysorientation 

of the embryo proper, one end of the apposing membranes of the yolk and allantoic 

sacs was first to reach the mesometrial area and apparently became adhered. The 

other unadhered end continued to move toward 12 o’clock as the allantoic sac 

continued to expand. 
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CHAPTER 6 

CONCEPTUS-MEDIATED ENDOMETRIAL VASCULAR CHANGES PRIOR TO 

IMPLANTATION IN MARES – AN ANATOMIC, HISTOMORPHOMETRIC AND 

VASCULAR ENDOTHELIAL GROWTH FACTOR RECEPTOR SYSTEM 

IMMUNOLOCALIZATION AND GENE EXPRESSION STUDY 

 

Synopsis 

Implantation in Equids begins around Day 40 of pregnancy culminating with the 

developed early placenta around Day 60. Before implantation, the spherical conceptus is mobile 

until around Day 16 (day of fixation). Fixation occurs in the posterior segment of one of the 

uterine horns. Studies in mares by color-Doppler ultrasonography detected endometrial vascular 

changes, prior implantation, as early as Day 12. During mobility phase, rapid endometrial 

vascular accompanied the conceptus changes of location. After fixation, rampant increase in 

vascularity and thickness was observed in the dorsal endometrium of the fixation site. We 

hypothesized that the conceptus locally modulates the intense endometrial vascular changes and 

remodeling observed prior to implantation in mares. In situ morphology on Day 21 of pregnancy 

revealed a more edematous and vascular area at the dorsal endometrium in the ipsilateral horn to 

the conceptus. Adherence points were localized between the yolk sac surface and the dorsal 

endometrium suggesting specific points of interaction between the embryonic glycoproteic 

capsule and uterine epithelial cells. Histomorphology showed that the dorsal endometrial area 

around the conceptus presents a large area occupied by blood vessels and endometrial glands. 

Immunolocalization pattern of VEGF and VEGFR-1 did not differ between pregnant and cyclic 

mares. VEGFR-2 stained all endometrial layers of pregnant mares but did not or was very weak 

at the luminal epithelium of cyclic mares. Intense proliferation was observed by Ki-67 staining at 

the luminal epithelium of mares during oestrus. During luteal phase, the proliferative state was 

practically reduced to zero. During pregnancy, all endometrial layers presented proliferative cells 
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and more positive cells were observed on Day 21 than on Day 14. Expression of VEGF mRNA 

was higher in pregnant mares than cyclic mares. mRNA expression for VEGFR-2 was higher on 

Day 21 of pregnancy compared with cyclic mares and was numerically higher but did not differ 

from pregnant mares on Day 14. Our main hypothesis was supported. Data suggest paracrine 

stimulation of the endometrial vascular system by the conceptus. However, results indicate that 

endometrial architecture is being modulated by paracrine and systemic stimulus during 

pregnancy. Data provide insights into the architectural and molecular changes in the 

endometrium that occur during early pregnancy in the presence of the conceptus.  These results 

set the stage for future experiments to understand more completely the role of the conceptus in 

regulating the uterine environment in favor to its own nutritional supply, development, and to the 

uterine immunological modulation. 

 

Introduction 

Vascular development and remodeling in both maternal and fetal sides are essential 

during pregnancy in all mammal species; particular time-points are prior to implantation, 

implantation, placentation, and throughout pregnancy accompanying fetal development until 

term (Reynolds et al. 2006; Torry et al. 2007). Before and at the time of implantation, the 

vascularized endometrium provides an appropriate uterine environment, throughout endometrial 

glands secretions to support embryo survival and development (Burton et al. 2007). After 

implantation, development and expansion of the placental villous vasculature (placentation) 

serves to supply the initial fetal demands for nutrients and oxygen culminating in the full 

developed placenta. Throughout pregnancy materno-placental vasculature remodeling parallels 

the gradual increase in fetal transport of nutrients, respiratory gases, and wastes (Faber & 

Thornburg 1983; Reynolds et al. 2006; Torry et al. 2007). 
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In this work, we studied involvement of the conceptus in endometrial vascular and 

architectural changes before implantation in mares. The large size of Equids permits 

experimental monitoring through transvaginal or transrectal interventions in the reproductive 

tract for frequent sample or data collection. In addition, they present particularities during the 

early pregnancy that favors their use as an in vivo experimental model. The embryonic vesicle 

enters the uterus around Day 6 after fertilization and is detectable by ultrasound examination 

starting as early as Day 9 (Betteridge et al. 1982; Ginther 1995b). The embryonic vesicle has a 

spherical shape resulting of its glycoprotein capsule in which is in dynamic composition 

changing in the uterus (Oriol et al. 1993, Chu et al. 1997). After entering the uterus, the spherical 

embryonic vesicle starts a phase of mobility traveling throughout the uterine horns and body, 

many times daily. This movement is easily monitored by ultrasound (Leith & Ginther 1984). The 

activity of the embryonic vesicle mobility increases on Day 13 reaching maximal movement on 

Days 14 and 15 followed by a decrease that culminates in fixation (cessation of mobility) of the 

embryonic vesicle around Day 16 in the posterior segment, of one of the uterine horns (Ginther 

1983). In this fixed position, the conceptus continues its spherical growth but spreads rostrally 

and caudally due to relatively low resistance at these areas of the uterus. The beginning of the 

implantation process in mares starts around Day 40 of pregnancy and the functional placenta is 

observed around Day 60 (Sharp 2000). Based on the number of tissues separating maternal from 

fetal blood, the equine placenta is classified as epitheliochorial and all cell layers are present in 

from both maternal and fetal sides (epithelium, stroma, and endothelium; Amoroso 1952). 

After entering into the uterus, the presence of the embryo must be detected by the mother 

and the luteolytic mechanism abrogated so as to maintain progesterone synthesis by the corpus 

luteum (Roberts et al. 1996). This is the first luteal response to pregnancy, better known as 
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maternal recognition of pregnancy. High embryo loss rates are common at this time in all 

domestic animals and women, and are higher if the conception resulted from assisted 

reproductive techniques (Mclean 1987; Diskin & Morris 2008; Vanderwall 2008). The mobility 

phase of the equine embryonic vesicle is well established as an important event to maintain luteal 

function (McDowell et al. 1988).  

Studies using Doppler ultrasonography have described significant uterine and embryonic 

vascular changes during early pregnancy in mares (Silva et al. 2005; Silva & Ginther 2006; 

Ginther & Silva 2006) and cows (Silva et al. 2009). In mares, during the mobility phase of early 

pregnancy, an increase in endometrial blood flow was associated with conceptus presence. 

Transient changes in endometrial vascular perfusion accompanied the embryonic vesicle as the 

vesicle changed location during embryo mobility. On Day 13, the continued presence of the 

vesicle in the same horn for an average of 7-min stimulated an increase in vascularity of the 

endometrium of the middle segment of the horn. Fixation of the conceptus in the base of one 

uterine horn promoted a rampant increase in blood flow and dorsal endometrial encroachment at 

the fixation uterine segment. 

Endometrial vascular development and increased endometrial thickness have been 

associated with successful implantation in women (Torry et al. 2007). The endometrial glands 

have also been suggested as a source of nutrients, growth factors and cytokines during the entire 

first trimester of pregnancy in women (Burton et al. 2002; 2007). In addition, the uterine glands 

and its secretions are essential for embryo development (elongation) and implantation in sheep 

(Gray et al. 2001). We suggest that the endometrial vascular remodeling in mares is modulated 

by the conceptus well before implantation, creating a uterine environment that will support initial 

conceptus development, and assure optimal conditions for the dynamic events of mobility, 
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fixation, maternal recognition of pregnancy, uterine immune modulation, implantation, and 

placentation. 

The mechanisms involved in the early local stimulation of uterine vascularity by the 

conceptus in mares and other domestic animals species have not been clarified. One 

consideration is that the early conceptus alters endometrial vascularity by the production of 

vascular stimulants. In this regard, estrogens stimulate increased uterine blood flow in the sow, 

cow, and ewe (Ford 1982c). In vitro studies have shown that Day 12 porcine embryos (Ford et 

al. 1982a) and Day 16 bovine embryos (Shemesh et al. 1979; Chenault 1980) produce estrogens. 

A marked production of estrogen by the equine conceptus occurs as early as Day 12 (Zavy et al. 

1984; Raeside et al. 2004). Thus, estrogen has vasostimulatory properties, and estrogen 

production by the conceptus is temporally associated with stimulation of uterine vascularity in 

cattle, pigs and horses. Estrogen is recognized as one of the driving forces for increased uterine 

blood flow through both rapid and delayed actions, via binding to its receptors in the uterine 

artery wall, and especially at the uterine artery endothelium (Albrecht et al. 2003; Heryanto & 

Rogers 2002; Mendelsohn 2002). The blastocysts of many species also secrete a variety of 

prostaglandins, and it has been also proposed that conceptus prostaglandins stimulate increases 

in uterine blood flow and uterine dynamic (Lewis 1989). 

During tissue remodeling, vascular development is orchestrated by stimulatory and 

inhibitory signals. Use of an angiogenic inhibitor before or right after implantation in mice 

resulted in resorption of all embryos (Klauber et al. 1997), which supports the hypothesis that 

angiogenesis is a critical component of normal implantation/placentation in early stages of 

pregnancy. The nature of the signals responsible for induction and control of endometrial 

angiogenesis has been the focus of many studies (Bourlev et al. 2006; Girling & Rogers 2005; 
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Hervé et al. 2006). There are many critical growth factors involved in the physiological 

regulation of blood vessel formation and maintenance, and the actions of these molecular players 

must be very carefully orchestrated in terms of time, space and dose so as to form a functioning 

vascular network (Jain 2003; Yancopoulos et al. 2000; Risau 1997; Zygmunt et al. 2003). The 

crucial factors regulating angiogenesis and vasculogenesis belong to the endothelial growth 

factor family. VEGF and its receptor system, VEGFR-1 and VEGFR-2, are well recognized as 

the initiators and regulators of angiogenic and vasculogenic processes (Roy et al. 2006; Ferrara 

et al. 2003; Ferrara 2004; Yancopoulos et al. 2000). VEGFR-2, also known as KDR or Flk-1, is 

the major mediator of mitogenic, angiogenic and permeability-enhancing effects of VEGF, while 

VEGFR-1, also known as Flt-1, is considered to be a regulator of the VEGF system by 

sequestering VEGF and rendering this factor less available to VEGFR-2 (Ferrara 2004, Holmes 

et al. 2007). Work done with rodents demonstrated that the immune blocking of VEGF in the 

uterus blocked the uterine edema induced by estrogens and also blocked implantation (Rabbani 

& Rogers 2001; Rockwell et al. 2002). The immunolocalization of VEGF receptors in different 

endometrial cell types than not only endothelial cells may indicate that the VEGF system: 1) 

plays a cellular survival role in these cells; 2) induces these cells to proliferate, and/or; 3) 

stimulates these cells to produce others important factors of the angiogenic cascade that, by a 

paracrine faction, reach the endothelium to act. 

A diagram showing a spatial view of the Doppler scanning of the pregnant uterus on Day 

20 in mares is presented in Figure 6-1 (modified with permission from Silva & Ginther 2006). 

The uterus is divided into nine segments and the two ultrasonograms were taken from the 

posterior segment of both uterine horns. The authors described higher vascular perfusion 

presented by the side ipsilateral to the fixed embryonic vesicle or conceptus at the dorsal 
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endometrium and also at the mesometrial attachment area compared with the opposite horn. The 

colored spots indicate blood flow. Another important observation was the greater thickness of the 

dorsal endometrium compared with the ventral endometrium around the conceptus. At this stage, 

the dorsal endometrium is around five fold thicker than the ventral endometrium. These findings 

raised the question of the mechanisms and importance of these changes.  

Our main hypothesis in this study is that the conceptus locally modulates intense 

endometrial vascular changes and remodeling prior to implantation in mares. Two different days 

during early pregnancy in mares were selected. On Day 14, the embryonic vesicle is still mobile 

within the uterus and the potential production of angiogenic factors would be expected to be 

distributed throughout the entire uterine lumen. However, on Day 21 the embryonic vesicle is 

fixed and potential conceptus-produced angiogenic factors would be expected to be concentrated 

in the same segment of the uterine lumen. Cyclic mares during follicular or luteal phases of the 

reproductive cycle were used as controls. The endometrium from the posterior segment of both 

uterine horns was studied for differential in situ morphology, histomorphometry, 

immunolocalization of VEGF, its receptors and Ki-67 marker, and gene expression 

quantification of VEGF and its receptors. 

 

Materials and Methods 

Animals 

Animals were handled in accordance and with the approval of the University of Florida 

Institutional Animal Care and Use Committee. Pony mares (total of 25) aged 4 to 16 years were 

housed at the University of Florida Horse Research Unit in Ocala, FL and maintained on pasture 

with free access to grass, water, and trace-mineralized salt and fed supplemental grass hay 
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(Coastal Bermudagrass) as needed to maintain body condition around 5 throughout the 

experiments (range from 1-9; Henneke et al. 1983).  

 Four studies were performed as follow: 1) In situ macroscopic evaluation; 2) 

Histomorphometry; 3) Immunolocalization of VEFG, VEGFR-1, VEGFR-2, and Ki-67; 4) 

Relative gene expression of VEFG, VEGFR-1, VEGFR-2. 

 For studies two to four listed above, endometrial samples from pregnant mares on Day 14 

and Day 21 and from cyclic mares during follicular and luteal phases were collected by biopsy. 

Pony mares were assigned to be either bred (Day 14 or Day 21) or cyclic (follicular or luteal 

phases of the reproductive cycle) and scanned daily by ultrasound to monitor the size of the 

largest follicle and uterine characteristics (Ginther 1995b). Mares assigned to the two pregnant 

groups were either inseminated artificially with raw semen collected from a donor pony stallion 

with known fertility or bred naturally to the same stallion every day after first detection of a 

dominant follicle (>35mm) until ovulation was confirmed. Pregnancy diagnoses were done on 

Days 10-12 after ovulation. Mares that did become pregnant were used for endometrial biopsies 

on Days 14 and 21 and mares that did not become pregnant received a prostaglandin F2α 

(PGF2α) injection on Day 12 (5 mg IM of dinoprost tromethamine; Lutalyse, Pfizer, USA) and 

were randomly reassigned into one of the four groups after a complete reproductive cycle 

interval. Two groups were formed with cyclic mares for endometrial biopsies; one during 

follicular phase and another during the luteal phase of the reproductive cycle. Follicular phase 

was characterized by presence of a follicle equal to or greater than 30-35 mm of diameter, 

uterine echotexture equal or larger than 3.5 (1 to 4; Ginther 1995b) or when a change of 1.5 

points in echotexture occurred after the day of PGF2a injection, estrus behavior presence, 

absence or presence of a corpus luteum smaller than 15 mm of diameter, and no uterine 
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abnormalities (Ginther 1992). The luteal phase was defined as nonbred mares on Day 10 after 

ovulation, presence of the corpus luteum, no estrus behavior, and no uterine abnormalities 

(Ginther 1992). 

 For the first study (in situ macroscopic evaluation), four pregnant ponies on Day 21 were 

euthanized for collection of the entire reproductive tract. These four animals were used to 

visualize the conceptus-endometrial interaction in vivo.  Tissues derived from these studies were 

harvested and preserved for future studies of angiogenic and proliferative factors published 

elsewhere. The mares were bred using the same protocol previously described. For the 

euthanasia, an injection a tranquilizer drug (xylazine, 0.5 mg/lb IV) was performed. After pre-

sedation, an overdose of an anesthesic drug from the barbiturate class was injected (390 mg 

pentobarbital sodium and 50 mg phenytoin sodium per 1 ml; dose, 1 ml/10 lbs bw IV; 

Beuthanasia-D Special, Schering-Plough Animal Health, USA). After 5 minutes of the 

barbiturate injection, a veterinary exam was conducted to confirm death (absence of breathing, 

heartbeat, and corneal reflex). The reproductive tract was immediately removed surgically and 

the in situ macroscopic exam and tissue collection performed. 

 

Endometrial Samples 

 Endometrial tissue biopsies were taken from the dorsal area of the posterior segment of 

each uterine horn from all mares. The uterus of mares has a T- or Y-shape resting upon the 

abdominal organs (Ginther 1992) which easily permits evaluating the uterus, by palpation or 

ultrasound scanning. This represents a distinct advantage over species with curved bicornuated 

uterus (Ginther 1984a; see Figure 6-1). All mares were sedated (200-300 mg of xylazine 

hydrochloride; IV) and a basket type equine uterine biopsy forceps was used transvaginally for 

sampling the endometrium. The sampled endometrial tissue was section in two parts. One of the 
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sections was fixed by immersion in 10% (v:v) buffered formal saline for 24 hours at 4 
0
C before 

processing for histology. The second section was placed in a plastic tube and snap frozen in 

liquid nitrogen and stored at -80°C for subsequent RNA extraction. After the 24 h fixation 

period, the endometrial samples were trimmed, dehydrated and embedded in paraffin wax. The 

paraffin blocks were then cut in sections of 4 µm and the sections placed onto poly-L-lysine-

coated glass slides. Before to start the de-wax process, the wax excess was removed by leaving 

the slides in an oven at 40 
0
C during 30 minutes. Tissue samples were then de-waxed in xylene 

and rehydrated through an alcohol gradient to water and used for morphometry or 

immunohistochemistry.  

 

Endometrial Morphometry 

  Luminal and glandular epithelium cells, and endothelial cells stained positively for 

VEGFR-2 and permitted the acquisition of all end points used in the morphometric study. 

Therefore, endometrial sections stained with anti-VEGFR-2 serum in the immunohistochemistry 

study (see technique described below) were used.  Eleven pregnant mares on Day 21, five on 

Day 14 and twelve cyclic mares, six during follicular and six during the luteal phase were used. 

For data acquisition, the endometrium from the dorsal area of the posterior segment of both 

uterine horns in each animal was subdivided into two layers; the stratum spongiosum (including 

the stratum compactum) and the stratum basalis. Three pictures were randomly taken in each 

stratum from each endometrial sample at 200 X magnification using a Nikon TE2000 

microscope and captured using a Nikon DM1200F digital camera. The NIS-Elements AR 2.3 

software  (Nikon) was used to calculate, in each picture, and at both stratum, the total 

endometrial area, glandular are, stromal area, blood vessels area, and number of uterine glands. 

The measurement values from the three pictures were averaged and the percentage of stromal 
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area occupied by blood vessels, percentage of endometrial area occupied by glands and stroma 

were calculated and used for the analysis.  

 

Immunohistochemistry 

 After deparaffinization and rehydratation, endometrial samples were submitted to an 

antigen retrieval treatment to unmask antigenic sites by use of programmed heat and pressure. 

The slides were placed inside of a coplin jar containing a solution of 10 mM sodium citrate 

buffer (pH 6.0). The coplin jar was placed inside a pressure chamber (Biocare Medical 

Decloaking Chamber, DC2002-CE) and exposed to 125 
0
C for 30 seconds, 90 

0
C for 10 seconds, 

and then cooled to room temperature. Slides were washed in tap water followed by TBS-Tween 

solution (0.01 M Tris buffered saline, 0.15 M NaCl, 0.05% (v:v) Tween 20, pH 7.4). 

Endogenous peroxidase was blocked by treating the slides by immersion in a solution of 3% 

hydrogen peroxidase in TBS for 15 minutes at room temperature followed by washing in TBS-

Tween. Nonspecific antigen sites were blocked by incubation of the slides in a 10% (v:v) goat 

serum in TBS-Tween solution for 30 minutes at room temperature. After blocking, the slides 

were incubated with the primary antibody. Four antisera were used and diluted as follows: an 

anti-VEGF(147) polyclonal rabbit serum at 1:200 (v:v) (sc-507; Santa Cruz Biotechnology, Inc., 

CA, USA); an anti-VEGFR-1 polyclonal rabbit serum at 1:200 (v:v) (Flt-1 C-17: sc-316; Santa 

Cruz Biotechnology); a anti-VEGFR-2 monoclonal mouse serum at 1:200 (v:v) (Flk-1 A-3: sc-

6251; Santa Cruz Biotechnology); and, anti-Ki-67 polyclonal rabbit serum at 1:1500 (v:v) (NCL-

Ki67p; Novocastra Laboratories Ltd, Newcastle, UK). Slides were incubated with the primary 

antibodies for 45 minutes at room temperature and then washed with TBS-Tween. A universal 

probe capable of detecting rabbit and mouse antibodies followed by a polymer horseradish-

peroxidase was used to labeling the primary antibodies. For this step, the slides were incubated 
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for 10 minutes at room temperature with the universal probe (Mach 4 universal AP polymer; 

M4U536G; Biocare Medical, CA, USA) and then for 10 more minutes with the HRP polymer 

(Mach 4 universal HRP polymer; M4U534G; Biocare Medical, CA, USA). The slides were 

washed with TBS-Tween and, for visualization of the binding sites, incubated with DAB 

(diaminobenzidine; K 047; Diagnostic BioSystems, CA, USA) as substrate/chromogen for four 

minutes at room temperature, followed by TBS washing. Counterstaining was performed using 

hematoxylin for three minutes at room temperature followed by TBS and tap water washing. The 

endometrium sections were then labeled, dehydrated, and mounted in DPX resin. Two negative 

and one positive control slides were done for each run using the same described protocol. For 

negative controls, the primary antibody was replaced with IgG or only TBS-Tween solution in 

endometrium sections. For positive controls, horse kidney sections were used with the anti-

VEGF and VEGF receptors sera and horse lymph node sections with the anti-Ki67 serum. 

 

RNA Extraction and Quantitative RT-PCR 

Total RNA was extracted from endometrial biopsies using the TRIZOL
®
 Plus RNA 

Purification Kit (Invitrogen Corp). RNA samples (200 ng/reaction) were treated with RNase-free 

DNase (Applied Biosystems Inc.) for 15 min at 37ºC, heat denatured (75ºC for 10 min), then 

reverse transcribed using High Capacity cDNA Reverse Transcriptase Kit and random hexamers 

(Applied Biosystems). Real-time PCR was completed using SYBR® Green PCR Master Mix 

(Applied Biosystems) and primers (Table 6-2) specific for equine VEGF (GenBank GeneID: 

DX010658), VEGFR-1 (GenBank GeneID: AJ319908), VEGFR-2 (GenBank GeneID: XM 

001493036), or 18S GenBank Accession#AJ311673) (95ºC for 10 min; 40 cycles of 95ºC for 15 

sec, 55ºC for 1 min, 72ºC for 1 min; 55 to 95ºC Dissociation Event). Specificity of amplification 

was monitored by including non-reverse transcribed RNA reactions for each sample and by 
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completing a dissociation analysis at the end of each real-time run to verify the amplification of a 

single product. Changes in relative abundance of specific transcripts were examined using the 

delta (∆) threshold cycle (CT) method with 18S as internal control gene (Welter et al. 2004, 

Livak & Schmittgen 2001). 

 

Statistical Analyses 

 Data were examined for normality with the Kolmogorov-Smirnov test. When the 

normality test was significant (P < 0.05), data were transformed to natural logarithms or square 

root to minimize heterogeneity of variance. Individual end points were analyzed for time effects 

(day), and comparisons involving groups were analyzed for main effects (group, time) and the 

interaction by least-squares analysis of variance (LS-ANOVA) using the General Linear Model 

(GLM) procedure of SAS (version 9.2; SAS Institute, Inc). Paired and unpaired Student t-tests 

were used to detect differences between individual means within an end point and among groups 

within the same end point, when individual effects or an interaction was obtained. A probability 

of P ≤ 0.05 indicated that a difference was significant. Data are presented as the mean ± SEM. 

 

Results 

Macroscopy 

 Differential gross and vascular morphology between the two uterine segments, visualized 

by color-Doppler ultrasonography, has been described in mares in a previous work (Silva & 

Ginther, 2006; Figure 6-1). The in situ macroscopic evaluation of the uterus from four pregnant 

mares on Day 21 revealed remarkable new findings and, by visual examination, confirmed the 

vascular and anatomic differences found by the previous color-Doppler ultrasonography studies 

between the posterior segments of the uterine horns; the horns ipsilateral and contralateral to the 
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conceptus. Figure 6-2 shows representative pictures from our macroscopic findings. The two 

photographs on the right were taken from the posterior segment of the ipsilateral uterine horn. 

On the top photograph, the conceptus with its membranes and primordial vascular system is 

visualized and, on the bottom, the same area is presented without the conceptus (dashed circles 

indicate similar positions). The incision was made through the dorsal aspect of the uterus. The 

confluence of the incision edges coincides with the area of the endometrium in intimate contact 

with the conceptus yolk sac membrane. The endometrium at this region (dorsal endometrium 

relative to the mesometrial attachment area) exhibited more edematous appearance (thicker) and 

more intense red coloration (black arrows), indicating more vascularization when compared with 

the endometrium from the dorsal area of the contralateral uterine horn. The posterior segment of 

the contralateral uterine horn is shown in the upper picture on the left (Figure 6-2). The 

differential endometrial morphology observed at the dorsal area of the posterior segment of the 

ipsilateral horn was observed only in the segment containing the conceptus, not at the ventral 

area or other segments of the uterus. The changes observed were strictly localized at the fixation 

site of the conceptus.  Moreover, these changes were observed only in the dorsal area of the 

endometrium. 

The conceptus on Day 21 of pregnancy is shown on the bottom left photograph (Figure 6-

2). The embryo proper, with intensely vascularized allantoic sac, and the yolk sac are indicated. 

The yellow arrow indicates small points on the yolk sac surface, like small sand grains. These 

points were likely patches of adherence between the yolk sac and the endometrium, easily 

observed during conceptus removal from the uterus with surgical dissection. These adherence 

points were only observed at the yolk sac surface.  
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Morphometry 

Analysis of the vascular supply, endometrial gland area, and the number of endometrial 

glands between uterine horns and among the four studied reproductive statuses are presented in 

Table 1. The average of data from both uterine horns is called “all endometrium” for the 

purposes of this paper. The amount of stromal area occupied by blood vessels was markedly 

larger in the endometrium of pregnant mares than cyclic mares. When all endometrial data were 

compared among reproductive statuses, no differences were found between pregnant mares on 

Day 14 and Day 21 of pregnancy. However, the ipsilateral horn of pregnant mares on Day 21 

presented more blood vessel area than the contralateral horn and the ipsilateral horn of pregnant 

mares on Day 14. The contralateral horn of both pregnant groups did not differ. Blood vessel 

area was not different between cyclic mares in follicular and luteal phases and also no difference 

was found when the ipsilateral horn was compared with the contralateral horn in either follicular 

or luteal phases (P-values in Table 1). 

The area of the endometrium occupied by uterine glands was similar between pregnant 

mares on Day 21 and cyclic mares during the luteal phase, but larger than in pregnant mares on 

Day 14 and cyclic mares during the follicular phase.  Area of the endometrium occupied by 

uterine glands in pregnant mares on Day 14 and cyclic mares during the follicular phase did not 

differ (Table 1). The number of uterine glands per endometrial area was larger in the pregnant 

groups compared with the cyclic groups, and in all reproductive statuses the number of glands 

did not differ between uterine horns (see Table 1 for P-values). 

Similar analyses presented in Table 1 were done for the data presented in Figure 6-3, but 

compared the two endometrial strata; the stratum spongiosum (stratum compactum included) and 

the stratum basalis. The results for blood vessel area and percent endometrium occupied by 

glands are presented in Figure 6-3 (see legend for P-values). In the stratum spongiosum, the 
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superficial area of the endometrium, the area of blood vessels did not differ among reproductive 

statuses in the contralateral uterine horn. However, the blood vessel area was larger in the 

ipsilateral horn of pregnant mares than in cyclic mares. In addition, blood vessel area in the 

ipsilateral horn was larger than in the contralateral horn only in pregnant mares on Day 21.  In 

the stratum basalis, the area occupied by blood vessels is in general 2-fold larger when compared 

with the stratum spongiosum in any of the horns or pregnancy statuses. Both uterine horns in 

pregnant mares on Day 21 exhibited more blood vessels than in cyclic mares. The pregnant 

mares on Day 14 appeared to be transitional between the cyclic state and advanced pregnant state 

(Day 21) relative to increased blood vessels. Similar to that observed in the stratum spongiosum, 

the blood vessel area in the ipsilateral horn was larger than in the contralateral horn only in the 

pregnant mares on Day 21. 

The area occupied by endometrial glands in the stratum spongiosum was larger only in 

the ipsilateral horn of pregnant mares on Day 21 when compared with the ipsilateral horn of the 

other groups or with the contralateral horn in the same group (Figure 6-3, bottom multicolored 

graphs). Interestingly, in the stratum basalis, the area occupied by endometrial glands was larger 

in the contralateral horn of pregnant mares on Day 21 than in the pregnant mares on Day 14 or 

during follicular phase but similar to during luteal phase. No differences were observed either 

between statuses in the blood vessel area in the ipsilateral horn or between horns within statuses. 

Pregnant mares on Day 21 were analyzed separately to compare the two uterine horns and the 

two strata (Figure 6-3; see legend for P-values). The blood vessel area was larger in the 

ipsilateral horn in the stratum basalis compared with any other location. When the uterine horns 

were compared within strata, the area with blood vessels was larger in the ipsilateral horn in both 

strata. The area occupied by endometrial glands was larger in the ipsilateral horn in the 
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spongiosum stratum when compared with the contralateral horn in this stratum or with the 

stratum basalis in the ipsilateral horn.  However, the area occupied by endometrial glands in the 

stratum basalis was not different in the ipsilateral and contralateral horns. 

 

Immunohistochemistry 

Immunohistochemistry. No difference in staining pattern was found for VEGF and 

VEGFR-1 antigens among the studied reproductive statuses (Figure 6-4). However, differential 

staining patterns were found for VEGFR-2 (Figure 6-5) and Ki-67 (Figure 6-6) antigens. 

Ipsilateral refers to the uterine horn on the side of the conceptus on Day 21 or to the side of the 

ovary with the preovulatory follicle or corpus luteum. No difference in staining patterns was 

found when the ipsilateral and contralateral horns were compared in each of the studied 

reproductive statuses. Negative and positive controls are presented for each antigen studied 

(Figures 6-4, 6-5, and 6-6). The staining was totally abolished when the three primary antibodies 

were absent and replaced by IgG or TBS-Tween and the positive controls presented similar 

stained patterns described in kidney of rats using the same antibodies used in this study (Kanellis 

et al. 2000). 

The anti-VEGF serum stained the luminal epithelium intensely. Glandular epithelial cells 

and endothelial cells were also stained but not as strong as the luminal epithelium. Some stromal 

cells were also stained although they were dispersed in the stroma with less intense staining 

when compared with the other endometrial cell layers (Figure 6-4). For the anti-VEGFR-1 

serum, a similar pattern of staining described for anti-VEGF serum was observed, although, no 

difference in the intensity of staining was observed among the endometrial cell layers (Figure 6-

4). No differences in staining patterns were found among reproductive statuses for both anti-sera. 
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The anti-VEGFR-2 serum stained the luminal and glandular epithelial cells, endothelium, 

and, less intensely, some of the stromal cells in pregnant mares. However, in cyclic mares, the 

luminal epithelium did not stain at all or presented only a few cells with weak staining during the 

luteal phase. The absence of staining was more pronounced during the follicular phase. Staining 

of stromal cells was observed although with lower intensity than in the glandular epithelial cells. 

The anti-Ki-67 serum staining was rarely observed in stromal and glandular epithelial 

cells during the luteal phase. However, it exhibited prominent staining in the majority of the 

luminal epithelial cells and in a few stromal cells during follicular phase (Figure 6-6). In 

pregnant mares, the staining was present in all endometrial cell layers as luminal epithelium, 

glandular epithelium, stroma, and endothelium. Pregnant mares on Day 21, exhibited a staining 

pattern similar to pregnant mares on Day 14, however, there appeared to be a larger number of 

positive cells in all endometrial layers at Day 21 (Figure 6-6). 

 

Real Time PCR 

The relative abundance of VEGF mRNA, VEGFR-1 mRNA, and VEGFR-2 mRNA in the 

endometrium of pregnant mares on Day 21 and Day 14 and in cyclic mares during follicular and 

luteal phases is presented in Figure 6-7. Endometrial biopsies were collected from the ipsilateral 

horn to the conceptus or to the preovulatory follicle or corpus luteum in pregnant and cyclic 

ponies, respectively. No difference in abundance was found among the four studied reproductive 

statuses for VEGFR-1 mRNA (P>0.05) and its expression relative to either VEGF or VEGFR-2 

was extremely low. The abundance of VEGF mRNA and VEGFR-2 mRNA were significantly 

different among the reproductive statuses (P=0.0271 and P=0.0047, respectively). Pregnant 

mares exhibited higher VEGF mRNA compared with cyclic mares (P<0.05). Comparisons 

between the two pregnant groups or between the two cyclic groups showed no difference in 
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VEGF mRNA abundance (P>0.05). For VEGFR-2 mRNA abundance, pregnant mares on Day 21 

exhibited the highest level but did not differ statistically from pregnant mares on Day 14 

(P>0.05). However, VEGFR2 in pregnant mares on Day 21 was significantly different from 

mares in the two cyclic groups (P<0.05). Pregnant mares on Day 14 exhibited mathematically 

greater abundance of VEGFR-2 mRNA than mares in the cyclic groups but no statistical 

differences were found (P>0.05). In addition, the abundance of VEGFR-2 mRNA did not differ 

between the two cyclic groups (P>0.05). 

 

Discussion 

The in situ morphological study of equine pregnancy on Day 21 revealed important new 

findings. By Day 21, the spherical embryonic vesicle has been fixed in the posterior segment of 

one of the uterine horns for at least 5 to 6 days (Ginther 1983), and exhibits dramatic endometrial 

vascularity and morphology differences between uterine horns observed with color-Doppler 

ultrasonography (Silva et al. 2005; Silva & Ginther 2006). These latter authors reported greater 

vascularity in the horn ipsilateral to the conceptus at both endometrial and mesometrial levels. 

The area presenting the greatest vascularization was localized in the endometrium dorsally, 

bordering the mesometrial attachment and in immediate contact with the fixed conceptus. 

Substantial growth (encroachment; around five fold thicker than the ventral area) of the 

endometrium in the dorsal area of the fixation site was observed, (see Figure 6-1). 

The present in situ morphological study confirmed by visual inspection the previous 

color-Doppler ultrasonographic findings. The dorsal endometrium at the fixation site was more 

edematous (thicker) and hyperemic than any other area of the endometrium. Lefranc & Allen 

(2007a) have described by endoscopy approach a discrete hyperemia at the endometrium in 

contact with the conceptus on Day 20 of pregnancy. However, our findings precisely demarcated 
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the endometrial edematous and hyperemic area. This area was dorsal, bordering the mesometrial 

attachment region, and coincided with the surface of the yolk sac and endometrial contact. It had 

been postulated that, between the day of fixation and first detection of the embryo proper, the 

equine embryonic vesicle rotates orienting so that the embryo proper stays in contraposition to 

and the yolk sac in apposition to the dorsal endometrium (Ginther 1983). This orientation is 

important for the correct positioning of the umbilical cord at the area of the mesometrial 

attachment around Day 40 of pregnancy (Silva & Ginther, 2006; Ginther & Silva 2006). Using 

color-Doppler ultrasonography, it has been shown that this process of orientation occurs 

immediately after fixation and no further changes in embryonic vesicle positioning (rotation) 

occur (Silva & Ginther 2006). In addition, it has been shown that dysorientated embryonic 

vesicles are frequently associated with lack of dorsal endometrial encroachment, poor 

endometrial vascularity, and embryonic loss (Ginther & Silva 2006). These studies provide 

support for the notion that the correct positioning of the embryonic vesicle is crucial for its 

survival and development. On Day 21 the embryonic vesicle exhibits two distinct cellular layers 

of the yolk sac, endoderm and ectoderm (bilaminar layer). On Day 16, the mesoderm layer 

intercedes between endoderm and ectoderm, forming blood islands and primitive vessels, 

originating the trilaminar layer (yolk sac placenta; Ginther 1992). Functional differences between 

the bilaminar and trilaminar layers, as in steroid transport and metabolism, have been described 

(Betteridge 2007). On Day 21 approximately half of the yolk sac surface is covered by the 

trilaminar layer at its periphery and half at the dorsal area, covered by the bilaminar layer. 

We propose that conceptus nourishment before umbilical cord formation is provided 

predominately by uterine glands at the dorsal endometrial area. The increased number of blood 

vessels and uterine glands at this area of the endometrium in intimate contact with the thinner 
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bilaminar layer favors delivery of nutrients and potentially other embryonic-maternal 

communications. We also suggest that the disproportionate growth of the dorsal endometrium 

(increased vascular and glandular development) is modulated by factors from the conceptus. 

During surgical dissection of the uterus for this study, the conceptus exhibited some 

adherence to the endometrium, localized between the surfaces of the yolk sac and the dorsal 

endometrium. There appeared to be multiple small patches of contact between the yolk sac 

surface and the endometrium. Such conceptus adherence was also noticed in an intrauterine 

endoscopy procedure in which the conceptus was visualized fixed at the dorsal uterine wall while 

the perfusate (0.9% saline) filled all the spaces between the endometrium and conceptus, except 

the dorsal area The adherence was strong enough to permit passage of the endoscope below the 

conceptus without damage, or loosening the conceptus (personal unpublished observation). 

 In reality, the endometrial epithelium does not directly interact with the trophoblast cells 

on Day 21. The equine embryonic vesicle is covered by an acellular mucin-like glycoprotein 

capsule (Betteridge et al. 1982; Betteridge 2007). This capsule has been implicated in keeping 

the vesicle spherical during the mobility phase and in selectively binding to uterine substances 

and controlling their delivery to the conceptus (Betteridge & Waelchli 2005; Quinn et al. 2005, 

2006). Arar et al. (2007) suggested that molecular rearrangement in the structure of capsule 

glycans, primarily desialylation, after fixation, contributes to increased permeability and 

promotes the interaction between capsule and endometrial epithelium. Based on the present 

findings, we speculate that changes in the glycan structure may occur in the areas of the yolk sac 

surface where adherence was observed. 

Amoroso (1952) suggested uterine gland secretion in mares (histotrophe or “uterine 

milk”) as the nutrient source for embryonic nourishment before placentation. However, the 



 

139 

uterine gland secretory activity in mares is observed not only before placentation (Zavy et al. 

1982) but throughout pregnancy and the secretion content  varies from proteinaceous in the 

beginning to a holocrine type, with more cellular debris, in the end (Samuel et al. 1977; Ginther 

1992). It has been proposed that nutrients, growth factors, and cytokines are delivered by uterine 

gland secretions, during the first trimester of pregnancy even in humans (hemochorial placenta; 

Burton et al. 2002; 2007; Hempstock et al. 2004). Our findings showed a greater number of 

endometrial glands in pregnant mares (Days 14 and 21) when compared with cyclic mares 

suggesting glandular hypertrophy and/or cellular proliferation. Lefranc & Allen (2007a) found 

that uterine glands in the endometrium ipsilateral to the conceptus were more tortuous but less 

dense when compared with the contralateral side on Day 16 of pregnancy. We did not find 

differences in number glands or glandular area when the ipsilateral and the contralateral sides 

were compared either on Day 14 or on Day 21. However, the percent of endometrial area 

occupied by the uterine glands was larger in pregnant mares on Day 21 and in cyclic mares 

during the luteal phase when compared with pregnant mares on Day 14 and cyclic mares in the 

follicular phase. More extensive branching and coiling of the endometrial glands has been 

described with the advance of the luteal phase in cyclic mares and suggested to be caused by 

temporal exposure to progesterone (Lefranc & Allen 2007b). 

Interestingly, in Day 14 pregnant mares, in spite of the relatively long exposure to 

progesterone, the area occupied by glands were not similar to pregnant mares on Day 21 or to 

cyclic mares during the luteal phase. One possible explanation could be the effects of estrogens 

produced by the conceptus at this time, as reported by Zavy et al. (1984). During the follicular 

phase, the endometrium exhibited small number and small area with glands. Endometrial edema 
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likely due to elevated estradiol levels was easily observed by ultrasonography and is the likely 

cause of stromal area increase in this group. 

In summary, these results suggested elevated glandular secretory activity for histotrophic 

nutrition of the conceptus during equine early pregnancy. Analysis of endometrial glandular area 

in the two pregnant groups indicated an increase in the number of glands earlier (Day 14) and an 

increase in gland size later in pregnancy (Day 21). This increase in gland size and number could 

explain part or all of the endometrial encroachment observed ultrasonically, and grossly. 

Previous work assessing endometrial blood perfusion by color-Doppler ultrasonography 

has shown that endometrial perfusion increased daily during the mobility phase and a localized 

and rampant increase at the dorsal endometrium was observed around the conceptus post-fixation 

(Silva et al. 2005; Silva & Ginther 2006). The increase in blood flow may also partially explain 

dorsal endometrial encroachment, as the area occupied by blood vessels was 2 to 3.5-fold higher 

in the stratum basalis and 4 to 8-fold higher in the stratum spongiosum in pregnant mares 

compared with cyclic mares. Furthermore, blood vessel area in pregnant mares on Day 21 is 

greater in the uterine segment occupied by the conceptus suggesting intense localized 

endometrial stimulation. The involvement of estrogens in the induction of VEGF expression and 

uterine endothelial permeability has been demonstrated (Kazy & Koos 2007) and it is known that 

the equine conceptus produces estrogens during early pregnancy (Zavy et al. 1984). In addition, 

the equine conceptus produces prostaglandins F2α and E2 at this time (Stout & Allen 2002). 

Specifically, prostaglandin E2 has been reported to increase the expression of VEGF mRNA in 

human umbilical vein endothelial cells (Tamura et al. 2006) and it is produced by the equine 

conceptus throughout the mobility phase, increasing after Day 16 (approximate day of fixation; 

Stout & Allen 2002). No differences in blood vessel area between uterine horns was detected in 
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pregnant mares on Day 14 but was detected on Day 21. We suggest that during the mobility 

phase, angiogenic and vasodilatory factors produced by the conceptus are equally distributed in 

the uterine lumen. However, after fixation, these factors are concentrated in the uterine segment 

where the conceptus fixates. Furthermore, changes in the dorsal endometrium may reflect 

orientation of the conceptus with the bilaminar layer permitting greater diffusion of stimulatory 

factors to this area. Additionally, proximity to the mesometrial attachment likely favors growth 

of blood vessels in the dorsal endometrium.  

VEGF and its two main receptors revealed their presence via immunolocalization in 

almost all cellular layers of the endometrium in all four reproductive statuses studied. VEGF 

receptors were initially described to be localized in endothelial cells from the vascular and 

lymphatic system but were later reported in a wide variety of non-vascular cells (Ferrara et al. 

2003; Roy et al. 2006; Holmes et al. 2007). Recent studies in domestic animals have localized 

the VEGF receptor system in a variety of cellular types of endometrium and placenta in mares 

(Allen et al. 2007), cows (Pfarrer et al. 2006), and sows (Winther et al. 1999, Charnock-Jones et 

al. 2001, Kaczmarek et al. 2008). 

We found a similar cellular location pattern for VEGF and VEGFR-1 in the endometrium 

of all four reproductive statuses. In the stroma, there were scattered stained cells, but the cellular 

type was not identified in this study. This differential stromal cells staining suggests specificity 

of the immunolabelling. Our results for VEGF and VEGFR-1 staining differ from a recent 

immunohistochemistry work done in mares (Allen et al. 2007). During oestrus, Allen et al. 

(2007) did not see staining for VEGF and only weak staining for VEGFR-1 at the luminal 

epithelium and stroma of mares. During diestrus, no staining was found for VEGF in the stroma 

nor for VEGFR-1 at stroma and luminal epithelium. In endothelium, VEGF staining was weak 
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and VEGFR-1 staining essentially absent during oestrus while the opposite was observed during 

dioestrus. 

The staining pattern presented by VEGFR-2 in our study differed between pregnant and 

cyclic mares. VEGFR-2 staining was absent or weak at the luminal epithelial cells in cyclic 

mares. We found VEGFR-2 in the endothelium, luminal and glandular epithelium, and in some 

of the stromal cells. This stromal cell labeling pattern, as observed for VEGF and VEGFR-1, 

suggests specificity of our VEGFR-2 labeling system, as opposed to nonspecific staining of all 

cell types. Allen et al. (2007) did not find VEGFR-2 staining in the luminal epithelium of mares 

during dioestrus or early pregnancy, but a weak stain during oestrus. In our study, during oestrus 

the luminal epithelial cells did not stain positive for VEGFR-2. Kaczmarek et al. (2008) in an 

immunostaining study in sows reported a staining pattern similar to our findings for VEFG and it 

receptors system during the oestrous cycle and early pregnancy. Up-regulation of VEGFR-2 

expression has been correlated with increased levels of estrogens and VEGF (Hervé et al. 2006) 

and the early equine conceptus produces prodigious amounts of estrogens at the luminal 

epithelium surface (Zavy et al. 1984). The link between estrogens and VEGF production has 

been demonstrated (Cullivan-Bove & Koos 1993, Bausero et al. 1998). Rockwell et al. (2002) 

showed that immunoneutralization of VEGF reduced the uterine edema induced by estrogens and 

blocked implantation. VEGF acts primarily through binding to VEGFR-2 (Ferrara et al. 2003, 

Ferrara 2004), however, estrogens also indirectly induce VEGFR-2 expression as VEGF 

upregulates the expression of VEGFR-2 (Hervé et al. 2006). This suggests that the strong 

VEGFR-2 expression found at the luminal epithelium in pregnant mares could reflect conceptus-

produced estrogens. The strong staining of VEGFR-2, at the luminal epithelium of pregnant 
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mares, but not found in the luminal epithelium of cyclic mares, likely indicates a pivotal event in 

the endometrial vascular changes prior to implantation.  

A large number of luminal epithelial cells stained positive for Ki-67 during oestrus but a 

much smaller number of cells from the glandular epithelium and stroma were positive. During 

diestrus, the number of positive staining cells in all endometrial layers was reduced. In contrast, 

during pregnancy, positive staining cells were found in all endometrial layers and were in 

greatest number on Day 21 of pregnancy. This differential activity of the luminal and glandular 

epithelium has been reported to be due to hormone changes during the estrous cycle (Gilbert 

1992). Similar findings for Ki-67 marker immunostaining had been reported in mares during the 

estrous cycle and pregnancy (Gerstenberg et al. 1999a, 1999b). Gerstenberg et al. (1999a) 

suggested that the high proliferative rate of the luminal epithelium during estrus is related to the 

high plasma levels of estradiol. Estrogens are well known to stimulate proliferation promoting 

uterine remodeling (Martin et al. 1973; Bigsby 2002). However, our findings suggest that 

estrogens do not stimulate endometrial cells in areas below the endometrium surface. 

During diestrus (Day 10), the cellular proliferative rate was almost absent in all 

endometrium layers in our study. Only a few scattered positive cells were found. Gerstenberg et 

al. (1999a) also found that the proliferative rate decreased as the plasma progesterone levels 

increased. Progesterone is well known to switch the endometrium function from proliferative to 

secretory phase (Bazer & Slayden 2008).  

During pregnancy, proliferative cells were found in all endometrial layers. However, the 

greatest number of proliferative cells was found on Day 21 of pregnancy compared with Day 14. 

Gerstenberg et al. (1999b) found a reduced number of proliferative cells on Day 14 similar to 

late diestrus patterns. On Day 21, their findings were similar to our findings. On Days 14 and 21 
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of pregnancy in mares, the plasma progesterone levels are high and the low proliferative rate of 

the endometrial cells could reflect the effects of progesterone on estrogen receptors (Okulicz et 

al. 1990). In further support of that idea, decreased levels of estrogen receptor mRNA in the 

endometrium of mares on Day 14 of pregnancy have been reported (McDowell et al. 1999). 

However, the low proliferative rate seen in diestrus was not observed in pregnant mares. 

Expression of progesterone receptors at the endometrial luminal epithelium and glandular 

epithelium decreased in sheep after around 10 days exposure to progesterone which reportedly 

allows repopulation of estrogen receptors (McCracken et al. 1984, Spencer et al. 1995, Spencer 

& Bazer 2004). Therefore, it is likely that the re-establishment of estrogen receptors combined 

with the high concentration of conceptus-produced estrogens renews a proliferative state for 

endometrial remodeling. 

 The results presented in this study for mRNA quantification of VEGF and its receptors 

are preliminary to a more comprehensive study currently underway. However, these preliminary 

results support the results obtained using other methodologies in this report. VEGF and VEGFR-

2 mRNA expression were elevated in pregnant mares when compared with cyclic mares, likely 

reflecting conceptus estrogens (Cullivan-Bove & Koos 1993, Bausero et al. 1998, Rockwell et 

al. 2002) and the consequent VEGF-induced expression of VEGFR-2 (Hervé et al. 2006). The 

expression of VEGFR-2 in pregnant mares on Day 21 was larger (P = 0.06) than on Day 14. 

Based on immunolocalization staining, this receptor was more intense at the luminal and 

glandular epithelium when compared with the stroma. This could reflect VEGF release from the 

conceptus and/or repopulation of the estrogen receptors in the endometrium. The levels of 

VEGFR-1 mRNA did not differ among the reproductive statuses and its detection was only 
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possible after more than 30 cycles of amplification suggesting very low expression in all 

reproductive status studied. 

Our main hypothesis that endometrial angiogenesis and architecture changes are 

mediated by the presence of the conceptus was supported. The events of early pregnancy in 

mares, such as conceptus mobility phase, fixation, orientation, and dorsal encroachment of the 

endometrium on the conceptus side are temporally orchestrated to remodel the maternal uterine 

vascular system for the ultimate purpose of providing hematrophic nutrition. Our findings 

suggest local stimulation of the endometrial vascular system by the conceptus. However, these 

results also indicate that endometrial architecture is modulated by local and systemic forces 

during pregnancy. A notable finding is that production and localization of VEGFR-2 and 

proliferative cells (Ki-67) are diametrically differentially regulated. Preliminary real time PCR 

results suggest that the high level of expression of VEGF and VEGFR-2 in the pregnant mares 

could account for the observed increase in vascular architecture during pregnancy. Data provide 

insights into the architectural and molecular changes in the endometrium that occur during early 

pregnancy in the presence of the conceptus. These results set the stage for future experiments to 

understand more completely the role of the conceptus in regulating the uterine environment in 

favor to its own nutritional supply, development, and to the uterine immunological modulation. 
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Table 6-1.  Endometrial histomorphometric study. Analysis of the vascular supply, endometrial 

glands area, and number of endometrial glands between the uterine horns and among 

four reproductive statuses in mares. 

 

End Point
1
 

Pregnant 

Day 21 

Pregnant 

Day 14 

Estrus Diestrus P – value 

Blood vessels (% of stroma area)      

          Ipsilateral horn 5.97 ± 0.66
a 

4.07 ± 1.35
b 

1.03 ± 0.25
c 

1.25 ± 0.55
c 

0.0001 

          Contralateral horn 2.89 ± 0.56
a 

2.44 ± 0.48
a 

1.68 ± 0.26
ab 

0.52 ± 0.29
bc 

0.0023 

P – value 0.0001 0.1220 0.0583 0.0950  

          All endometrium 4.43 ± 0.55
a 

3.48 ± 0.68
a 1.29 ± 0.19

b 
0.93 ± 0.22

b 
0.0001 

Glands (% of total area)      

          Ipsilateral horn 48.6 ± 1.7
a 

40.0 ± 2.3
ab 

36.1 ± 1.2
b 

44.9 ± 3.2
ab 

0.0015 

          Contralateral horn 49.0 ± 1.5
a 

35.5 ± 2.1
b 

38.4 ± 3.0
b 

45.8 ± 1.2
a 

0.0001 

P – value 0.4386 0.1351 0.2194 0.3721  

          All endometrium 48.8 ± 1.3
a 38.2 ± 1.7

b 
37.1 ± 1.2

b 
45.4 ± 1.2

a 
0.0001 

Number of uterine glands      

          Ipsilateral horn 70.4 ± 8.7
ab 

90.4 ± 13.8
a 

47.2 ± 4.7
b 

60.6 ± 4.0
ab 

0.0367 

          Contralateral horn 72.6 ± 4.7 83.3 ± 13.1 53.6 ±7.4 57.8 ± 4.1 0.1052 

P – value 0.4145 0.3801 0.2338 0.3236  

          All endometrium 71.5 ± 3.9
ab 

89.7 ± 6.6
a 50.1 ± 3.4

c 
59.2 ± 3.0

bc 
0.0004 

1
 Values presented are averages calculated based on measurements randomly taken from three microscopic fields at 

200X magnification in each endometrial stratum and both uterine horns. Values for all endometrium are the average 

of all measurements. Superscripts letters indicates statistics differences (P<0.05) among reproductive statuses. 

Differences between uterine horns are indicated by the respective P-values. Bold characters indicate end-points with 

high values in pregnant status. 
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Table 6-2.  Listing of sense (SE) and antisense (AS) primers used for quantitative RT-PCR. 

 

Primers Sequence (5'-3') 

VEGF-SE GCGGACATCTTCCAGGAGTA 

VEGF-AS GATGTTGAACTCCGCAGTGG 

VEGFR-1-AS TCAGATCATGCTGGACTGCT 

VEGFR-1-SE TGGCATTGAGTGGGATGTAG 

VEGFR-2-AS GCATGGTCTTCTGTGAAGCA 

VEGFR-2-SE TCAGGTCCCGATTTACAAGC 

18S-SE AACGACACTCTGGCATGCTAACTA 

18S-AS CGCCACTTGTCCCTCTAAGAA 
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Figure 6-1. Uterine transrectal ultrasound scanning positioning - diagram of the uterus with the 

obtained ultrasonograms from scanning of the posterior segment of each uterine horn. 

The uterine horn on the right contains the fixed conceptus. The dorsal endometrium, 

in which borders the mesometrial attachment area, presents a disproportional growth 

(dorsal encroachment) when compared with the ventral endometrium. More intense 

blood flow (colored spots) is also observed at this dorsal area endometrium and 

mesometrium) when compared with the opposite uterine horn. The uterus shape in 

mares permits a subjective segmentation (nine segments; dashed lines) to precisely 

determine the locations for data and tissue collection. ma, Mesometrial attachment 

(modified from Silva & Ginther, 2006). 
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Figure 6-2. In situ morphological study of the endometrium. The posterior segment of both 

uterine horns and the conceptus from a mare on Day 21 of pregnancy is presented. In 

the posterior segment of the ipsilateral horn to the conceptus, the dorsal area of the 

endometrium (around the conceptus and adjacent to the mesometrial attachment) 

presented more roseo and edematous (black arrows) than either in the same area in 

the opposite horn or in any other area of the endometrium. A more close view showed 

intense presence of capillaries. The embryo proper, allantoic sac and yolk sac are 

indicated on the conceptus picture. Note the intense vascular development at the 

surface of the allantoic sac and around the embryo. The yellow arrow indicates the 

small patches found at the yolk sac surface (dorsal conceptus region) which presented 

as adherence points to the dorsal endometrium (evident during the surgical removing 

of the conceptus from the uterine wall). 
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Figure 6-3. Endometrial histomorphometric study. Multicolored graphs are showing the 

percentage of stromal area occupied by blood vessels (top) and the percentage of the total 

endometrial area occupied by uterine glands (bottom) in the stratum spongiosum (left graphs) 

and in the stratum basalis (right graphs). Value of each bar represents the average of three 

measurements at 200X magnification. For the colored graphs, comparisons were done among 

four reproductive statuses and between uterine horns. When an effect of pregnancy status, 

uterine horn or an interaction was obtained, differences between pregnancy statuses (indicated by 

letters) and/or within a pregnancy status and among horn location (indicated by stars) were 

located. The green graphs on the right side are showing only data from pregnant mares on Day 

21 by combination of the green bars from the colored bars graph set. Comparisons were done 

between uterine horns and locations. When an effect of pregnancy status, uterine horn or an 

interaction was obtained, differences between pregnancy statuses and/or within a pregnancy 

status and among horn location (indicated by letters) were located. For multicolored graphs, the 

P-values for the effects of reproductive status (R), horn (H), and interaction (RH) are: Top 

graphs = R: 0.0017, H: 0.4530, RH: 0.0397, and R: 0.0002, H: 0.0860, RH: 0.1384; Bottom 

graphs = R: 0.0001, H: 0.6714, RH: 0.0766, and R: 0.0067, H: 0.5659, RH: 0.1008. For the green 

graphs, the P-values for the horn (H), stratum (S), and interaction (HS) are: H: 0.0080, S: 0.0001, 

HS: 0.4277, and H: 0.0770, S: 0.8647, HS: 0.0033. 
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Figure 6-4. Immunolocalization of VEGF (A) and VEGFR-1 (B) in mare endometrium. Similar 

staining was obtained for all reproductive statuses used in this study. A representative sample 

from one animal is presented. Sections were stained with a 1:200 dilution for anti-VEGF serum 

or anti-VEGFR-1 serum. A5, A6, B5, and B6 are representative pictures of negative controls 

using either IgG or TBS-Tween. Kidney sections were used as positive control for anti-VEGF 

serum and anti-VEGFR-1 serum (A7, A8, B7, and B8). Similar patterns of staining were 
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observed for VEGF and VEGFR-1. Strong staining was observed at the luminal epithelium, 

glandular epithelium, and endothelium. Random stromal cells also stained positively. Pictures 

indicated by number 1 show low magnification, by number 2, intermediate magnification, and by 

numbers 3 and 4, high magnification at the epithelial and deep areas of the endometrium, 

respectively. 
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Figure 6-5. Immunolocalization of VEGFR-2 in endometrium from pregnant mares on Day 21 

(A) and Day 14 (B), and from cyclic mares during follicular (C) and luteal (D) 
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phases. Sections were stained with a 1:200 dilution of anti-VEGFR-2 serum. 

Negative control (E) either for IgG or TBS-Tween and kidney sections for positive 

control (F) are presented. Strong staining was observed at the luminal epithelium and 

endothelium in all reproductive statuses and the stromal cells were randomly 

positively stained. Luminal epithelial cells presented strongly VEGFR-2 stained on 

pregnant mares. However, luminal epithelial cells stained is practically absent during 

follicular and luteal phases of the cyclic mares. In addition, isolated luminal epithelial 

positive cells were found with more frequency in mares during luteal than follicular 

phase. Pictures indicated by number 1 show low magnification, by number 2, 

intermediate magnification, and by numbers 3 and 4, high magnification at the 

epithelial and deep areas of the endometrium, respectively. 

 



 

155 

 
 

Figure 6-6. Immunolocalization of Ki-67 in endometrium from pregnant mares on Day 21 (A) 

and Day 14 (B), and from cyclic mares during follicular (C) and luteal (D) phases. 
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Sections were stained with a 1:200 dilution of anti-VEGFR-2 serum. Negative control 

(E) either for IgG or TBS-Tween and kidney sections for positive control (F) are 

presented. Positive cells were abundant in the endometrium of pregnant mares on Day 

21. Positive cells were found at the glandular epithelium, stroma and in large number 

at luminal epithelium and endothelium. Similar pattern of staining was observed on 

pregnant mares on Day 14 but in small number of cells. Cyclic mares during 

follicular phase presented very high number of positive cells at the luminal epithelium 

and almost no positive cells in any other kind of endometrial cell. Cyclic mares 

during luteal phase presented isolated positive cells and in very small number in all 

areas of the endometrium. Pictures indicated by number 1 show low magnification, 

by number 2, intermediate magnification, and by numbers 3 and 4, high 

magnification at the epithelial and deep areas of the endometrium, respectively. 
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Figure 6-7. Effect of the reproductive statuses on the relative abundance of VEGF mRNA, 

VEGFR-2 mRNA, and VEGFR-1 mRNA in mare endometrium. Endometrial 

biopsies were done in the posterior segment of the uterine horn ipsilateral to the 

conceptus or to the side of the largest follicle or of the corpus luteum in cyclic mares. 

Abundance of mRNA of the three studied genes relative to an internal control (18S) 

are presented normalized based on its relative expression during luteal phase. P-

values for the effect of reproductive status are the following: VEGF: 0.0271; 

VEGFR-2: 0.0047; VEGFR-1: 0.1282. Differences among pregnancy statuses are 

indicated by letters (P<0.05). 
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CHAPTER 7 

UTERINE VASCULAR PERFUSION CHANGES DURING EARLY PREGNANCY IN 

CATTLE ASSESSED BY COLOR-DOPPLER ULTRASONOGRAPHY  

 

Synopsis 

Vascular perfusion of the uterus of heifers was studied during early gestation by transrectal 

color-Doppler ultrasound. Heifers were inseminated and data collected until Day 60 (Day 0 = 

ovulation) in pregnant heifers or until the second ovulation in nonpregnant heifers. Heifers were 

retrospectively assigned to pregnant (n = 11) or nonpregnant (n = 6) groups after pregnancy 

diagnosis. Data for Days 0-18 were analyzed comparing pregnant heifers and nonpregnant 

heifers and for Days 0-60 comparing the uterine horn ipsilateral to the corpus luteum (CL) or 

conceptus and the opposite horn. Blood flow from endometrium, mesometrium and CL was 

estimated by subjective scores based on color-Doppler signals in real-time. Uterine resistance 

index was measured at the mesometrial arteries. Uterine echotexture and tone were estimated 

subjectively. Plasma estradiol and progesterone were measured on all heifers on Days 0-18.  

There was an increase (P>0.001) in endometrial and mesometrial perfusion scores in 

nonpregnant heifers between Days 14 to 18 that was temporally associated with the preovulatory 

rise in estradiol. Plasma P4 decreased sharply between Day 15 and 18 and plasma E2 increased 

sharply between Day 14 and 17. There was no evidence for a similar increase in endometrial 

perfusion scores in pregnant heifers at this time. In the pregnant heifers, increased perfusion 

scores in the ipsilateral horn were detected between Days 18 and 20, and continued to increase 

until Day 40. Perfusion scores of the contralateral horn remained low until Day 32, when they 

began to rise, reaching perfusion scores approximately similar to the ipsilateral horn around Day 

40, then slightly declining until Day 60. The increase in vascularity temporally paralleled 

allantoic sac development inside of each uterine horn.  In summary, color-Doppler 
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ultrasonography assessment of blood-flow for detailed evaluation of endometrial and 

mesometrial perfusion in pregnant cows proved to be a very effective approach. An increase in 

uterine vascular perfusion in nonpregnant heifers was temporally associated with decreased P4 

concentrations and increased E2 concentrations. In contrast, increased uterine perfusion scores 

were detected later, around Day 20, in pregnant heifers only in the horn ipsilateral to the 

conceptus. The beginning of vascular perfusion increase between ipsilateral and contralateral 

uterine horns was disynchronous; vascularity in the ipsilateral horn started earlier than in the 

contralateral horn. In addition, it paralleled the allantoic sac development in each uterine horn. 

Fold difference in perfusion between ipsilateral and contralateral uterine horns was much higher 

at the endometrium than mesometrium suggesting, respectively, elevated 

angiogenesis:vasodilation and vasodilation:angiogenesis ratios in each of the tissues. 

Antimesometrial orientation of the embryo proper before umbilical cord formation and 

attachment at the mesometrial area, and encroachment of the dorsal endometrium at the embryo 

proper area is suggested to occur in cows. Results supported the hypothesis that uterine blood 

perfusion during early pregnancy is mediated by conceptus presence, development, and its 

interactions with the endometrium. These findings suggest different pathways of endometrial 

vascular perfusion stimulation in pregnant and nonpregnant heifers. 

 

Introduction 

 Early gestation is a critical time in pregnancy with rapid embryonic differentiation and 

growth. In cows, the morula or early blastocyst enters in the uterus around Day 5 after 

fertilization and the embryonic cells organize into an inner cell mass and the trophoectoderm 

which will give origin respectively to the embryo and conceptus membranes (Betteridge & 

Fléchon 1988). Vascular development and remodeling in both maternal and fetal sides are very 
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important during early pregnancy, especially, but also throughout gestation. The well 

vascularized endometrium around the time of implantation helps provide an adequate uterine 

environment to support embryo survival and development. During early gestation, embryonic 

nutrition is completely dependent on histotroph from uterine gland secretions (Amoroso 1952; 

Hempstock et al. 2004; Burton et al. 2007). The placenta is formed between confluence of the 

conceptus membranes with the maternal tissues during early gestation. After implantation, 

development and expansion of the placental villus vasculature serves to supply the initial fetal 

demands for nutrients and oxygen; the materno-placental vasculature remodeling will be a 

continuous process throughout pregnancy paralleling the gradual increase in fetal transport of 

nutrients, respiratory gases, and wastes during its growth (Reynolds et al. 2006; Torry et al. 

2007). 

Morulae and blastocysts exhibit spherical shape. Using ultrasound assessment, Kastelic et 

al. (1988) reported that on Day 11, 73% of the embryonic vesicles were still spherical and 23% 

were oblong in cows. However, by about six days of intrauterine existence, around day eleven of 

pregnancy, the cow spherical embryonic vesicle elongates and begins to take the tubular shape of 

the uterine lumen. By Day 17 in cows, the elongated conceptus occupies the entire length of the 

ipsilateral horn and by Day 20 the conceptus extends throughout the lumen of the entire length of 

the contralateral horn. Detailed studies about early conceptus morphogenesis and early 

placentation in cows are available (Greenstein et al. 1958; King et al. 1980; 1981; 1982). 

Intimate contact between trophoblast and uterine epithelium is observed first by the trophoblastic 

cells near the embryonic disc on Day 19 and one day later by trophoblastic cells near caruncular 

regions. By Day 20, the allantoic sac begins to develop, vitelline vessels form a rich plexus, and 

the primitive embryonic heart appears. Microvillous indentations are also observed in the apical 
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border of the trophoblast cells in apparent response to maternal cell interactions. Around Days 23 

to 25, polynucleate cells are observed and the allantois continues to expand rapidly, becoming 

increasingly vascularized. By Day 24, almost all caruncles present microvillous interditations. 

Placentation is not a uniform process, it begins in the immediate vicinity of the embryo and 

spread towards each end of the conceptus; characterized by adhesion and interdigitation of 

microvilli between maternal epithelium and trophoblast cells. Expansion of the allantois is 

dramatic between Days 28 and 30. At this time, the allantois fuses with the trophectoderm, 

originating the chorion. Between Days 31 and 33, the primary chorionic villi with vascularized 

mesenchymal cores are observed. They are found as rounded pink patches and represent the 

future fetal cotyledons. These morphological descriptive works demonstrated that physical 

cellular interactions between the endometrium and conceptus begin early in pregnancy, around 

Day 20. Caruncular areas with early interdigitation are observed around Day 25. Primordial 

placentomes with microvilli, a tenuous attachment of maternal and fetal epithelia, and a primitive 

vascular system appear around Day 32 (King et al. 1979; Schlafer et al. 2000). 

Ruminants present a cotyledonary placenta and, based on the morphology and number of 

tissues separating maternal from fetal blood, the bovine placenta is classified as 

synepitheliochorial (Amoroso 1952). All cell layers are present (epithelium, stroma, and 

endothelium in both maternal and fetal sides). The trophoblast cells are in direct apposition to the 

surface epithelial cells of the uterus and the fetal villi (cotyledon) and the caruncle together form 

the placental units known as placentomes. After the first month of pregnancy, placentation 

continues with the caruncles inducing villous hypertrophy and hyperplasia to form the 

cotyledons, which become larger and more complex placentomes around Day 40 (King et al. 

1979; Schlafer et al. 2000). 
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The extent of local perfusion or blood flow area within the tissues can be estimated using 

the color flow mode and can be quantified directly at the level of the tissue by estimation of the 

percent of a given tissue exhibiting colored pixels. An important advantage of this technique is 

that the structure can be evaluated in real time while the area is being scanned systematically 

(Ginther 2008). 

Blood flow to the pregnant uterus, assessed by electromagnetic flow probe, has been 

shown to be increased in the uterine  artery  ipsilateral  to  the  embryo  proper  on  Days  14-18  

and  after Day 25 in heifers (Ford et al. 1979) and in uterine arteries of pregnant sows on Days 

12-13 (Ford & Christenson 1979). A brief review of the earliest studies on uterine blood flow 

changes is provided by Ford (1985). Blood flow changes at the uterine artery (upstream of the 

uterus) have been studied by Doppler ultrasonography in cows during pregnancy (Bollwein et al. 

2002). This study characterized blood flow changes monthly during pregnancy. The resistance 

index (RI) was lower and time-averaged maximum velocity (TAMV) and blood flow volume 

higher in the artery ipsilateral to the conceptus. Throughout pregnancy, RI values decreased and 

TAMV and blood flow volume increased.  Increased TAMV represented greater blood flow in 

the arteries and a decrease in RI represented reduced resistance to blood flow in the vasculature 

distal to the site of assessment. More detailed studies of blood perfusion changes at endometrial 

and mesometrial levels using color-Doppler ultrasonography to subjectively assess blood flow 

have been done during early pregnancy of mares (Silva et al. 2005; Silva & Ginther 2006; 

Ginther & Silva 2006). The authors found that transient changes in endometrial vascular 

perfusion accompany the embryonic vesicle as the vesicle changes location during embryo 

mobility. On Day 13, the continued presence of the vesicle in the same horn for an average of 7 

min stimulated an increase in vascularity of the endometrium of the middle segment of the horn. 
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After fixation, endometrial vascularity was progressively higher in the following sequence: horn 

without the vesicle, horn with the vesicle, and area of endometrium surrounding the fixed 

vesicle. Recently, uterine blood flow from cyclic and pregnant cows during the three first weeks 

of pregnancy was examined (Honnens et al. 2008). The authors found higher TAMV at the 

uterine arteries in cyclic cows on Day 18 than in pregnant cows. Also, estrogen and progesterone 

were correlated with TAMV changes.  

Vascular stimulants may be produced and released into the uterus by the conceptus 

during early pregnancy. It has been shown that estrogens stimulate blood flow increase in the 

uterine arteries of sow, cow, and ewe (Ford 1982). In addition, production of estrogens by early 

embryos of swine, bovine, and equine have been reported (Ford et al. 1982b; Shemesh et al. 

1979; Chenault 1980; Zavy et al. 1979; Raeside et al. 2004). Prostaglandins are also produced by 

early embryos and have been suggested as another possible stimulator of the uterine blood flow 

(Lewis 1989). The mechanisms involved in stimulation and control of endometrial angiogenesis 

have also been the focus on intense research (Bourlev et al. 2006; Girling & Rogers 2005; Hervé 

et al. 2006). 

The purpose of the present study was to test the hypothesis that vascular perfusion 

changes in the endometrium and mesometrium are mediated by conceptus presence and 

development, and occur at equivalent time points of pregnancy as reported in mares (Silva et al. 

2005; Silva & Ginther 2006). Comparisons of uterine vascularity between pregnant and 

nonpregnant heifers were done on Days 0-18 after ovulation. In addition, comparisons between 

the ipsilateral and contralateral uterine horns of pregnant heifers were done on Days 0-60 of 

pregnancy. The general objective was to provide a detailed and comprehensive description of 

uterine, embryonic, and fetal vascular changes during the two first months of pregnancy in cattle. 
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Materials and Methods 

Animals 

 Animals were handled in accordance with the Guide for Care and Use of Animals in 

Agricultural Research. Fourteen Holstein heifers, aged 17 to 20 months were used. Body 

condition for each heifer was around 3.0 throughout the experiment (range from 1-5; Lowman et 

al. 1976). Heifers were selected with docile temperament from a commercial dairy herd and no 

apparent abnormalities of the reproductive tract, as determined by ultrasound examinations 

(Ginther 1998b). All heifers were acclimated to the handling procedures for a minimum of two 

weeks prior to experimentation and they had free access to grass hay, water, and trace-

mineralized salt. Heifers were scanned daily by ultrasound during the acclimation period and the 

size of the largest follicle was monitored. After acclimation, estrus detection was performed by 

visual inspection of the herd for approximately one hour twice daily, early in the morning and 

late in the evening. Heifers exhibinting estrus behavior were artificially inseminated 12 hours 

later, using proven fertile Holstein bull frozen semen. Estrous behavior was characterized by 

standing to be ridden. Also, records of presence of a follicle equal or larger than 8 mm in 

diameter, nervous and restless behavior, moist, red, and slightly swollen vulva, and clear mucous 

discharge were evaluated as additional information to estrus characterization. 

 

Ultrasonography 

 A duplex B-mode (gray-scale) and pulsed-wave color-Doppler ultrasound instrument 

(Aloka SSD 3500; Aloka America, Wallingford, CT) was used for transrectal scanning. Vascular 

perfusion of the endometrium and mesometrium were evaluated, using the color-Doppler flow 

mode function and a 7.5 MHz linear-array transducer (UST-5821-7.5) with a beam-field width of 
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60 mm.  In color-Doppler mode, the extent and direction of blood flow in the vessels are 

indicated by color signals (red or blue with its degrees of brightness; Ginther 2007) and was used 

to display signals for blood flow in vessels of the uterus. All color Doppler scans were performed 

at a constant gain and filter settings, and constant velocity range (relative to pulse repetition 

frequency - PRF) of 10 cm/sec. Real-time B-mode/color-Doppler images of the continuous scans 

were captured with an online digital video-taping system and stored for potential validation and 

confirmation purposes. The transducer was placed over a cross section of the middle segment of 

each uterine horn (Figure 7-1). The vascularity or vascular perfusion was estimated subjectively 

by scoring the extent of colored areas in the endometrium and mesometrium during real-time 

cross sectioning of each horn during a continuous span of 1 min; because of animal and uterine 

movements, multiple cross sections were viewed. Only the colored areas that appeared to be 

within the endometrium or within in the mesometrium were considered (Figure 7-1). Signals for 

blood flow were estimated from the blood-flow color displays of the real time sequential two-

dimensional planes of area, as described for mares (Silva et al. 2005). The scores ranged from 1–

4, indicting no, minimal, intermediate, and maximal involvement. The 1-min scan was recorded 

on digital videocassettes (MiniDV). Similar color-Doppler scanning was done from the corpus 

luteum (CL). Percentage of CL with color-Doppler signals for blood flow was estimated from 

the blood-flow color displays of the real time sequential two-dimensional planes of the entire 

CL, as described (Acosta et al. 2003). The color-flow signals at the periphery of the CL and 

within the CL were included in the percentage estimate. Also, the area (cm2) of a cross section of 

the CL for each examination was determined in B-mode from maximum area averaged from two 

still images, using the scanner’s tracing function. 
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 Vascular perfusion of the endometrium was assessed objectively by off-line measurement 

of the total number of colored pixels, total pixel intensity, and average of pixel intensity as 

indicator of blood flow. Three still images from cross sections of the middle segment of each 

horn were used for determination of the pixel related end-points, and the average was used in the 

analyses. The images were captured from the videocassettes using Adobe Premiere Pro 2.0 

software (TIFF format; Adobe Systems, San Jose, CA). Colored spots or pixel aggregates were 

selected from the images (endometrial and mesometrial areas), extracted, and saved (TIFF 

format) using Adobe Photoshop CS2 software (Adobe Systems, San Jose, CA). ImageJ 1.40g 

software (National Institutes of Health, USA) was used for calculation of the total number of 

colored pixels, total pixel intensity, and average of pixel intensity for each TIFF format image. 

In addition to color-Doppler evaluation of the uterus, spectral-Doppler scans were made 

of the arteries at the mesometrial attachment. These vessels were outside of the uterine horn but 

within the mesometrial area (Figure 7-9a; ultrasonogram on Day 22). For spectral Doppler scans, 

the velocity range setting and the size of the spectral gate were variable during each scan and 

adjusted to obtain a good spectral Doppler graph. A good spectral graph can be defined as a 

sequence of symmetrical cardiac cycles in which the size permits an easy identification of the 

systolic and diastolic peak and end, and absence of aliasing. Aliasing is a Doppler artifact 

generated when the blood flow velocity is higher than the velocity of the ultrasound beams. 

Technical explanation and examples are provided by Ginther (2008). Settings of gain and filters 

were kept the same for all scanning. Spectral waveforms were generated three times for three 

cardiac cycles by placement of the spectral Doppler gate over the most intensely colored area in 

the color flow/B-mode image. One cardiac cycle was arbitrarily chosen from each of the three 

scans and the average was used for measurement of resistance index (RI), using preset functions 
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in the ultrasound scanner. Decreased RI values indicate increased vascular perfusion of tissues 

distal to the point of examination of the artery. In addition to the spectral measurements at the 

mesometrial arteries, heart rate of the embryo or fetus was measured by placement of the spectral 

Doppler gate over the heart starting on day of first visualization of heart beats by color-Doppler 

mode in all embryos until Day 60 of pregnancy. Preset function in the ultrasound scanner was 

used for automatic calculations of the heart rate using the acquired cardiac cycle spectrum. 

Uterine echotexture was evaluated in B-mode by scanning the entire uterus where the 

pattern of the endometrial morphology, defined by the presence of defined endometrial folds and 

anechoic areas inside of the folds, was subjectively scored as described (1 = no edema or 

diestrus-like; to 4 = maximal edema or estrus-like; Ginther 1998b). In addition to the ultrasound 

related measurements, uterine tone was the last end-point to be evaluated during data collection 

by delicate transrectal digital compression of both uterine horns and scored subjectively as 

described (1 = minimal or diestrus-like; 2 = intermediate; 3 = maximal or estrus-like; Ginther 

1998b). 

 

Experiment 

Fourteen heifers were artificially inseminated and examined daily beginning between 

Hours 0700-1200 with the duplex B-mode/color-mode scanner from Day 0 (Day of ovulation) 

until Day 60 if pregnancy was confirmed, or until the next ovulation in nonpregnant heifers. 

Examination procedures were done every other day from Days 0-8, and daily from Days 9-30 in 

pregnant heifers or until the day of ovulation in nonpregnant heifers. For the pregnant group, 

examination procedures were continued every other day from Days 30-60. After Day 60, exams 

were done with randomly daily intervals until Day 90 with the objective of collection of 

pregnancy images. The sequence of data collection was: 1-min scanning of each uterine horn for 
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vascularity evaluation in color Doppler mode, followed by acquisition of the spectral graph for 

resistance index (RI) calculation, and uterine echotexture evaluation in B-mode, and finally 

digital evaluation of the uterine tone. The rationale for this described sequence was to avoid or 

minimize any kind of external interference in the physiological patterns of blood flow during 

data collection. 

Data analyses were divided into Days 0–18 for data comparisons between pregnant and 

nonpregnant heifers and Days 0–60 for data comparisons between uterine horns that were 

ipsilateral and contralateral to the corpus luteum (or to the embryo or fetus) in the pregnant heifer 

group. Pregnancy diagnosis was done between Days 20 and 25 for heifers that had not presented 

a second ovulation in the experimental period. Nonpregnant heifers were examined daily after 

the second ovulation and artificially inseminated before the third ovulation, as previously 

described in this paper. Retrospectively, groups were assigned and data comparisons on Days 0-

18 were then made among uterine horns (ipsilateral and contralateral) from heifers in which a 

second ovulation occurred (n = 6) and heifers in which the conceptus was detected by Days 20-

25 (n = 11). In the pregnant group (n = 11), comparisons were made from Days 0-60 between 

uterine horns. 

 

Blood Samples and Hormone Assays 

 Progesterone and estradiol concentrations were determined from Days 0-18 in all heifers. 

Blood samples were collected into heparinized tubes and centrifuged (2000 x g for 10 min), and 

plasma was decanted and stored (-20 C) until assay. Plasma progesterone concentrations were 

measured using a solid-phase radioimmunoassay kit containing antibody-coated tubes and 125I-

labeled progesterone (Coat-A-Count Progesterone, Diagnostic Products Corporation, Los 

Angeles, CA). The procedure has been described in detail for mare plasma in our laboratory 
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(Ginther et al. 2005a) and was validated for assaying plasma concentrations of progesterone in 

bovine plasma. Serial volumes of a pool of diestrus bovine plasma (50-300 l) were processed as 

for experimental samples and resulted in a displacement curve that was similar to the standard 

curve. The intraassay CV and sensitivity were 3.04% and 0.03 ng/ml, respectively.  

Plasma concentrations of estradiol were determined using modifications of a 

commercially available radioimmunoassay kit (Second Antibody Estradiol; Diagnostic Products 

Corp., Los Angeles, CA), which has been validated for use in cattle (Bergfelt et al. 2000). 

Details of the methodology as used in this laboratory have been reported elsewhere (Kulick et al. 

1999). The intraassay CV and sensitivity were 6.2% and 0.09 pg/ml, respectively. 

 

Statistical Analyses 

 Parametric data were examined for normality with the Kolmogorov-Smirnov test. When 

the normality test was significant (P < 0.05), data were transformed to natural logarithms. 

Individual end points were analyzed for time effects (day), and comparisons involving groups 

were analyzed for main effects (group, time) and the interaction. The mixed procedure of SAS 

(version 9.2; SAS Institute, Inc) was used with a repeated statement to account for 

autocorrelation between sequential measurements. The scores for Doppler vascularity, uterine 

echotexture, and uterine tone were considered as nonparametric data and were analyzed by the 

potential differences in the Glimmix procedure of SAS (version 9.2; SAS Institute Inc., Cary, 

NC) to determine the main effects and the interaction. A histogram of the data was made to 

observe the best distribution presented by the subjective scores. The inverse Gaussian 

distribution was selected as the best fit and used in Glimmix. Paired and unpaired Student t-tests 

were used to locate differences between times within an end point and among groups within a 
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time, respectively, when an effect of time or an interaction was obtained. A probability of P ≤ 

0.05 indicated that a difference was significant and a probability between P > 0.05 and P ≤ 0.1 

indicated that significance was approached. Data are presented as the mean ± S.E.M. 

 

 

Results 

Representative still frames of differential vascularity scores are presented in Figure 7-1. 

The ultrasonograms on the top refer to the ipsilateral uterine horn to the conceptus (A) and the 

contralateral uterine horn (B) from the same pregnant heifer on Day 25. Intense endometrial 

vascularity is observed in the ipsilateral horn and is completely absent in the endometrium of the 

contralateral horn. In addition, by visual inspection of the presented ultrasonograms, the 

mesometrial area at the ipsilateral horn presents higher vascularity compared with the 

contralateral horn. It is important to be aware that subjective vascularity scores are given after 1-

min scan (real-time) instead of a simple view of still frames as presented. The ultrasonogram C 

shows one of the uterine horns from a cyclic heifer one day before ovulation for comparison. 

Intense uterine edema characterized by elevated ultrasonic echotexture pattern formed by the 

anechoic areas in the endometrial folds is observed. Vascularity of the endometrium decreases 

one day before ovulation. However, vascularity of the mesometrial area and endometrial 

echotexture is still high.  

Initial analyses for the period of Days 0-18 considering the reproductive status (pregnant 

and nonpregnant), uterine horns (ipsilateral and contralateral), and days as fixed variables were 

performed. Effect of uterine horn and all possible combinations of interactions of effects with the 

variable horn were not significant (P ˃ 0.05) for all end-points studied. Based on these results, 
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daily individual data from both uterine horns were averaged and new statistical analyses were 

performed considering only the reproductive status and day as fixed variables. 

The endometrial and mesometrial vascularity scores and vascular resistance index at the 

mesometrial area on Days 0–18 are shown (Figure 7-2). On Days 0–18, there were significant 

differences in endometrial vascularity. Effects of reproductive status, day, and interaction of 

reproductive status by day were detected (P = 0.0058, P = 0.0002, and P = 0.0001, respectively). 

Endometrial vascularity starts to increase on Day 14 on cyclic heifers and is higher than in 

pregnant heifers on Day 16 (P = 0.0244). At the mesometrium, an effect of interaction of 

reproductive status by day was detected (P = 0.0001). Similar vascular changes found at the 

endometrium were observed at the mesometrium. The vascular resistance index (RI) increased 

slightly on Days 0-18 and only the effect of day was significant (P = 0.0073). 

 The uterine echotexture and tone on Days 0–18 in pregnant and cyclic heifers are shown 

in Figure 7-3. Effects of pregnancy status and day were not significant (P ˃ 0.05) and effect of 

the interaction between pregnancy status by day was significant for uterine echotexture and tone 

(P = 0.0495, and P = 0.0424, respectively). A dramatic decrease in uterine echotexture and tone 

was observed immediately after ovulation. Uterine echotexture remained low in pregnant and 

cyclic heifers until Day 15 when a rampant increase was observed in the cyclic heifers. A slight 

increase in uterine tone was observed after Day 4 in both pregnant and cyclic heifers and a 

plateau was reached on Day 8 similarly in pregnant and cyclic animals but increased in cyclic 

animals after Day 14. 

 Blood concentrations of estradiol and progesterone on Days 0-18 are presented in Figure 

7-4. Effects of reproductive status, day, and the reproductive status by day interaction were 

detected (P = 0.0153, P = 0.0001, and P = 0.0001, respectively). Estradiol concentrations were 
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low and similar in pregnant and cyclic heifers until Days 14 when a rapid increase in this 

hormone was observed in cyclic heifers. Progesterone was low, but detectable on Day 0 in both 

pregnant and cyclic heifers and progressively increased daily in both groups until Day 12 when 

the concentrations were maintained at high concentrations in pregnant heifers and began to 

decrease after Day 15 in cyclic heifers. Effects of reproductive status, day, and reproductive 

status by day interaction were detected (P = 0.0151, P = 0.0001, and P = 0.0001, respectively). 

  The percentage of the area of the corpus luteum occupied with blood flow and the total 

area of the corpus luteum on Days 0-18 are presented in Figure 7-5. Effect of day and the 

pregnancy status by day interaction were significant for both end-points (P = 0.0001 and P = 

0.0001 for % area with blood flow, and P = 0.0001 and P = 0.0016 for corpus luteum area). A 

progressive increase in both end-points was observed after Day 0, reaching a plateau which 

decreased abruptly only in cyclic heifers, on Day 15 for blood flow and on Day 14 for area. 

 In pregnant heifers, data from both uterine horns (ipsilateral and contralateral to the 

embryo or fetus) were compared on Days 0-60. In Figure 7-6, endometrial and mesometrial 

vascularity scores and vascular resistance index assessed at the mesometrial arteries are shown. 

Effects of uterine horn side, day, and the horn by day interaction were highly significant for 

endometrial and mesometrial vascularity scores (P = 0.0001 for all effects in both end-points). 

Patterns of vascular changes were similar in the endometrium and mesometrium. Vascularity of 

the uterine horn ipsilateral to the embryo started to increase on Day 18 reaching a plateau around 

Day 36. The increase in vascular perfusion coincided with the beginning of the allantoic sac 

development at the ipsilateral horn. In the contralateral uterine horn, vascular perfusion started to 

increase on Day 32 reaching maximal values which were to values in the ipsilateral horn on Day 

42. Likely, vascular perfusion of the contralateral horn started to increase when the allantoic sac 
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started its development in this horn, similar to changes seen in the ipsilateral horn. Key features 

related to the placentation process in cows are chronologically indicated on the bottom of Figure 

7-6. For vascular resistance index, effects of day and the interaction between horn and day were 

significant (P = 0.0001 and P = 0.0007, respectively). A slight decrease in vascular resistance 

was observed in both uterine horns temporally associated with the increase of the vascular 

perfusion in each uterine horn. 

 Objective assessment of uterine vascularity is presented in Table 1 for validation of the 

subjective vascularity scores. For endometrium, the vascularity scores, total number of colored 

pixels, total pixel intensity, and mean pixel intensity were higher (P < 0.05) in the uterine horn 

containing the embryo than in the opposite horn on Day 25 of pregnancy. At the mesometrium, 

the vascularity scores, total number of colored pixels, and total pixel intensity were higher (P < 

0.05) in the uterine horn containing the embryo than in the opposite horn, but the mean pixel 

intensity did not differ between uterine horns (P ˃ 0.05). The ratios of ipsilateral:contralateral 

horns are presented for all end-points. 

 Uterine echotexture and tone (top) and the percentage of corpus luteum area with blood 

flow and its total area (bottom) are shown on Figure 7-7. Effect of day was highly significant (P 

= 0.0001) for all four end-points. A rapid decrease in uterine echotexture and tone was observed 

right after ovulation (Days 0-4). After Day 4, echotexture stabilized in a plateau and started 

progressively to decrease between Days 20-50. For uterine tonus, after the decrease until Day 4 

the tonus slightly increased with observed oscillations and assumed a constant plateau after Day 

32. The percentage of corpus luteum area with blood flow and its total area increased from Day 0 

to around Day10 and was maintained in a constant plateau until Day 60 (P = 0.0001). 
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 Embryonic and fetal heart rates on Days 24-60 are presented in Figure 7-8. A significant 

day effect was detected (P = 0.0001). The heart rate increased logarithmically on Days 24-40 and 

stabilized at a constant rate of around 180 beats per minute by Day 60. The earliest detection of 

heart beats visualized by color-Doppler was on Day 21 in one heifer (1/11; average = 23.5 ± 0.4 

days). For the embryo proper, the first day of detection was on Day 20 in seven heifers (7/11; 

average = 20.6 ± 0.3 days). 

 A short collection of Doppler ultrasonograms during the first three months of pregnancy 

is presented on Figures 7-9a and 7-9b. Examples of color-, power-, and spectral-mode and its 

combinations are shown. Age of pregnancy is indicated on the right bottom of each 

ultrasonogram and represents days after ovulation (Day 0 = ovulation). Extra key features on the 

images are also indicated by arrows and a legend is presented.  Embryonic and fetal stages were 

split apart (Figure 7-9a and Figure 7-9b, respectively). 

 

Discussion 

Color-Doppler ultrasonography assessment of blood flow for detailed evaluation of 

endometrial and mesometrial perfusion in pregnant cows proved to be a very effective approach. 

Differences in number and intensity of colored spots were easily observed even in still frames, or 

static images, as can be seen in Figure 7-1. The still frames shown were selected at a time point 

of strong vascular perfusion discrepancies between uterine horns to better illustrate the distinct 

pattern of perfusion that can occur. One minute real-time scanning is recommended for this kind 

of evaluation because it provides a better dynamic idea of the blood flow patterns to the 

ultrasound operator (Ginther & Utt 2004, Ginther 2008). Many studies using subjective 

evaluation of blood flow perfusion have shown that this approach is reliable and consistent with 

the observed physiological changes in uterus of mares (Silva et al. 2005; Silva & Ginther 2006, 
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Ginther & Silva 2006), corpus luteum of mares (Ginther et al. 2007a, b) and cows (Ginther et al. 

2007c), preovulatory follicle of mares (Silva et al. 2006) and cows (Siddiqui et al. 2008). 

The results obtained using subjective scores were similar to the pixel analysis indicating 

accuracy and reliability of using the subjective methodology. At the endometrium, all objective 

end-points were different between horns as with results for subjective scores. At the 

mesometrium, the total number of colored pixels and the total intensity of the pixels were 

different between horns. However, the mean intensity of the colored pixels was not different. 

Intensity is represented by the degree of brightness of red or blue in the color-Doppler image and 

codifies blood velocities. It is calculated multiplying each colored pixel by its level of brightness 

of the machine brightness range (normally from 0 to 256). The colors red and blue indicate the 

direction of the flow in relation to the ultrasound beams direction or to the probe (Ginther 2008). 

At the endometrium, the larger area occupied by colored spots and the higher average velocity 

based on pixel intensity analysis, indicated that the blood perfusion was higher in the uterine 

horn containing the conceptus than in the opposite horn. At the mesometrium, the area occupied 

by colored spots was similar to the endometrium, indicating higher blood perfusion in the uterine 

horn containing the conceptus than in the opposite horn. However, the average pixel intensity 

was similar between uterine horns at the mesometrium. In other words, the amount of blood was 

different but the average of the blood flow velocities was similar between horns at the 

mesometrium. At the endometrium, the area with colored spots was 18-fold larger in the horn 

containing the conceptus than in the contralateral horn. In addition, the total intensity of the 

colored pixels was 16-fold larger and the average pixel intensity 50% higher in the ipsilateral 

horn. These findings suggest that different degrees of angiogenesis and vasodilation may be 

responsible for the observed vascular changes at the endometrium and mesometrium of heifers 



 

176 

on Day 25 of pregnancy. These large differences likely indicate an increased number of capillary 

branches at the endometrium of the ipsilateral uterine horn, more a result of angiogenesis than 

vasodilation. In the other hand, at the mesometrium the colored pixel area and the total intensity 

of pixels were 2-fold larger in the horn containing the conceptus than in the contralateral horn, 

but the average pixel intensity did not differ. These findings may indicate a more intense 

vasodilation process than angiogenesis at the mesometrium area. Both, angiogenesis and 

vasodilation may be present at the two areas but the ratio of angiogenesis/vasodilation is 

suggested to be higher at the endometrium than at the mesometrium during the early pregnancy 

in cows. A more detailed study looking at these end-points in the endometrium and 

mesometrium on different days of pregnancy associated with detailed histomorphology of the 

uterine tissues is necessary to achieve the final conclusions suggested by this preliminary study. 

Systemic variations in estradiol and progesterone concentration and the effects on uterine 

vascular changes during the estrous cycle of domestic animals have been studied and blood flow 

increase has been correlated with a high estrogen:progesterone ratio (Ford 1982). However, the 

increase in uterine blood flow during early pregnancy in cows was not correlated with the 

systemic increase in estradiol levels suggesting local control of uterine blood flow by the 

conceptus (Ford et al. 1979). Variations in time-average maximum velocities (TAMV), 

measured by spectral-Doppler ultrasonography during the three first weeks after ovulation of 

dairy cows, were correlated with estrogen and progesterone concentrations in cycling cows, but 

not in pregnant cows (Bollwein et al. 2000; Honnes et al. 2008). Our results confirmed these 

findings. In nonpregnant heifers, both endometrium and mesometrium exhibited increased blood 

flow starting at the time of luteolysis, around Day 14, which was correlated with rising estradiol 

and decreasing progesterone. These events were also correlated with the daily and progressive 
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decrease in corpus luteum (CL) size and, with one day of delay, the abrupt decrease in CL blood 

flow that reached very low levels in a two day time frame. The systemic blood levels of 

progesterone decreased similar to the decrease in CL blood flow starting on Day 15 and estradiol 

started to rise one day before, on Day 14, progressively increasing during the experimental 

period or until Day 18. Pregnant heifers exhibited constant high progesterone levels, low 

detectable levels of estradiol, and no reduction in corpus luteum size and elevated blood flow as 

would be expected. In addition, no uterine blood flow changes were detected until Day 18 either 

at the endometrium or mesometrium. In pregnant heifers, the area of corpus luteum occupied by 

blood vessels, e.g. vascularity, increased parallel to the increase in size of the corpus luteum, and 

the highest values, attained after the first ten days of pregnancy, were maintained until the end of 

this experiment. These first ten days corresponded to the time of corpus luteum formation and 

development. 

 Our results strongly supported the hypothesis that vascular perfusion changes in the 

endometrium and mesometrium during early pregnancy in cows occur locally and are mediated 

by conceptus presence and development. Vascularity of the horn ipsilateral to the embryo was 

higher than in the opposite horn throughout Days 20-40. Blood flow increased in the uterine 

artery ipsilateral but not contralateral to the conceptus between Days 13 and 15 in sheep 

(Reynolds et al. 1984) and Days 15 and 17 in cattle (Ford et al. 1979). During the first three 

weeks of pregnancy in dairy cows, TAMV was higher and pulsatility index (PI) lower in the 

uterine arteries of pregnant cows than in cycling cows on Day 18 indicating decreased uterine 

vascular resistance in pregnant cows (Honnens et al. 2008). However, no differences were 

detected between the reproductive statuses during any previous or post scanning days (Honnens 

et al. 2008). The authors reported great variability in the measurements among animals from the 
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same experimental group which could be the cause of the detected difference on Day 18. 

Bollwein et al. (2002) studied uterine blood at the uterine arteries of pregnant cows once 

monthly and they found a difference between uterine horns in resistance index (RI) only in the 

second month and in TAMV in the 5
th

-7
th

 months of pregnancy. The results obtained by the 

assessment of blood flow at the uterine arteries may be not sensitive enough to obtain blood flow 

changes as is color-Doppler assessment of blood flow perfusion directed at the tissues of interest. 

In the study done by Ford et al. (1979), the authors used a small number of animals and the 

individual measurements exhibited high variability. In addition, the positioning of the 

electromagnetic Doppler probe around the uterine arteries could account for variability of the 

measurements. 

Vascular perfusion changes in the uterus and its relationship with the conceptus have 

been studied in many species. In our previous works in pregnant mares (Silva et al. 2005; Silva 

& Ginther 2006), we found that transient changes in endometrial vascular perfusion accompany 

the embryonic vesicle as the vesicle changes location during embryo mobility (Days 11-16). In 

addition, after embryonic vesicle fixation (Day 16), endometrial vascularity and the number of 

colored endometrial pixels were progressively higher in the following sequence: horn without the 

vesicle, horn with the vesicle, and endometrium adjacent to the fixed vesicle. Swine have 

embryos in both horns and blood flow transiently increases in both uterine arteries 12 and 13 

days after insemination, but when embryos are experimentally confined to one horn, the blood 

flow increases only on that side (Ford & Christenson 1979); furthermore, blood flow to uterine 

segments containing a conceptus is greater than for segments that do not contain a conceptus 

(Ford et al. 1982). In this present study, the scores in the embryo containing horn increased 

between Days 20 and 36. The vascularity of the ipsilateral horn started to increase at the time 
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when the allantoic sac developed and filled with fluid. A chronological pattern of allantoic sac 

development similar to that observed in this study was described by Kastelic et al. (1988) using 

B-mode ultrasonography. In the present study, vascularity increased throughout Days 32-40 in 

the uterine horn contralateral to the conceptus. Similar to the changes in the ipsilateral horn, the 

increase in vascularity of the opposite horn paralleled the timing of allantoic sac development 

inside of the horn. The relationship between allantoic sac development and the local increase in 

vascularity may be explained by two possible mechanisms. First, intense vasculogenesis and 

angiogenesis are present in the developing embryo and the allantoic fluid may facilitate 

dispersion of the angiogenic factors produced by the developing embryonic vascular system 

producing the observed uterine vascular changes. Second, as the allantoic sac develops, the 

allantoic membrane fuses with the trophoectoderm forming the chorion and the placental vessels 

start to develop (King et al. 1979; 1980). Angiogenic factors could be produced by the chorionic 

cells to stimulate placental angiogenesis and, by diffusion, stimulate the uterine vascular 

changes. The two proposed mechanisms could be present at the same time to cause the observed 

uterine vascular changes. 

Vascular development and remodeling in both maternal and fetal sides are essential for 

implantation and placentation throughout pregnancy until term. A vascularized endometrium is 

necessary before and at the time of implantation to provide an appropriate uterine environment to 

support embryo survival and development. After implantation, development and expansion of 

the placental villus vasculature serves to supply the initial fetal demands for nutrients and 

oxygen. During pregnancy until term, materno-placental vasculature remodeling is a continuous 

process related to the gradual increase in fetal transport of nutrients, respiratory gases, and waste 

during its growth (Reynolds et al. 2006; Torry et al. 2007). Use of an angiogenic inhibitor before 
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or right after implantation in mice resulted in resorption of all embryos (Klauber et al. 1997), and 

supported the hypothesis that angiogenesis is a critical component of normal 

implantation/placentation in early stages of pregnancy. 

The mechanisms involved in the early local stimulation of uterine vascularity by the 

conceptus have not been clarified. One consideration is that the early conceptus alters 

endometrial vascularity by the production of vascular stimulants. In this regard, estrogens 

stimulate increased uterine blood flow in the sow, cow, and ewe (Ford 1982a). In vitro studies 

have shown that Day 12 porcine embryos (Ford et al. 1982b) and Day 16 bovine embryos 

(Shemesh et al. 1979; Chenault, 1980) produce estrogens. Marked in vitro production of estrogen 

by the equine conceptus occurs as early as Day 12 (Zavy et al. 1979; Raeside et al. 2004). The 

blastocysts of many species also secrete a variety of prostaglandins, and it has been proposed that 

conceptus prostaglandins stimulate increases in uterine blood flow (Lewis 1989). Furthermore, 

physical stimulation unrelated to direct production of a vasoactive substance by the conceptus 

cannot be ruled out. During tissue remodeling, vascular development is orchestrated by 

stimulatory and inhibitory signals. An inadequate vascular supply creates hypoxia and limits 

tissue growth. On the other hand, hypoxia is the physiological signal to stimulate angiogenesis 

during growth. Hypoxia inducible factor (HIF-1) is produced by tissues in hypoxia states and 

stimulates transcription of angiogenic factors (Werner, 1997; Zygmunt et al. 2003). 

The nature of the signals that are responsible for induction and control of endometrial 

angiogenesis has been the focus of many studies (Bourlev et al. 2006; Girling & Rogers 2005; 

Hervé et al. 2006). Estrogen is recognized as one of the driving forces for increased uterine 

blood flow through both rapid and delayed actions, via binding to its receptors in the uterine 

artery wall, and especially at the uterine artery endothelium (Albrecht et al. 2003; Heryanto & 
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Rogers, 2002; Mendelsohn, 2002). There are many critical growth factors involved in the 

physiological regulation of blood vessel formation and maintenance, and the actions of these 

molecular players must be very carefully orchestrated in terms of time, space and dose so as to 

form a functioning vascular network (Jain 2003; Yancopoulos et al. 2000; Risau 1997; Zygmunt 

et al. 2003). The crucial factors regulating angiogenesis and vasculogenesis belong to the 

endothelial growth factor family. The most important are VEGF-A and its receptors VEGFR-1, 

VEGFR-2, and VEGFR-3 (Roy et al. 2006; Ferrara et al. 2003; Ferrara 2004; Yancopoulos et al. 

2000). The growth factor family of angiopoietins and ephrins are important to vessel maturation, 

stabilization, and remodeling (Rowe et al. 2003; Yancopoulos et al. 2000; Wulff et al. 2000). 

Nitric oxide is another factor involved in tissue vascularization by stimulus of vessel dilatation 

and permeability, and decreasing tone (Magness et al. 1997, Kroll & Waltenberger 1999). Any 

or all of these above angiogenic factors could play a role in the changes observed in this study, 

and further work is underway to better define their roles. 

Uterine echotexture decreased to basal levels during the first 4 days after ovulation in 

both pregnant and nonpregnant heifers and increased progressively one day after the beginning 

of the estradiol rise in nonpregnant heifers. This initial accentuated drop could be correlated to 

the low systemic levels of estrogen and progesterone (Ginther et al. 1996; Ginther 1998b). The 

changes in uterine ultrasonic characteristics during the estrous cycle of cows have been described 

and it is suggested as a biological indicator of the systemic estrogen-progesterone ratio (Ginther 

1993). The uterine tone decreased similarly to uterine echotexture until Day 4. However, a slight 

increase in uterine tone occurred after Day 4, reaching a plateau on Day 8 in both pregnant and 

nonpregnant heifers. This increase in uterine tone could be an effect of the transition of a period 

of non uterine exposure to steroids right after ovulation followed by a period of slight estradiol 
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level variations due to secondary waves of follicular growth and, more important, to the increase 

in systemic levels of progesterone during corpus luteum formation and development. Increased 

uterine echotexture and edema is caused by translocation of fluids from blood to the interstitial 

area, as a transudate. Uterine microvascular permeability increases after treatment with estrogen 

(Hechter et al. 1941) and VEGF was first identified as a vascular permeability factor (Senger et 

al. 1993). Estrogen and VEGF actions are linked and it have been demonstrated that inhibition of 

the VEGF action system blocks estrogen-induced uterine edema (Rabbani & Rogers 2001; 

Rockwell et al. 2002). In pregnant heifers, after the first week of pregnancy, uterine echotexture 

maintained in a plateau until Day 22, approximately the day of beginning of allantoic sac 

formation and vascularity increase in the ipsilateral horn. After Day 22, the uterine echotexture 

started a constant and slight decrease reaching the lowest values during the three last days of this 

experiment. The uterine tone increased slightly after the first week of pregnancy and presented 

many daily oscillations until Day 30 when it reached a plateau until the end of the experiment 

(Day 60).  

The first report on embryonic and early stage fetal heart rate in cattle used B- and M-

modes from videotaped scanning to estimate the heart beats (Ginther 1998b). The earliest 

detection of heart beats was done on Day 23 of pregnancy. Heart rate ranged from an average of 

135 bpm to 185 bpm from Days 23-60 (Ginther 1998b). Our results were similar. However, the 

spectral-Doppler assessment permits the operator to get the heart rate estimations easily by 

automatic calculation preset in the ultrasound machine. During the first 40 days of pregnancy, 

embryonic heart rate increased from around 125 bpm to 180 bpm in a logarithmic faction. After 

Day 40, fetal heart rate remained constant until Day 60. Our earliest detection of embryonic heart 

rate was on Day 21 of pregnancy. We were not able to distinguish whether blood is flowing into 
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the heart at the early fetal stages. Color-Doppler ultrasonography image formation is based on 

movement and without doubt this methodology is reliable to detect the cardiac muscle 

contractions starting on the third week of pregnancy. The fact that the heart rate stabilized in a 

plateau after Day 40 is temporally associated with timing of synepitheliochorial placenta 

development (King et al. 1979; 1980), and a stabilized continuous blood flow may be important 

for the beginning of the maternal placental exchanges.  

In the embryonic stage page, shown in Figure 7-9a, on Day 20 the embryo proper was 

identified (arrow) and the visualized membrane (thin white line) suggests the beginning of the 

allantoic sac formation. On Day 21 the heart beats were detected. The first spectral graph image 

shows the assessment of blood flow at the mesometrial area on Day 21. The Doppler cursor was 

placed on a prominent colored spot at this area. Real velocities were not able to be measured due 

to the impossibility of precisely measuring the Doppler insonation angle in the convoluted 

branches of the uterine artery at this area. However, Doppler indexes, as RI and PI, are 

independent of the insonation angle and are good indications of the vascular bed resistance 

downstream to the point of measurement. Spectral-Doppler graphs from the mesometrial 

attachment vessels can be collected during the entire estrous cycle and pregnancy. Power-

Doppler mode is one more option for subjective perfusion analysis of blood flow instead of the 

routinely used color-Doppler mode. The power-Doppler adds the amplitude of the echo with the 

velocities in the processing for image representation. Direction of the flow (red and blue) is 

abolished in power-Doppler. Two ultrasonograms using this mode are presented (Figures 7-9a 

and 7-9b; Day 22 and Day 54). The advantage of power-Doppler mode is the more detailed 

representation of the blood flow and it helps the operator in the analysis of slow motion flow. 



 

184 

However, the increase in the computational processing slows the screen frame rate, making real-

time imaging difficult in large animals. 

A differential growth of the dorsal area of the endometrium around embryonic vesicle has 

been described in mares (Silva & Ginther 2006). A similar pattern was observed during early 

pregnancy in cows. The images on Days 20, 21, and 22 (Figure 7-9a) presented in this paper 

clearly show the larger area of the dorsal endometrium, close to the mesometrial attachment in 

the uterus, compared to the ventral endometrium. The allantoic development is difficult to be 

monitored daily as it is in mares due the elongated conceptus and flexed uterine horn shapes in 

cattle. However, the ultrasonogram shown on Day 27 (Figure 7-9a) indicates that the embryo 

proper migrated to the dorsal endometrial area and the umbilical cord formed at the most 

vascularized area as observed in the ultrasonogram on Day 38 (Figure 7-9a) of pregnancy. 

Similar orientation of the embryo proper is observed during placentation of humans and mice 

(Theiler 1989; Jaffe et al. 1997). These are new findings in cows and indicate that, as with other 

species, the embryo position in the uterus is orientated in apposition to the mesometrial 

attachment for eventual development of the umbilical cord at the most vascularized area of the 

uterus. This process was described in mares due to the spherical shape and localized positioning 

of the embryonic vesicle into the uterus (Silva & Ginther 2006; Ginther & Silva 2006). 

In summary, color Doppler ultrasonography was used to study the relationships of uterine 

vascular perfusion during early pregnancy in heifers. Uterine vascularity was similar between 

nonpregnant and pregnant heifers until the beginning of luteolysis in nonpregnant heifers. 

Uterine perfusion in nonpregnant heifers increased between Days 14 to 18 and was temporally 

associated with the preovulatory rise in estradiol. There was no evidence for a similar increase in 

endometrial perfusion scores in pregnant heifers at this time. In pregnant heifers, endometrial 
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perfusion scores were compared between ipsilateral and contralateral horns from Days 0 to 60. 

Increased endometrial perfusion scores in the ipsilateral horn were detected between Days 18 

and 20, and continued to increase until Day 40. Perfusion scores of the contralateral horn 

remained low until Day 32, when they began to rise, reaching perfusion scores approximately 

similar to the ipsilateral horn around Day 40, then declining until Day 60. The uterine vascularity 

increase in pregnant heifers paralleled the timing of development of the allantoic sac.  An 

increase in endometrial vascular perfusion in nonpregnant heifers was temporally associated with 

decreased P4 concentrations and increased E2 concentrations. In contrast, increased endometrial 

perfusion scores were detected later, around Day 20, in pregnant heifers only in the horn 

ipsilateral to the corpus luteum and conceptus, and without temporal association with increased 

estradiol or decreased P4. Results supported the hypothesis that uterine blood perfusion is 

mediated by conceptus presence, development, and its interactions with the endometrium. These 

findings suggest different pathways of endometrial vascular perfusion stimulation in pregnant 

and nonpregnant heifers. 
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Table 7-1.  Objective colored pixel analysis (average of three cross-sectional images) for 

validation of the subjective vascular scores of the endometrium and mesometrium on 

Day 25 of pregnancy.
a
 

 

End Points Uterine horn  

 

Endometrium  
With embryo (A) Without embryo (B) Ratio (A/B) 

 

Endometrial vascularity (score)
b 

2.6 ± 0.2
c 

1.2 ± 0.1
d 

2.2  

Colored pixels (total number) 1643 ± 215
c 

91 ± 32
d 

18.1  

Intensity of pixels (total) 201191 ± 26655
c 

12259 ± 4548
d 

16.4  

Intensity of pixels (mean) 125.4 ± 1.8
c 

79.2 ± 16.1
d 

1.6  

 

Mesometrium 

    

Endometrial vascularity (score)
b 

3.3 ± 0.1
c 

2.1 ± 0.1
d 

1.6  

Colored pixels (total number) 7828 ± 659
c 

3493 ± 572
d 

2.2  

Intensity of pixels (total) 939889 ± 78512
c 

421960 ± 66865
d 

2.2  

Intensity of pixels (mean) 120.2 ± 0.5 121.7 ± 0.9 1.0  

 

 
a
 Values are presented as the mean ± SEM. 

b
 Scored from 1 to 4 for none, minimal, intermediate, and maximal, respectively. 

cd
 Within an end point, means with a different superscript are significantly different (P < 0.05). 
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Figure 7-1. Diagram of the transrectal placement of the linear-array ultrasound transducer, 

showing the spatial relationships among the uterine horns (dorsal view), transducer 

and sonograms. Colored spots are color-Doppler indicators of blood flow. Blue and 

red indicates opposite blood flow directions related to the transducer insonation 

beams plan. Sonograms A and B are from the uterine horn contain the conceptus and 

opposite horn from the same animal on Day 25 of pregnancy, respectively.  

Sonogram C shows one of the uterine horns from a cyclic animal on estrus one day 

before ovulation for comparison. On sonogram A, note the intense colored spots at 

the endometrium (ed) around the fluid-filled area (black area - conceptus) and at the 

mesometrium (mm). On sonogram B, endometrial blood flow is absent and at the 

mesometrium blood flow is smaller compared to the uterine horn containing the 

conceptus. Sonogram C shows intense endometrial edema indicated by the anechoic 

areas (black) inside and individualizing the endometrial folds. Intense blood flow is 

observed at the mesometrium and occasional colored spots at the endometrium and 

subendometrial areas.
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Figure 7-2. Means (±SEM) for endometrial and mesometrial vascularity scores, and resistance 

index for assessing the extend of vascular perfusion in 11 pregnant and 6 nonpregnant 

heifers every other day from the day of ovulation until Day 8 and every day from 

Days 9 to 18. No differences were detected between uterine horns from both 

reproductive statuses for all three end-points and the presented data were obtained by 

the average of combined uterine horns data in each animal and time. Effects of 

pregnancy status, day and interaction pregnancy status by day were significant for 

endometrial vascularity scores (P = 0.0058, P = 0.0002, and P = 0.0001, 

respectively). For mesometrial vascularity scores, effects of day and interaction 

pregnancy status by day were significant (P = 0.0767 and P = 0.0001, respectively). 

Only the effect of day was significant for resistance index (P = 0.0073).
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Figure 7-3. Means (±SEM) for uterine echotexture and tone scores from 11 pregnant and 6 

nonpregnant heifers every other day from the day of ovulation until Day 8 and every 

day from Days 9 to 18. No differences were detected between uterine horns from both 

reproductive statuses for the two end-points and the presented data were obtained by 

the average of combined uterine horns data in each animal and time. The interaction 

of pregnancy status by day was significant for uterine echotexture and tone (P = 

0.0495 and P = 0.0424, respectively). 
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Figure 7-4. Means (±SEM) for estradiol and progesterone serum concentrations from 11 

pregnant and 6 nonpregnant heifers every other day from the day of ovulation until 

Day 8 and every day from Days 9 to 18. No differences were detected between 

uterine horns from both reproductive statuses for the two end-points and the presented 

data were obtained by the average of combined uterine horns data in each animal and 

time. Effects of pregnancy status, day and interaction pregnancy status by day were 

significant for estradiol and progesterone (P = 0.0153, P = 0.0001, and P = 0.0001, 

respectively for estradiol and P = 0.0151, P = 0.0001, and P = 0.0001, respectively 

for progesterone). 
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Figure 7-5. Means (±SEM) for percentage of corpus luteum area with blood flow and corpus 

luteum area from 11 pregnant and 6 nonpregnant heifers every other day from the day 

of ovulation until Day 8 and every day from Days 9 to 18. Effects of day and 

interaction pregnancy status by day were significant for both end points (P = 0.0001 

and P = 0.0001, respectively for % area with blood flow and P = 0.0001, and P = 

0.0016, respectively for corpus luteum area). 
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Figure 7-6. Means (±SEM) for endometrial and mesometrial vascularity scores, and vascular 

resistance index for assessing the extend of vascular perfusion in 11 pregnant heifers from both 

uterine horns (horn containing the embryo or fetus and opposite horn) every other day from the 

day of ovulation until Day 8, every day from Days 9 to 30, and every other from Days 30 to 60. 

Colored backgrounds indicate periods of distinct uterine location of allantoic sac development. 

Key developmental features are indicated on the timeline axe. Effects of horn side, day and 

interaction horn side by day were significant and similar for endometrial and mesometrial 

vascularity scores (P = 0.0001, P = 0. 0001, and P = 0.0001, respectively for the effects). For 

vascular resistance index, effects of day and interaction horn side by day were significant (P = 

0.0001 and P = 0.0007, respectively).
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Figure 7-7. Means (±SEM) for uterine echotexture and tone scores, and for percentage of corpus 

luteum area with blood flow and corpus luteum area in 11 pregnant heifers from both 

uterine horns (horn containing the embryo or fetus and opposite horn) every other day 

from the day of ovulation until Day 8, every day from Days 9 to 30, and every other 

from Day 30 to 60. Colored backgrounds indicate periods of distinct uterine location 

of allantoic sac development. Effect of day was significant and similar for all four 

end-points (P = 0.0001). 
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Figure 7-8. Means (±SEM) for heart rate during embryonic and fetal stages from in 11 

pregnancies in heifers assessed every day from Days 24 to 30 and every other from 

Days 30 to 60. The effect of day was significant (P = 0.0001). 
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Figure 7-9a. Embryo stage in cows assessed by color-Doppler ultrasonography from Days 20 to 

38 (Flow, Power and Spectral modes). Age based on number of days after day of 

ovulation (Day 0) is indicated on the right bottom corner of each image. Key features 

are indicated by arrows. Detailed description and comments are provided in the 

Results and Discussion sections (modified from Ginther 2008). 
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Figure 7-9b. Fetal stage in cows assessed by color-Doppler ultrasonography from Days 44 to 90 

(Flow, Power and Spectral modes). Age based on number of days after day of 

ovulation (Day 0) is indicated on the right bottom corner of each image. Key features 

are indicated by arrows. Detailed description and comments are provided in the 

Results and Discussion sections (modified from Ginther 2008). 
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CHAPTER 8 

RELATIONSHIP BETWEEN VASCULARITY OF THE PREOVULATORY FOLLICLE AND 

ESTABLISHMENT OF PREGNANCY IN MARES 

 

Synopsis 

The relationship between follicle vascularity and establishment of pregnancy was studied 

in 21 mares. An ovulation-inducing injection of hCG was given when the preovulatory follicle 

was 34.0 to 37.0 mm (Hour 0). Mares that had not ovulated by 30 h after treatment were bred 

once (Hour 30). Each mare ovulated by 48 h after treatment, and 14 mares became pregnant and 

7 were nonpregnant. The preovulatory follicle was evaluated by B-mode and Doppler 

ultrasonography at Hour 0 (before treatment) and Hour 30 (before breeding). B-mode 

echogenicity and thickness of the stratum granulosum and prominence of the anechoic band 

beneath the granulosum increased in both pregnant and nonpregnant groups (hour effect, P < 

0.001) with no group effect or interaction. An increase in follicle diameter and percentage of 

follicle circumference with color-Doppler signals was greater between Hours 0 and 30 in the 

pregnant group than in the nonpregnant group (interactions, P<0.001). Spectral-Doppler 

measurements were made at the most prominent intraovarian color signal. Decreases in 

resistance and pulsatility indices were greater between Hours 0 and 30 in the pregnant group than 

in the nonpregnant group (interactions, P < 0.05), indicating increased vascular perfusion 

downstream from the spectral measurement in the pregnant group. Relative peak systolic 

velocity and time-averaged maximum velocity of blood flow at the point of spectral assessment 

showed a group effect (P < 0.05; greater in pregnant group) without an hour effect or interaction. 

Results supported the hypothesis that greater blood flow to the preovulatory follicle is associated 

with higher pregnancy rate. 
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Introduction 

Limited information is available in farm species on the effect of the characteristics of the 

preovulatory follicle on subsequent pregnancy rate. In cattle, GnRH-induced ovulation of 

follicles ≤ 11 mm resulted in decreased pregnancy rates in association with decreased circulating 

estradiol on the day of insemination and lower rate of progesterone increase after insemination 

(Perry et al. 2005).These results indicated that induction of ovulation before the follicle is 

physiologically mature has a negative impact on establishment of pregnancy. Diameter of the 

preovulatory follicle did not affect pregnancy rate when ovulation occurred spontaneously. 

Induction of ovulation is common in mares, especially with hCG (reviewed in Ginther 1992). 

The use of hCG does not have an adverse effect on pregnancy rate, indicating that only 

physiologically mature follicles respond to hCG stimulation. The effect of characteristics of the 

preovulatory follicle on the pregnancy-producing capacity of the oocyte has been studied in 

women, owing to the popularity of assisted-reproduction programs. The extent of the follicular 

wall with color-Doppler detected blood flow was positively associated with pregnancy rate (Chui 

et al. 1997, Bhal et al. 2001, Borini et al. 2001). There was no significant relationship between 

pregnancy rate and uterine artery or intraovarian Doppler pulsatility index (Bhal et al. 2001). A 

recent in vitro fertilization study in women found that well-vascularized follicles early in a 

follicular wave and on the day of hCG treatment late in the wave resulted in a higher pregnancy 

rate after embryo transfer (Shrestha et al. 2006). Results of another study indicated that 

examining vascular impedance distal to an intraovarian artery by spectral Doppler indices may 

be useful in assessing the quality of an oocyte (Du et al. 2006).  

Despite the increasing and productive use of the transvaginal Doppler technology for 

assessing the quality of oocytes by the blood-flow characteristics of the follicle in assisted-

reproduction programs in women, similar studies apparently have not been done in association 
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with spontaneous ovulation. In farm species, oocyte and embryo collection have become 

common techniques (Betteridge 2006), but the relationship between follicle vascularity and 

oocyte competence in establishment of pregnancy, with or without oocyte or embryo collection, 

has not been reported.  

Transrectal Doppler ultrasonography is beginning to be used in mares for studying other 

reproductive mechanisms (Bollwein et al. 2002, Acosta et al. 2004, Silva & Ginther 2006). 

Changes in echotexture and color-Doppler signals of the follicle wall as ovulation approaches in 

mares with and without hCG treatment have also been studied (Gastal et al. 2006). An increase 

in granulosa thickness and echogenicity and a decrease in circulating estradiol during the 36 h 

post-treatment was greater in the hCG group than in the controls. Percentage of follicle wall with 

color-flow signals and prominence of the signals increased in both groups during the 36 h. 

During the 4 h before ovulation, the two groups showed similar decreases in prominence and 

percentage of wall with an anechoic band and prominence and percentage of wall with color-

flow signals. The anechoic band is located in the area of the thecal layers and its characteristics 

have been described (Gastal et al. 1998, 1999). The morphology accounting for the changes in 

the anechoic band and the increasing echogenicity of the granulosa layer as ovulation approaches 

have been discussed (Gastal et al. 2006). 

Luteal progesterone is essential for various mechanisms associated with early pregnancy, 

but it is not clear whether a deficiency in luteal development or progesterone production can 

result in a natural reduced pregnancy rate (reviewed in Ginther, 1992, Sevinga et al. 1999). 

Conflicting results on primary luteal insufficiency as a cause of failure of pregnancy 

establishment have been obtained in horses. An effect of defective vascularization of the corpus 

luteum on reduced pregnancy rate apparently has not been considered in any species. 
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The Doppler technology generates many end points concerning blood-flow velocities and 

patterns, but the ovarian artery of mares usually does not accommodate the placement of an 

angle cursor for the determination of velocities (Ginther & Utt 2004). However, relative, as 

apposed to actual, velocities between experimental groups or side of body during an arterial 

pulse can be obtained without the angle cursor. Indices of vascular impedance in the tissues 

beyond the point of velocity assessment in the ovarian artery or its branches are especially useful 

end points because the indices are independent of angle of insonation (angle at intersection 

between direction of blood flow and direction of the ultrasound beam; Ginther & Utt 2004, 

Zwiebel & Pellerito 2005). These end points may substantiate the results of direct assessment of 

the extent of blood-flow signals but were not used in the reported study of hCG-induced changes 

in equine preovulatory follicles (Gastal et al. 2006). 

The hypothesis for the present study in mares was that a higher pregnancy rate is 

associated with greater blood flow to the preovulatory follicle. 

 

Materials and Methods 

Animals 

 Animals were handled in accordance with the United States Department of Agriculture 

Guide for the Care and Use of Animals in Agricultural Research. Nonlactating pony mares 

(n=26) of mixed breeds, 5 to 20 yr of age, and weighing 260 to 450 kg were used. The 

experiment was done from June 15 to September 15 in the Northern Hemisphere, and all mares 

ovulated after the experiment was completed. Mares were kept under natural light in an open 

shelter and outdoor paddock and were maintained on alfalfa/grass hay with access to water and 

trace-mineralized salt; body condition for all mares was high throughout the experiment. Mares 

with docile temperament and no apparent abnormalities of the reproductive tract as determined 
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by ultrasound examinations (Ginther 1995b) were selected 15 d after ovulation. Mares were not 

used that developed a second follicle ≥ 27 mm, ovulated before breeding, were nonreceptive to 

natural breeding, or developed uterine fluid (> 3 mm in height) 48 h after breeding.  

Gray-scale ultrasonographic examinations were done daily, beginning 15 d after the 

previous ovulation. When the largest follicle was 34.0 to 37.0 mm, all selected mares were given 

a single i.v. injection of 2500 IU of hCG (Hour 0). Scanning was done for ovulation detection 30 

h after hCG treatment (Hour 30). Mares that had not ovulated by Hour 30 were scanned by 

Doppler ultrasound and then were bred. Mares were scanned at 18 h after breeding to check for 

ovulation and at 48 h to check for uterine fluid; even small collections of uterine fluid are 

associated with uterine inflammation and reduced pregnancy rate (Ginther et al. 1985, Adams et 

al. 1987, Cadario et al. 1999). The next scanning was done 7 and 13 d after ovulation for 

evaluation of the corpus luteum and for pregnancy diagnosis, respectively. Blood samples for 

hormone assay were collected at Hours 0 and 30 and 7 d after ovulation. 

 Natural breeding 30 h after hCG treatment was done once by one of two stallions, 

designated Stallions A and B. The assignment of a stallion to a mare was done by randomization 

for every replicate of two mares, and only the assigned stallion was used. Successful breeding 

was based on intromission with tail flagging and confirmed by digital detection of ejaculatory 

pulses. 

 

Doppler Ultrasonography 

 To generate optimal ultrasound images, mares were sedated during scanning with a 

subdose of detomidine hydrochloride (1 mg per animal, i.v.; Dormosedan, Pfizer Animal Health, 

Philadelphia, PA, USA). A duplex B-mode and pulsed-wave color-Doppler ultrasound 

instrument (Aloka SSD-2000; Aloka America, Wallingford, CT, USA) equipped with a finger-
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mounted 7.5-MHz convex-array transducer (UST-995-7.5) was used for transrectal scanning. For 

B-mode, the brightness and contrast controls of the monitor and the gain controls of the scanner 

were standardized to constant settings (Gastal et al. 1998). The color mode was used to display 

signals of blood flow in vessels of the follicle wall. For maximal flow-velocity detection by color 

signals without aliasing, the velocity range was set at 10 cm/s. The color-gain setting was kept 

constant. The B-mode and color-Doppler end points were evaluated while the entire follicle was 

being scanned in a slow continuous motion several times.  

For the spectral-Doppler mode, the setting for the range of flow-velocity detection was 

adjusted in each scanning to obtain the optimal spectral graph. The sample cursor or gate was set 

at a width of 1 mm. The angle of insonation was unknown, and therefore the velocities were not 

absolute but were considered relative in the comparisons for hours and groups (Zwiebel & 

Pellerito 2005). The gate was placed at an intraovarian location with the most prominent color 

signal. A Doppler spectrum with three cardiac cycles was generated, and one of the cycles was 

used for spectral measurements. This also was done a second time, and the mean of the two 

measurements was used in the statistical analyses. 

 

End Points 

Follicle diameter was obtained from the average of height and width of the antrum at the 

apparent maximal area from two frozen images. Percentage of circumference of the follicle wall 

with an anechoic band (Figure 8-1) was estimated from B-mode real-time images of the 

sequential two-dimensional planes during scanning of the entire follicle. Therefore, the term 

circumference refers to the periphery of a three-dimensional follicle. Other B-mode end points 

(prominence of anechoic band, echogenicity and thickness of granulosa) also were evaluated 

during real-time scanning and were scored from 1 to 3 (minimal to maximal) as described 
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(Gastal et al. 2006). Scores were assigned without reference to the score from the previous 

examination. The scores were made from the real-time images encompassing the entire follicle to 

minimize the impact of localized areas of the follicle wall that were obscured by ultrasound 

artifacts. Only Operator A scanned for the B-mode end points but Operators A and B 

independently estimated values from the monitor. These two operators were experienced and 

used these end points for a previous study (Gastal et al. 2006). The validity of the scoring 

approach for mares has been demonstrated (Ginther 1995b). 

For color Doppler-mode, the percentage of circumference of the follicle wall with an 

apparent network of arterioles was estimated from the blood-flow color displays (Figure 8-1) of 

the real-time sequential two-dimensional planes of the entire follicle. The transducer was held at 

various angles to display the maximum overall color signals throughout the three-dimensional 

circumference of the follicular wall. Estimations of the proportion of the follicle circumference 

with blood flow signals also have been used in women (Chui et al. 1997, Bhal et al. 1999, 

Coulam et al. 1999). The percentage approach for the equine preovulatory follicle has produced 

similar results by two operators working independently (Gastal et al. 2006). Prominence of the 

color displays was based on intensity of color and extent of coverage and was scored from 1 to 4 

(minimal to maximal). Values for the two color-signal end points were estimated independently 

by two experienced operators during scanning by one of the operators. The spectral evaluations 

were done separately by a third operator. The end points for the gated intraovarian color signals 

were resistance index (RI), pulsatility index (PI), peak systolic velocity (PSV), and time-

averaged maximum velocity (TAMV). The meaning and formulas for these spectral end points 

are well established (Zwiebel & Pellerito 2005).  
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The corpus luteum 7 d after ovulation was compared between pregnant and nonpregnant 

groups for cross-sectional area (cm
2
), estimated percentage of the entire gland with blood-flow 

signals, and the four spectral end points (RI, PI, PSV, TAMV) from the most prominent 

intraovarian color signal. The validity of using the estimated percentage of the structure with 

blood-flow signals for evaluation of the equine corpus luteum has been documented by 

comparison to the number of colored spots and pixels in frozen images (Ginther et al. 2006). 

 

Blood Samples and Hormone Assays 

 Blood samples were collected into heparinized tubes and centrifuged (1500 x g for 20 

min), and the plasma was decanted and stored (-20 C) until assay. Plasma samples were assayed 

for estradiol and progesterone. The estradiol assay concentrations used a double-antibody 

radioimmunoassay kit (Double Antibody Estradiol, Diagnostic Products Corporation, Los 

Angeles, USA), as described and validated in our laboratory for mare plasma (Ginther et al. 

2005a). The intra-assay CV and sensitivity were 2.4% and 0.2 pg/ml, respectively. Plasma 

progesterone concentrations were measured using a solid-phase radioimmunoassay kit 

containing antibody-coated tubes and 
125

I-labeled progesterone (Coat-A-Count Progesterone, 

Diagnostic Products Corporation, Los Angeles, CA, USA), as described and validated in our 

laboratory for mare plasma (Ginther et al. 2005b). The intra-assay CV and sensitivity, 

respectively, were 13.2% and 0.03 ng/ml. 

 

Statistical Analyses 

 The values for the end points in B-mode and color mode obtained independently by two 

operators did not show a statistical main effect of operator or an operator-by-group interaction, 

and the mean value for the two operators was used in the analyses. Quantitative data were 
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analyzed by the SAS MIXED procedure to determine the main effects of group (pregnant and 

nonpregnant) and hour (Hours 0 and 30) and their interactions, using a repeated statement to 

account for the autocorrelation between measurements (version 8.2; SAS Institute Inc., Cary, 

NC). Measurements for the corpus luteum 7 d after ovulation were analyzed by a one-way 

ANOVA. A probability of P < 0.05 indicated that a difference was significant and a probability 

between P > 0.05 and ≤ 0.1 indicated that significance was approached. Data are presented as the 

mean ± SEM, unless otherwise indicated. 

 

Results 

 The number of mares that were removed from the experiment after having been 

preselected was as follows: 1) presence of a second follicle ≥ 27 mm, 0 mares; ovulated before 

30 h after hCG treatment, 2 mares; nonreceptive to breeding, 1 mare; and uterine fluid 48 h after 

breeding, 2 mares. The number of mares remaining for the experiment was 21; 10 were bred by 

Stallion A and 11 were bred by Stallion B; only one mare was available for the last replicate. All 

of the 21 mares ovulated between 30 and 48 h after hCG treatment, and breeding by the 

designated stallion was successful for each mare. The pregnancy rate was greater (P < 0.03) for 

Stallion A (9 of 10) than for Stallion B (5 of 11). Age of mare and the interval between use of a 

stallion for breeding were not different between the pregnant group (9.0 ± 1.1 yr; 5.6 ± 0.8 d) and 

the nonpregnant group (10.2 ± 1.6 yr; 4.4 ± 0.9 d). 

 Data for B-mode (Figure 8-2) and color-flow mode for the preovulatory follicle and 

spectral mode for the most prominent color-flow signal (Figure 8-2) in the ovary at Hour 0 (hCG 

treatment) and Hour 30 (breeding) and significant main effects and interactions are shown. A 

mean increase between Hour 0 and Hour 30 averaged over the two groups (hour effect), without 

a group-by-hour interaction, was obtained for granulosa echogenicity and thickness and for 
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prominence of the anechoic band and prominence of color-flow signals. A group-by-hour 

interaction was obtained for follicle diameter and percentage of circumference with color-flow 

signals; the interaction reflected primarily greater values at Hour 30 in the pregnant group. When 

the Doppler sample gate was placed on an intraovarian color-flow signal, an interaction was 

obtained for RI and PI reflecting lower values in the pregnant group at Hour 30. A significant 

group effect from higher values in the pregnant group, but without an interaction, was obtained 

for PSV and TAMV. Plasma estradiol concentration decreased in both groups after treatment 

with hCG (Figure 8-3), but there were no significant differences for progesterone (not shown). 

There were no significant differences 7 d after ovulation between the pregnant group and 

nonpregnant group for area of the corpus luteum (7.7 ± 1.0 vs 6.3 ± 0.9 cm
2
), percentage of 

corpus luteum with blood-flow signals (56.1 ± 4.1 vs. 58.8 ± 5.9 %) or prominence of signals 

(3.2 ± 0.1 vs. 3.1 ± 0.1 score), RI (0.51 ± 0.03 vs. 0.44 ± 0.3), PI (0.79 ± 0.08 vs. 0.62 ± 0.06), 

PSV (20.7 ± 1.6 vs. 21.8 ± 2.0 cm/s), TAMV (14.1 ± 1.3 vs. 15.7 ± 1.7 cm/s), and plasma 

progesterone concentration (12.8 ± 1.2 vs. 10.2 ± 1.2 ng/ml). The differences approached 

significance for the following end points: RI (P < 0.07), PI (P < 0.07), and progesterone 

concentrations (P < 0.09). 

 

Discussion 

 Results supported the hypothesis that a higher pregnancy rate is associated with greater 

blood flow to the preovulatory follicle. Support was indicated by the vascular changes between 

Hour 0 (hCG treatment) and Hour 30 (breeding), including a greater percentage of the follicle 

wall with blood-flow Doppler signals and a greater reduction in RI and PI of an intraovarian 

vessel in mares that became pregnant than in mares that did not. The RI and PI are indices from 

the spectral mode that are inversely related to the extent of vascular perfusion in the tissue 
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downstream from the point of vessel assessment (Ginther & Utt 2004, Zwiebel & Pellerito 

2005). The relative blood-flow velocities (PSV and TAMV) did not increase differentially in the 

pregnant group between Hours 0 and 30 but were higher in the pregnant group at both hours. 

That is, blood velocity was already higher in the intraovarian vessel of the pregnant group by the 

time the follicle reached 34 to 37 mm (Hour 0) and remained elevated until just before breeding 

(Hour 30). Apparently, increased blood velocity in the ovary with the preovulatory follicle 

preceded the increased vascular perfusion of the follicle or tissue distal to the spectral evaluation. 

The positive association between establishment of pregnancy and the extent of vascularization of 

the preovulatory follicle is a novel finding, except for reports for women in oocyte and embryo 

transfer or assisted-reproduction programs (cited in Introduction). 

 An unexpected result was the differential increased diameter of the follicle between 

Hours 0 and 30 in the mares that became pregnant. Previous reports have indicated that the 

follicle does not increase in diameter during about 2 d before ovulation in both control and hCG-

treated mares (Koskinen et al. 1989, Gastal et al. 2006). Previous studies, however, did not 

separate the mares into future pregnant and nonpregnant groups. The increased diameter in the 

present study in the pregnant group, therefore, does not contradict the previous findings. The 

diameter increase was < 1.0 mm in each of the seven mares in the nonpregnant group and > 1.0 

mm in 57% of the 14 mares in the pregnant group. Further study will be needed to determine the 

practicality of using diameter increase as an indicator of the likelihood of future pregnancy in 

individual mares. 

 The B-mode echotextural characteristics averaged over Hours 0 and 30 were not different 

between the pregnant and nonpregnant groups. The main effect of hour indicated an increase in 

values between Hours 0 and 30 in both groups for echogenicity and thickness of the granulosa 
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and prominence of the anechoic band. These results confirm those of the previous 

characterization study (Gastal et al. 2006). The estradiol decrease following hCG treatment 

occurred in both groups and also confirms the previous results. 

 Results for the two stallions were combined and used in the statistical analyses, even 

though the pregnancy rate for Stallion A was higher than for Stallion B. Mares bred by Stallion 

A had a significantly lower RI and PI and greater follicle diameter 30 h after hCG treatment 

(before breeding) than for mares bred by Stallion B. Thus, despite the strict randomization of 

mares between stallions, Stallion A was assigned to a greater proportion of mares with 

prebreeding follicle characteristics that were shown in this experiment to be associated with 

establishment of pregnancy. When only Stallion B was considered, the significant differences 

between the pregnant and nonpregnant groups involved the same end points as for the combined 

stallions. Of the 10 mares assigned to Stallion A, the one mare that did not become pregnant had 

the lowest follicle blood-flow percentage, the highest RI and PI, and the lowest TAMV just 

before breeding. These considerations indicate that the stallion effect was not a confounding 

factor in the test of the hypothesis. 

 The mechanism associated with the detrimental effect of inadequate blood flow to the 

preovulatory follicle on oocyte competence or pregnancy rate is not known. Given that the 

vascular system delivers nutrients to tissues, the relationship between oocyte quality and blood 

flow may be similar, at least in part, to the relationship between oocyte maturation and nutrition. 

Dietary intake affects follicular-fluid concentrations of steroids and insulin-like growth factors 

and oocyte morphology (Callaghan et al. 2000), but a direct relationship between follicle blood 

flow and these factors apparently has not been considered. 
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 None of the luteal end points 7 d after ovulation indicated a difference in luteal 

morphology, vascularity, or function between pregnant and nonpregnant mares. The decrease in 

progesterone and increase in RI and PI in the nonpregnant group were equivocal in that the 

differences only approached significance, indicating a need for further study. In this regard, the 

literature also seems conflicting (Sevinga et al. 1999), and a need for further study with greater 

number of subjects is indicated.  

In conclusion, diameter of the preovulatory follicle increased in the pregnant group but 

not in the nonpregnant group between the time of hCG treatment and breeding 30 h later. 

Doppler ultrasonographic characteristics of the preovulatory follicle 30 h after hCG injection 

indicated that follicle blood flow was greater in mares that became pregnant than in mares that 

did not. Characteristics that supported this conclusion were percentage of circumference of the 

follicular wall with blood-flow signals and resistance and pulsatility indices taken at the most 

prominent intraovarian color signal.  
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Figure 8-1. Color-Doppler sonograms illustrating blood-flow signals in the wall of preovulatory 

follicles of a mare (A) that became pregnant and a mare (two images in different 

planes; B,C) that did not become pregnant. Images were taken 30 hours after hCG 

treatment and show high (A) and low (B,C) percentages of follicular wall with blood-

flow signals. A portion of an anechoic band is shown (arrows, C). Distance between 

graduation marks is 10 mm (left margin). 
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Figure 8-2. Values (mean ± SEM) for diameter of the preovulatory follicle, plasma estradiol 

concentrations, and B-mode characteristics of the follicle wall in mares that became 

pregnant (n = 14) or nonpregnant (n = 7). A single injection of hCG was given when 

the follicle was 34.0 to 37.0 mm (Hour 0), and mares were bred 30 h later (Hour 30). 

Scores are for minimal (1) to maximal (3) for echogenicity and thickness of the 

granulosa and prominence of the anechoic band. The asterisks indicate a significant 

main effect (H, hour) and significant interaction (GH, group by hour) as follows: *** 

P < 0.001. 
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Figure 8-3. Values (mean ± SEM) end points obtained by Doppler ultrasonography for the 

preovulatory follicle in mares that became pregnant (n = 14) or nonpregnant (n = 7). 

A single injection of hCG was given when the follicle was 34.0 to 37.0 mm (Hour 0), 

and mares were bred 30 h later (Hour 30). Scores are for minimal (1) to maximal (4) 

for prominence of the color-Doppler signals. The indices (RI, PI) are inversely related 

to the extent of tissue vascular perfusion downstream from the point of assessment at 

the most prominent intraovarian color signal. RI = resistance index; PI = pulsatility 

index; PSV = peak systolic velocity; TAMV = time-averaged maximum velocity. The 

asterisks indicate significant main effects (G, group; H, hour) and significant 

interactions (GH) as follows: * P < 0.05; ** P < 0.01; *** P < 0.001. 
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CHAPTER 9 

TEMPORAL ASSOCIATIONS AMONG PULSES OF 13,14-DIHYDRO-15-KETO-PGF2α, 

LUTEAL BLOOD FLOW, AND LUTEOLYSIS IN CATTLE 

 

Synopsis 

Luteal blood flow was studied in heifers by transrectal color-Doppler ultrasound. Data 

were normalized to the decrease in plasma progesterone to < 1 ng/ml (Day 0 or Hour 0). Blood 

flow in the corpus luteum (CL) was estimated by the percentage of CL area with color-flow 

signals. Systemic PGF treatment (25 mg; n = 4) resulted in a transient increase in CL blood flow 

during the initial portion of the induced decrease in progesterone. Intrauterine treatment (1 or 2 

mg) was done to preclude hypothetical secondary effects of systemic treatment. Heifers were 

grouped into responders (luteolysis; n = 3) and nonresponders (n = 5). Blood flow increased 

transiently in both groups; induction of increased blood flow did not assure the occurrence of 

luteolysis. A transient increase in CL blood flow was not detected in association with 

spontaneous luteolysis when examinations were done every 12 h (n = 6) or 24 h (n = 10). The 

role of PGF pulses was studied by examinations every hour during a 12-h window each day 

during expected spontaneous luteolysis. At least one pulse of 13,14-dihydro-15-keto-PGF2 

(PGFM) was identified in each of six heifers during the luteolytic period (Hours -48 to -1). 

Blood flow increased (P < 0.02) during the 3-h ascending portion of the PGFM pulse, remained 

elevated for 2 h after the PGFM peak, and then decreased (P < 0.03) to baseline. Results 

supported the hypothesis that CL blood flow increased and decreased with individual PGFM 

pulses during spontaneous luteolysis. 
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Introduction 

 Secretion of prostaglandin F2 (PGF) by the uterus, augmented by intraluteal PGF 

production, terminates the luteal phase in cattle as in many other species (Arosh et al. 2004, 

Wiltbank & Ottobre 2003). Studies involving placement of transducers on the ovarian artery and 

insertion and entrapment of radioactive microspheres of various diameters have shown that blood 

flow to the corpus luteum (CL) decreases dramatically in association with luteolysis (Niswender 

et al. 1976). It has been elusive as to whether the decreased luteal blood flow preceded or 

accompanied the luteolytic process (Knickerbocker et al. 1988). However, rather than a decrease 

in luteal blood flow as an initial step in the luteolytic process, recent color-Doppler studies in 

cattle indicated that luteal blood flow initially and transiently increased during or prior to a 

decrease in plasma progesterone during exogenous PGF-induced luteolysis (Acosta et al. 2002) 

and spontaneous luteolysis (Shirasuna et al. 2004, Miyamoto et al. 2005).  

 In the study with induced luteolysis (Acosta et al. 2002), a single injection of a PGF 

analogue (cloprostenol) was used. The ratio of colored area from color-Doppler signals of blood 

flow on an image of the CL was used as a quantitative index of blood flow. Progesterone 

concentration decreased significantly between 0 h and 1 h posttreatment and blood flow 

transiently increased between 0 h and 0.5 h and then decreased after 2 h. Thus, blood flow 

increased while progesterone was decreasing. In the study with spontaneous luteolysis 

(Shirasuna et al. 2004), blood sampling and blood-flow determinations were made every 12 h. 

Blood flow  increased between 16 and 17 days postestrus and then decreased, a PGF metabolite 

(13,14-dihydro-15-keto-PGF2; PGFM) was elevated at 17 and 18 days, and plasma 

progesterone began to decrease at 18 days. The authors concluded that luteal blood flow 

increased before progesterone decreased and proposed that the acute increase of intraluteal blood 

flow is a universal phenomenon prior to spontaneous luteolysis. 
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 Contrasting with the reports of an association between a transient increase in blood flow 

and the initiation of luteolysis in cattle, recent color Doppler studies in horses did not find a 

similar blood flow phenomenon in association with either PGF-induced (Ginther et al. 2006) or 

spontaneous (Ginther et al. 2007b) luteolysis. Treatment with PGF caused a progesterone 

increase within 5 min that remained elevated until 10 min and then decreased. A change in luteal 

blood flow did not occur until a decrease occurred at 24 h. Luteolysis, as indicated by decreasing 

progesterone, began well before the beginning of a detectable decrease in blood flow. The 

temporal association between changes in blood flow and progesterone concentrations during 

spontaneous luteolysis was studied at 24-h intervals. There was no indication that either an acute 

increase or decrease in luteal blood flow occurred prior to or at the beginning of the precipitous 

decrease in progesterone concentration in mares. 

 Intrauterine administration of PGF is effective in cattle for inducing luteolysis (Louis et 

al. 1974); the minimal effective dose (1 or 2 mg; Inskeep 1973) is about 1/10 of the systemic 

dose (15 mg; Lauderdale & Fokolowsky 1979) when given into the uterine horn ipsilateral to the 

CL. The intrauterine effectiveness results from a unilateral uteroovarian luteolytic pathway in 

cattle (Ginther et al. 1966, 1967); the PGF is transferred into the ovarian artery after intrauterine 

administration (Hixon & Hansel 1974) through a local venoarterial pathway between the 

uteroovarian vein and the ovarian artery (Ginther 1981). 

 The main plasma metabolite of PGF is PGFM, and assay of PGFM is an indicator of PGF 

release into the circulation (Kindahl et al. 1976a). The half-life of PGFM is only about 8 min but 

is much longer than for PGF. A sampling interval of 1 h has been recommended for detection of 

PGFM pulses (Kindahl et al. 1976a). A series of PGFM pulses occurred during luteolysis, and 

the first pulse was followed immediately by a decrease in progesterone (Kindahl et al. 1976b). 
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The series of PGFM pulses occurred over 2 to 3 d with a mean of 5 pulses, and each pulse had a 

duration of 1 to 5 h or a mean of 4 h (Kindahl et al. 1976b, Mann & Lamming 2006). The 

pulsatile release of PGF from the CL as well as from the uterus during spontaneous luteolysis in 

the cow has been reported (Shirasuna et al. 2004). The hormonal regulation accounting for the 

stimulation of PGF pulses and the interval between pulses is complex and has been reviewed 

(Schams & Berisha 2004, Silvia et al. 1991). In this regard, treatment with oxytocin on Day 17 

in cows stimulates a surge of PGFM with characteristics that seem similar to a spontaneous 

PGFM pulse, except for a more rapid increase (Meyer et al. 1995). 

 The rationale, objective, and sequence for the experiments in the present series were as 

follows: 1) The process of an increase in luteal blood flow prior to the progesterone decrease 

during spontaneous luteolysis that has been reported in cattle (Miyamoto et al. 2005) was not 

detected in horses (Ginther et al. 2007b); the objective of Experiment 1 was to confirm the 

occurrence of the process in cattle. 2) The existence of the reported process during spontaneous 

luteolysis in cattle was not confirmed in Experiment 1; the objective of Experiment 2 was to 

confirm its reported (Acosta et al. 2002) existence during induced luteolysis. 3) The process 

during induced luteolysis was confirmed in Experiment 2, but the induced regression involved 

systemic treatment that may have produced increased blood flow by a secondary systemic effect; 

the objective of Experiment 3 was to determine if local intrauterine administration of a low dose 

of PGF would induce the process of an early blood flow increase in association with luteolysis. 

4) Local intrauterine treatment also stimulated the process in Experiment 3. Therefore hourly 

sampling was done in Experiment 4 to test the hypothesis that CL blood flow increased and 

decreased in close association with each individual PGFM pulse during spontaneous luteolysis. 
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Materials and Methods 

 Animals were handled in accordance with the United States Department of Agriculture 

guide for Care and Use of Agricultural Animals in Research. Holstein heifers, aged 17 to 20 

months, were used in the four experiments. Body condition for each heifer was high throughout 

the experiments. Heifers were selected with docile temperament and no apparent abnormalities 

of the reproductive tract, as determined by ultrasound examinations (Ginther 1998b). The heifers 

were acclimated to the handling procedures for two weeks prior to experimentation. Heifers were 

sedated with a low dose of xylazine (14 mg) in Experiment 1 but not in Experiments 2, 3, and 4. 

In Experiments 2 and 3, treatment was done 10 days after ovulation, which is well before 

expected luteolysis and conforms with the recently reported experiment (Acosta et al. 2002). 

 A duplex B-mode (gray-scale) and pulsed-wave color-Doppler ultrasound instrument 

(Aloka SSD 3500; Aloka America, Wallingford, CT) equipped with a linear-array 7.5-MHz 

transducer was used for transrectal scanning. In color-Doppler mode, the extent and direction of 

blood flow in the vessels are indicated by color signals (Ginther & Utt 2005) and was used to 

display signals for blood flow in vessels of the CL. All Doppler scans were performed at a 

constant gain setting for color. A velocity setting of 10 cm/sec was used for Experiments 1, 2, 

and 3, and a setting of 6 cm/sec was used for Experiment 4. The lowest velocity setting available 

on the instrument was 6 cm/sec. The effectiveness of the settings on minimizing detection of 

venous flow in the CL in these studies is unknown. Real-time B-mode/color-Doppler images of 

the continuous scans were captured with an online digital video-taping system and stored for 

potential validation and confirmation purposes. Percentage of CL with color-Doppler signals for 

blood flow was estimated from the blood-flow color displays of the real time sequential two-

dimensional planes of the entire CL, as described for mares (Ginther et al. 2006). The color-flow 

signals at the periphery of the CL and within the CL were included in the percentage estimate. 
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Blood flow was normalized to the examination in each heifer when the decreasing plasma 

progesterone concentrations reached < 1 ng/ml (Day 0 or Hour 0). 

 

Experiment 1 – Spontaneous Luteolysis 

 Progesterone concentrations and percentage of CL with blood-flow were determined 

daily in 10 heifers. Normalized data were evaluated from Days -7 to +2. In addition, the 

ovulation that preceded the experiment was also used as a reference and data were evaluated 

from 8 to 18 days after ovulation; 18 days was the earliest day of the next ovulation. Ovulation 

was used as an additional reference in this experiment so that comparisons could be made to the 

reported results (Shirasuna et al. 2004, Miyamoto et al. 2005).  

 Validation of the procedure for estimating the percentage of CL with blood-flow signals 

was done for the first five heifers in the experiment and Days -5 to +2 were used. Selection of a 

still image from the film clips for pixel assessment was done without prior knowledge by the 

operator selecting the images of source or the results of the real-time evaluations. An image was 

selected that appeared to represent the largest cross section of the CL with distinctive colored 

areas. The number of colored pixels in the captured image of the CL was determined as 

described (Ginther & Utt 2005) by an operator without knowledge of source or the real-time 

percentage estimates until the pixel evaluations for all images were completed. The percentage of 

colored pixels was calculated by using the sum of number of colored and noncolored pixels as 

the denominator. For comparison of day effects among end points, the actual values for 

progesterone concentration, percentage of CL with blood flow, and percentage of the selected 

CL image with colored pixels for each day were converted to the percentage of the maximum 

value for each heifer within each end point, as described (Louis et al. 1974). 
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Experiment 2 – Systemically Induced Luteolysis 

 Heifers were treated with either physiologic saline or a PGF analogue (500 µg; 

cloprostenol, Estrumate, Schering-Plough Animal Health Corp., Union, NJ). Treatment was 

given i.m. 10 days after ovulation (n = 4/group). The operator did not know the treatment group. 

The treatment product, day, and route were patterned after the reported study (Acosta et al. 

2002). Blood-flow examinations and blood sampling were done at 24 h before treatment; just 

before treatment; and at 0.5, 1, 2, 3, 4, 6, 8, 12, 24, and 48 h after treatment.  

 

Experiment 3 – Locally Induced Luteolysis 

 Natural PGF2 (Dinoprost tromethamine, Lutalyse, Pharmacia & Upjohn Company, 

Kalamazoo, MI) was used in a single systemic or intrauterine treatment. Four groups of heifers 

(4 heifers/group) were used for systemic administration of 25 mg i.m. or intrauterine 

administration of 0, 1, or 2 mg. The operator did not know the treatment group. The intrauterine 

treatments were given in a volume of 0.4 ml physiologic saline inserted by the transcervical route 

into the middle of the horn ipsilateral to the CL. Blood samples and blood-flow data were 

collected at 0, 2, 24, and 48 h after treatment. The area (cm2) of a cross section of the CL for 

each examination was determined in B-mode from maximum area averaged from two still 

images, using the scanner’s tracing function. Percentage change from the hour of treatment was 

used for progesterone, owing to significant differences among groups just before treatment. 

 In addition to obtaining color-flow images, spectral Doppler examinations were done at 

0, 2, and 24 h. For this purpose, a sample cursor or gate 1 mm wide was placed on the most 

prominent intraovarian color-flow signal in the CL-containing ovary. The setting for the range of 

detection of flow velocity was adjusted for each examination to obtain the optimal spectral 

graph. A Doppler spectrum with three cardiac cycles was generated, and one of the cycles was 
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used for spectral measurements of vascular indices and flow velocities. This was done a second 

time, and the mean of the two measurements was used in the statistical analyses. The angle of 

insonation between the ultrasound beams and direction of blood flow was unknown. However, 

the vascular indices of pulsatility index (PI) and resistance index (RI) are independent of angle of 

insonation (Zwiebel & Pellerito 2005). True velocities cannot be determined without adjusting 

for angle of insonation, but relative peak systolic velocity (PSV) and time-averaged maximum 

velocity (TAMV) are useful for comparative purposes (Zwiebel & Pellerito 2005). The formulas 

and meanings for the spectral end points are well established and are discussed (Ginther & Utt 

2004, Zwiebel & Pellerito 2005). 

 

Experiment 4 – PGFM Pulses 

 The experimental period extended from 14 days after ovulation until the day that CL 

blood flow decreased to < 20% of CL area. Six heifers were used. A blood sample was collected 

and estimation of the percentage of CL area with blood flow was determined at 0800 and 2000 

hours. Data obtained every 12 h were normalized to the period when progesterone first decreased 

to < 1 ng/ml, regardless of whether < 1 ng/ml occurred at 0800 or 2000 hours. Beginning at 15 

days postovulation, blood samples and blood-flow estimates were taken every hour for 12 h. The 

set of hourly examinations began at 0800 hours and ended at 2000 hours, yielding 13 hourly 

examinations. The set of hourly examinations was obtained each day; the last set was obtained 

on the day before blood flow first decreased to < 20% of CL area at the 0800-hour examination. 

 PGFM data from each set of 13 hourly samples were evaluated for the presence of 

complete PGFM pulses. A pulse in PGFM was differentiated from variation resulting from 

extraneous factors, as described for detection of FSH pulses (Donadeu & Ginther 2002). The 

coefficient of variation (CV) of the values composing the ascending and descending portions of 
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the suspected pulse had to be at least three times higher than the mean intra-assay CV. In 

addition, a pulse had to include values from at least 4 hours. Values for blood flow and 

progesterone concentration were normalized to the peak of each identified PGFM pulse. 

 PGFM pulses were assigned to a preluteolytic period (Hours -72 to -49), a luteolytic 

period (Hours -48 to -1), and a post-luteolytic period (Hours 0 to 23). The luteolytic period was 

based, retrospectively, on the mean period of a progressive decrease in progesterone 

concentration before reaching <1 ng/ml. The PGFM pulse was assigned to the period containing 

the peak. When more than one pulse was identified for a set of hourly samples, the first pulse 

was used in the analyses. 

 

Blood Samples and Hormone Assays 

 Blood samples were collected into heparinized tubes and centrifuged (2000 x g for 10 

min), and plasma was decanted and stored (-20 C) until assay. Plasma progesterone 

concentrations were measured using a solid-phase radioimmunoassay kit containing antibody-

coated tubes and 125I-labeled progesterone (Coat-A-Count Progesterone, Diagnostic Products 

Corporation, Los Angeles, CA). The procedure has been described in detail for mare plasma in 

our laboratory (Ginther et al. 2005a) and was validated for assaying plasma concentrations of 

progesterone in bovine plasma. Serial volumes of a pool of diestrus bovine plasma (50-300 l) 

were processed as for experimental samples and resulted in a displacement curve that was similar 

to the standard curve. The samples from Experiment 1 and 2 were analyzed in one assay. The 

intraassay CV and sensitivity were 3.04% and 0.03 ng/ml, respectively.  The intraassay CV and 

sensitivity for Experiment 3 were 4.06% and 0.05 ng/ml, respectively, and for Experiment 4 

were 5.39% and 0.04 ng/ml, respectively. 
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 Blood samples for PGFM assay (Experiment 4) were collected and immediately placed in 

ice cold water for 10 minutes before centrifuging and storing at -20 C. The plasma samples were 

assayed for PGFM by a modification of a radioimmunoassay procedure (Meyer et al. 1995, 

Mattos et al. 2004) that was adapted and validated in our laboratory. The PGFM (catalog # 

D4143; Sigma Chemical Co., St Louis, MO) standard solutions were made by serial dilution in 

assay buffer (0.05 M Tris-HCL, sodium azide, 1 g/L; pH 7.5). Standards (100 l) were run in 

duplicate in concentrations of 10000, 5000, 2500, 1000, 500, 250, 100, 50, and 25 pg/ml. The 

standard curve included 300 l of prostaglandin-free plasma, which was obtained from a heifer 

treated at a 12-h interval with two intramuscular injections of a prostaglandin synthetase 

inhibitor (flunixin meglumine, Flumeglumine, Phoenix Pharmaceuticals Inc., St Joseph, MO; 1 

g/injection). Blood was collected 4 h after the second injection. Assay buffer (100 µl) was added 

to duplicates of the experimental plasma samples (300 l), as done for the standard curve. Rabbit 

anti-PGFM (J57) antiserum (100 l; dilution 1:4000) was added and the mixture was incubated 

for 30 min at room temperature. Tracer (tritiated PGFM; catalog # TRK517, Batch 99; 

Amersham GE Healthcare, UK) was diluted in assay buffer (40 l in 10 ml) to contain 

approximately 20000 CPM/100 l. The tracer (100µl) was added and the tubes were vortexed 

and incubated at room temperature for 1 h and then at 4 C overnight. Cold polyethylene glycol 

(40% in distilled water; 750 l) was added to each tube. The tubes were vortexed and centrifuged 

for 30 min at 1700 x g in a refrigerated centrifuge and decanted. The precipitate was resuspended 

in 750 l of assay buffer, and the vortexing, centrifuging, and decanting were repeated. The 

precipitate was resuspended in 1 ml of assay buffer and vortexed vigorously for 3 min. The 

suspension was poured into polyethylene scintillation vials. Scintillation fluid (4 ml) was added 

to each vial and mixed before counting in a beta counter. Serial volumes of pools of diestrus and 
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estrus bovine plasma (500 to 100 l) were processed as for the experimental samples and 

resulted in displacement curves that were similar to the standard curve. Serial concentrations of 

PGFM (5000 pg to 78 pg) prepared in prostaglandin-free bovine plasma also gave a dose-

dependent response similar to the standard curve. The intra- and interassay CV values and 

sensitivity for PGFM were 7.1%, 6.3%, and 33.5 pg/ml. 

 

Statistical Analyses 

 Data were examined for normality with the Kolmogorov-Smirnov test. Data that were not 

normally distributed were transformed to natural logarithms. Individual end points were analyzed 

for time effects (day or hour), and comparisons involving groups were analyzed for main effects 

(group, time) and the interaction. The mixed procedure of SAS (version 8.2; SAS Institute, Inc) 

was used with a repeated statement to account for autocorrelation between sequential 

measurements. Paired and unpaired Student t-tests were used to locate differences between times 

within an end point and among groups within a time, respectively, when an effect of time or an 

interaction was obtained. A probability of P ≤ 0.05 indicated that a difference was significant 

and a probability between P > 0.05 and P ≤ 0.1 indicated that significance was approached. Data 

are presented as the mean ± S.E.M. 

 

Results 

Experiment 1 – Spontaneous Luteolysis 

 The day effect was significant (P < 0.005) for both progesterone concentration and 

percentage of blood flow in the CL when the normalization was to either the day of ovulation or 

to the first decrease in progesterone to < 1 ng/ml (Figure 9-1). The first decrease for the latter 
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normalization occurred between Days -2 and -1 for both progesterone (P < 0.004) and percentage 

of blood flow (P < 0.01).  

 In the validation study, the percentage of maximum value showed an interaction (P < 

0.003) between day and the three end points (progesterone concentration, estimated percentage 

of blood flow, and percentage of colored pixels; Figure 9-2). The interaction was primarily the 

result of lower (P < 0.05) percentage of maximum for progesterone on Days -1 and 0 than for the 

two types of blood-flow measurements. There were no significant differences between estimated 

percentage of blood flow and percentage of colored pixels. 

 

Experiment 2 – Systemically Induced Luteolysis 

 The interaction of group (treated and control) and hour was significant for both 

progesterone (P < 0.0001) and percentage of CL blood flow (P < 0.001; Figure 9-3). Within the 

control group, the differences for hour were not significant for either end point but within the 

treatment group were different (P < 0.0001) for each end point. Progesterone decreased (P < 

0.01) within 1 h after treatment with the PGF analogue and percentage blood flow increased (P < 

0.005) within 0.5 h. An increase in progesterone between 2 and 3 h posttreatment did not 

approach significance. 

 

Experiment 3 – Locally Induced Luteolysis 

 Progesterone decreased to < 1 ng/ml in all four heifers in the systemic group, but in only 

one and two heifers treated with 1 mg and 2 mg, respectively, of PGF by the intrauterine route. 

The intrauterine-treated heifers were reassigned into a group with (n = 3) and without (n = 5) CL 

regression to < 1 ng/ml (responsive and nonresponsive groups, respectively). In the 

nonresponsive group, progesterone reduction was nil or partial (0 to 37%) between 0 h and 48 h. 
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In this regard, the length of the interovulatory interval was shortened (P < 0.0002) in the 

systemic group (14 ± 0.6 d) and the intrauterine responsive group (15 ± 0.9 d), but not in the 

nonresponsive group (22 ± 1.3 d; controls, 20 ± 0.8 d). 

 The group-by-hour interaction was significant (P < 0.0001) for percentage change in 

progesterone, percentage of CL with blood flow, and CL area (Figure 9-4). The negative 

percentage change in concentrations of progesterone at 24 h and 48 h posttreatment was greater 

(P < 0.05) in the systemic and intrauterine-responsive groups than in the other two groups. 

Percentage of CL with blood-flow signals increased (P < 0.02) between 0 h and 2 h in all PGF-

treated groups but not in the controls. For percentage of CL with blood flow and for CL area, the 

values at 24 h and 48 h posttreatment were less (P < 0.05) in the systemic and intrauterine-

responsive groups than in the controls. 

 Spectral data were missing for one heifer in the intrauterine-responsive group, leaving 

only two heifers in the group. This group was included in the statistical evaluation of spectral 

data for the four groups, but was not considered further in the assessments of individual groups. 

The effect of hour (P < 0.008) and the group-by-hour interaction (P < 0.05) was significant for 

the vascular indices (PI, RI), but only the main effects of group (P < 0.007) and hour (P < 0.02) 

were significant for the relative velocity end points (PSV, TAMV; Figure 9-5). Within groups, 

excluding the intrauterine-responsive group, a posttreatment decrease (P < 0.04) in PI and RI 

occurred between 0 h and 2 h for the nonresponsive group and approached significance (P < 0.1) 

for the systemic group. The increase between 0 h and 2 h for PSV and TAMV was significant (P 

< 0.02) for the systemic and intrauterine-nonresponsive groups. None of the end points changed 

significantly between 0 h and 2 h in the control group. At 24 h, RI was higher (P < 0.05) and 



 

226 

PSV and TAMV were lower (P < 0.05) in the systemic group than in the intrauterine-

nonresponsive and control groups. 

 

Experiment 4 – PGFM Pulses 

 Progesterone concentration (P < 0.0001), percentage of CL area with blood-flow signals 

(P < 0.0002), and PGFM concentration (P < 0.01) normalized to progesterone < 1 ng/ml and 

evaluated at 12-h intervals all showed significant differences among hours (Figure 9-6). 

Progesterone concentrations first decreased (P < 0.0007) between Hours -48 and -24 and 

continued to decrease to Hour 0. Percentage of CL with blood-flow signals first decreased (P < 

0.01) between Hours -24 and -12. Mean PGFM concentrations increased between Hours -60 and 

-24, reached maximum at Hour -12, and then decreased.  

 The total number of sets (12-h windows) of samples at hourly intervals obtained from the 

six heifers during the preluteolytic, luteolytic, and post-luteolytic periods, respectively, was 3, 9, 

and 1, and number of statistically identified PGFM pulses during the three periods, respectively, 

was 2, 9, and 0. At least one pulse was obtained in each of the six heifers during the luteolytic 

period, and the first detected pulse for each heifer was used in the analysis. The remaining three 

pulses during the luteolytic period and the four pulses for the other periods were handled 

individually. During the luteolytic period, the percentage of CL area with blood flow normalized 

to the PGFM peak was different (P < 0.04) among hours. Blood flow increased (P < 0.02) during 

the 4 h ending at the peak, remained elevated for 2 h, and decreased (P < 0.03) to baseline 

between 2 h and 3 h after the peak (Figure 9-7). Progesterone did not differ significantly during 

the 7 h associated with the PGFM pulses (not shown). Individual examples of the close 

relationship of PGFM to blood flow during a 12-h window are shown (Figure 9-8), including an 

example in which an apparent nadir rather than a complete pulse was detected. 
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Discussion 

 The estimation of percentage of CL area with blood-flow signals during real-time 

scanning of the entire CL was a useful and convenient end point. The information was obtained 

in about 1 min of intrarectal manipulations of the transducer compared to about 5 min for the 

spectral-based end points (PI, RI, PSV, TAMV). Owing to the shorter time, estimation of 

percentage of area with blood-flow signals was presumably less stressful to the animal. The 

blood-flow estimates were validated in the first five heifers by the close agreement with the 

counting of pixels in a still image. The comparisons of results between color-flow and spectral 

end points in Experiment 3 provided further confidence in the use of the percentage estimate of 

blood flow. The percentage technique has been validated for the equine CL as done in 

Experiment 1 for bovine CL and also by close agreement between two operators working 

independently (Ginther et al. 2006, 2007b). 

 It was reported in an abstract (Shirasuna et al. 2004) that progesterone reduction during 

spontaneous luteolysis in cattle was associated initially with an increase in luteal blood flow, 

based on sampling and examining every 12 h. A subsequent study in mares did not find a similar 

phenomenon (Ginther et al. 2007b), and therefore Experiment 1 was done to confirm the cattle 

results. The present study used heifers and the reported study used cows, but other protocol 

aspects were similar. Neither 24-h intervals between examinations at a blood velocity setting of 

10 cm/sec (Experiment 1) nor a 12-h interval at a setting of 6 cm/sec (Experiment 4) confirmed 

the reported results. As expected, normalization to the time progesterone decreased to < 1 ng/ml 

provided a more concise mean pattern of luteolysis than for the ovulation reference point; a 

significant decrease occurred in 1 d versus 2 d for the two approaches, respectively. That is, 

mean concentration decreased more gradually and more variably when ovulation and presumably 
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the previous estrus, as used in the reported study, were the reference points. However, neither 

normalization to ovulation nor to progesterone < 1 ng/ml in Experiment 1 confirmed that an 

initial increase in blood flow was associated with luteolysis in cattle. 

 Because of the conflicting results between the reported and present data for spontaneous 

luteolysis, Experiment 2 was done to confirm the report (Acosta et al. 2002) that systemic 

administration of cloprostenol, a PGF analog, caused an increase in CL blood flow in association 

with the initiation of luteolysis in cattle; a subsequent study did not find a similar posttreatment 

event in mares (Ginther et al. 2006). The reported results in cattle were well confirmed. The two 

species differ in that uterine-induced luteolysis involves direct or local delivery of the luteolysin 

from the uterus to the ovary in cattle and apparent systemic delivery in horses (Ginther 1998b). 

Therefore, it seemed likely that cattle may be more influenced by presumptive secondary effects 

of a systemic injection of PGF, which could explain the species difference of an increase in 

luteal blood flow after a systemic injection of PGF in cattle but not in horses. In Experiment 3, 

PGF was given locally by intrauterine administration of a low dose (Inskeep 1973) in an attempt 

to preclude the hypothetical secondary effect of systemic treatment. However, the intrauterine 

route resulted in an increase in CL blood flow at the first posttreatment examination (2 h) that 

was not significantly different from the response to the systemic route. Furthermore, the 

intrauterine route was effective in inducing increased CL blood flow regardless of whether the 

treatment induced luteolysis. That is, blood flow increased even in the 5 of 8 intrauterine-treated 

heifers with no or only a partial decrease in progesterone. It appears that a PGF-induced increase 

in luteal blood flow did not assure the initiation of a cascade of events leading to a progesterone 

decrease to < 1 ng/ml (luteolysis). That is, blood flow regulation in the CL seemed more 

sensitive than regression of the CL to the stimulation of exogenous PGF.  
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 The finding of an initial stimulatory effect of intrauterine administration of PGF on 

estimated percentage of CL area with blood flow was also supported by the spectral-Doppler end 

points. Significant changes in values for the spectral end points did not occur in the controls. The 

vascular indices of PI and RI were altered as effectively by the intrauterine route as by the 

systemic route. The decrease in the indices indicated more vascular perfusion or decreased 

resistance to blood flow in the tissues downstream from the point of assessment (Ginther & Utt 

2004, Zwiebel & Pellerito 2005). Between 2 h and 24 h, the vascular indices increased in the 

systemic group and apparently in the intrauterine group that responded with luteolysis. This 

result is attributable to luteal regression as indicated by the decrease in CL area. The relative 

blood velocities (PSV, TAMV) increased between 0 h and 2 h in heifers treated by either the 

systemic or intrauterine routes, a result that is compatible with the increase in percentage blood 

flow in the CL. The continuation of the elevation in relative velocities in the intrauterine groups 

at 24 h, despite the associated increase in vascular resistance, was not expected and will require 

confirmation and specific study of the underlying mechanism.  

 The apparent enigma of increased CL blood flow from border-line luteolytic doses of 

PGF into the uterus and failure to find an increase during spontaneous luteolysis was studied by 

hourly blood sampling during 12-h windows each day, encompassing the expected luteolytic 

period. The hypothesis was supported that elevated blood flow during spontaneous luteolysis 

increases and decreases in close association with individual PGFM pulses. For the six identified 

and analyzed pulses during the luteolytic period, blood flow was elevated only for an average of 

about 4 h during PGFM pulses that occurred about every 12 h. Therefore, elevated blood flow 

involved only about one-third of a 12-h interval and would not likely be detected statistically 
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with sampling every 12 or 24 h and with the small number of heifers (≤ 10) used in the present 

and reported (Shirasuna et al. 2004) studies.  

 Luteal blood flow increased during the ascending arm of the PGFM pulse, remained 

elevated for 2 h after the peak of the pulse, and then decreased. Extensive studies (Miyamoto et 

al. 2005, Hayashi et al. 2002, Shirasuna et al. 2004, Ohtani et al. 2004, Acosta & Miyamoto 

2004) have indicated that an acute increase in luteal blood flow occurs together with increases in 

expression of endothelial nitric oxide synthase (eNOS) and secretion of endothelin-1 (ET-1) and 

angiotensin II (AngII) in the CL during the early stage of luteolysis in cattle. The eNOS 

synthesizes nitric oxide (NO), a vasodilator; ET-1 and AngII are vasoconstrictors. The acute 

increase in blood flow apparently is induced by NO, and the increased blood flow is a proposed 

trigger for the luteolytic cascade. The present studies concerned only the temporal relationships 

among PGFM, CL blood flow, and luteolysis. Cause-and-effect relationships were not studied, 

but the temporal results are compatible with a proposed role for NO in increasing luteal blood 

flow and a resultant triggering of luteolysis. However, the role of vasodilators in initiating the 

luteolytic process needs to be further studied with consideration of the present finding that 

increases in CL blood flow during the luteolytic period are temporally associated with individual 

PGFM pulses, including a decrease in flow after the PGFM peak. Inspection of blood-flow 

results in individual heifers indicated that the increase and decrease in flow occurred in temporal 

association with each successive pulse; however, data were restricted by the 12-h windows and 

were too limited for studying the apparent repeatability for successive pulses, critically. A 

decrease in blood flow after a PGFM peak and an apparent increase again during the ascending 

arm of a subsequent pulse was noted within two of three sets of hourly examinations with 

adequate information. The finding that some animals responded to intrauterine PGF treatment 
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with an increase in luteal blood flow, but not a decrease in progesterone, could be related to a 

requirement of sequential PGF pulses and the associated blood-flow responses before 

progesterone decreases. The pulse-flow relationship during the preluteolytic period was not 

characterized. Another aspect that will require specific study with larger number of animals and 

pulses is the immediate temporal relationship between a pulse and hypothetical progesterone 

fluctuations. 

 In conclusion, an initial increase in CL blood flow occurred during luteolysis induced by 

systemic or intrauterine administration of PGF. However, a previous report that increased CL 

blood flow is an initial component of spontaneous luteolysis was not confirmed when blood 

sampling and Doppler examinations were done every 12 h or 24 h. The novel finding in the 

present study was an increase in CL blood flow area during the ascending portion of a PGFM 

pulse, followed by a return to basal blood flow beginning 2 h after the peak of the PGFM pulse. 
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Figure 9-1. Mean (± SEM) concentration of progesterone and percentage of corpus luteum area 

with blood-flow signals during spontaneous luteolysis (n=10). Data were normalized 

to the ovulation preceding luteolysis (upper panel) and to the first day progesterone 

decreased to < 1 ng/ml (lower panel). The day effect was significant for each end 

point in each panel. yz = first days of a decrease (P<0.05) between means within an 

end point. Experiment 1. 
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Figure 9-2. Means (± SEM) for validation of blood flow estimation by using percentage of 

maximum value within each heifer for three end points (n=5). Estimated percentage 

of the area of the corpus luteum with color signals was compared to number of 

colored pixels for a still image. There were no significant differences in the 

comparison of the two blood-flow evaluation methods. ab = means within a day that 

are different (P<0.05). Experiment 1. 
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Figure 9-3. Mean (± SEM) progesterone concentration and percentage of luteal area with blood-

flow signals in a prostaglandin-treated group and controls (n=4). Cloprostenol, a 

PGF2 analogue, was given in a single systemic (i.m.) injection 10 days after 

ovulation. Progesterone and percentage of blood flow each differed significantly 

among hours in the treated group but not in the controls. wx = increase (P<0.05) 

between means in blood flow. yz = decrease (P<0.05) between means in 

progesterone. Experiment 2. 
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Figure 9-4. Means (± SEM) for progesterone and luteal responses to a systemic (25 mg; n=4) or 

intrauterine (IU; 1 or 2 mg) injection of PGF2 10 days after ovulation. The IU-

treated heifers were divided into a luteal-responsive group (n=3) and a nonresponsive 

group (n=5). Blood flow increased (P<0.05) between 0 and 2 h post treatment in all 

PGF2-treated groups. There were no significant blood-flow changes in the controls. 

abc = differences (P<0.05) between groups within an hour. Experiment 3. 
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Figure 9-5. Means (± SEM) for spectral Doppler responses to systemic (25 mg; n=4) and 

intrauterine (IU; 1 or 2 mg) injection of PGF2 10 days after ovulation. The IU-

treated heifers were divided into a luteal-responsive group (progesterone decrease to 

< 1 ng/ml; n=2) and a nonresponsive group (n=5). Between 0 and 2 h, vascular 

indices (RI, PI) decreased (P<0.05) and relative blood velocities (PSV, TAMV) 

increased (P<0.05) in the systemic and IU-nonresponsive groups; the responsive 

group was not analyzed because only two heifers were available. The changes in 

controls were not significant. ab = differences (P<0.05) between groups at 24 h within 

an end point. Experiment 3. 
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Figure 9-6. Mean (± SEM) concentration of progesterone and PGFM and percentage of corpus 

luteum with blood flow signals at 12-h intervals in association with spontaneous 

luteolysis during the luteolytic period (n=6). wx = increase (P<0.05) between means 

for PGFM. yz = decrease (P<0.05) between means for progesterone and blood flow. 

Experiment 4. 
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Figure 9-7. Mean (± SEM) concentration of PGFM for PGFM pulses and associated changes in 

percentage of corpus luteum with blood-flow signals during the luteolytic period 

(n=6). wx = increase (P<0.05) between means in blood flow. yz = decrease (P<0.05) 

between means in blood flow. Experiment 4. 
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Figure 9-8. Four selected individual examples from the luteolytic period for PGFM concentration 

and percentage of corpus luteum with blood-flow signals during sets of sampling 

every hour for 12 h. The statistically defined peak of a PGFM pulse is indicated by an 

asterisk (A,B,C). The examples were selected to illustrate the following: A) a 

concomitant increase in blood flow and PGFM concentrations during the ascending 

portion of a PGFM pulse; B) a relatively small PGFM pulse; C) the descending 

portion of an apparent indefinable PGFM pulse at the beginning of a set of samples 

followed by a decrease in blood flow; D) a distinct blood-flow nadir between an 

indefinable PGFM pulse at each end of the set of samples. Experiment 4. 
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CHAPTER 10 

GENERAL DISCUSSION 

 

This dissertation focused on the vascular and architectural changes in the reproductive tract 

of mares and cows. A noninvasive technique, ultrasonography, was utilized to assess organ and 

gross tissue morphology and blood flow, respectively by regular mode (B-mode) or Doppler-

mode, in a temporal series of experiments in cows and horses. In addition, tissue samples from 

the endometrium were collected from mares for more detailed studies of architectural and 

vascular changes of the estrous cycle and early pregnancy using histological techniques, and also 

for molecular analysis of protein location and gene expression of the vascular endothelial growth 

factor system. 

The reproductive tract of mammals undergoes very active cyclic tissue remodeling 

throughout reproductive life. These dynamic changes reflect rhythmic events occurring within 

the hypothalamic-pituitary-ovarian axis with actions on the reproductive tract controlled the 

ovarian-produced steroids. During these dynamic changes, entire structures or tissue layers are 

formed, reach functional maturity and, after a short lifespan (days), gradually decline in 

functionality, and in some cases, disappearing completely. However, during pregnancy, this 

cyclic control of remodeling is interrupted and a new, prolonged remodeling process, favoring 

pregnancy, starts. During pregnancy, the conceptus has a central role in modulation of the 

reproductive tract morphological and vascular changes. Angiogenesis is well known to be critical 

to assure blood supply to any kind of tissue growth and remodeling. In pregnancy, the 

angiogenic process transcends its primary role of local blood supply during tissue development 

to another, very important function; that is to form a complex vascular system in the placenta. 
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The experimental models used in this dissertation were carried out in large animals, in 

mares and cows. Specifically in mares, the conceptus is a spherical vesicle in a mobile 

intrauterine phase followed by a localized and fixed positioning. This specie permits easily 

injection of substances in the uterine lumen, or injection and aspiration of microaliquots of yolk 

sac fluid, and permits easily collection of endometrial biopsies. The option of transrectal route 

for reproductive exams and the size of the organs in these large animal species facilitate an 

intimate contact between the ultrasound probe with any part of the reproductive tract favoring the 

acquisition of detailed images. Another advantage of large animal experimental models 

compared with laboratory animal models is the ability to collect data from the reproductive tract 

in a noninvasive way and in temporal sequential series. 

In this dissertation Doppler ultrasonography was used to study early pregnancy in mares in 

Chapters 3 to 5, early pregnancy in cows in Chapter 7, preovulatory follicles of mares in Chapter 

8, and the luteolytic process in cows in Chapter 9. Our studies were the first in the literature to 

use the color-mode of Doppler ultrasonography to assess blood flow in the uterus of mares and 

cows. In spite of the subjectivity of the color-Doppler evaluation during scored system 

evaluations, we have demonstrated in all of our experiments with the use of objective validation 

methods, that this technique is reliable and precise in detecting small variations in blood flow. 

This early indicator which consists of a colored spot in the endometrium close to the wall 

of the embryonic pole and its detection is a good example of the sensitivity of the technique. 

Based on the early indicator, it was possible to map the position of the embryonic disc from the 

day of fixation of the embryonic vesicle until visualization of the embryo proper. The embryonic 

disc is a very active developmental area and the vascular system is the first organ system to be 

formed during embryogenesis. More detailed studies should be done to identify the exact origin 
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of this early indicator or Doppler signals observed in our study. It could reflect endometrial 

blood flow stimulated by embryonic factors which stimulate vessels in this area of intimate 

contact through a paracrine action. Another possibility is that the early indicator is formed by 

contractions of the cardiac muscle cells at the embryonic disc area even before their organization 

as a heart. Doppler ultrasonography detects signals produced by structures in movement. 

Contraction of the embryonic cardiac cells interacting with tissues in the immediate area may be 

sufficiently strong to create tissue movement producing the observed Doppler echoes. 

In mares, transient changes in endometrial vascularity accompanied conceptus location 

changes during the mobility phase and continued presence of the conceptus in the same horn (7-

min average) stimulated an increase in vascularity (Chapter 3). After fixation, endometrial 

vascularity was higher in the endometrium surrounding the fixed conceptus, than in other areas 

of the ipsilateral horn, or in the opposite horn. Differential dorsal thickening of the endometrium 

preceded embryonic orientation (Chapters 3 and 4). Based on our studies assessing uterine blood 

flow during early pregnancy of mares and cows with color Doppler and in the previous studies 

which other authors used others techniques to assess uterine blood flow in cows, sows and ewes, 

Equids exhibited the most precocious increase in uterine perfusion during early pregnancy. 

Uterine blood flow changes started to be detected on Day 12 of pregnancy. Two distinct 

mechanisms could be collaborating to stimulate the increase in uterine vascular perfusion during 

early pregnancy in mares and these two mechanisms are probably related to two distinct phases 

of early pregnancy in Equids; the mobility phase and post-fixation phase of the embryonic 

vesicle. We suggest that the embryonic vesicle could stimulate vasodilation and angiogenesis in 

the endometrium. These two processes are probably combined. However, during mobility phase, 

transient rapid changes in uterine blood flow were shown to be related to location of the 
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embryonic vesicle in the uterus. Slight encroachment of the dorsal endometrial was detected 

during the final days of mobility phase. These results suggest that the rapid transient changes in 

uterine blood flow reflect vasodilation of blood vessels in the endometrium. More research is 

necessary to determine which factors provoke this kind of stimulation. The vesicle produce large 

amounts of estrogens and prostaglandins at this time and these hormones could be involved in 

vasodilatory mechanisms. In addition, physicochemical interaction of the embryonic vesicle 

capsule with the endometrial luminal epithelium during conceptus movement may be also 

considered as a possible factor of stimulation. Angiogenesis is also likely present toward the end 

of the mobility phase based on the initial dorsal endometrial encroachment and slight increase in 

endometrial perfusion observed at this time. This idea is further supported by results of the 

morphometric study (Chapter 6) which demonstrated increased growth of blood vessels, as well 

as increased angiogenic factors, in the endometrium adjacent to the fixated conceptus. After 

fixation, the increase in blood flow and encroachment of the dorsal endometrium is dramatic. 

Presumably, most of the vascular stimulant factors produced by the embryonic vesicle are highly 

localized at the site of fixation. Our findings suggest that, while presumptive vasodilation occurs 

during the mobility phase, the predominant angiogenic stimulus occurs post-fixation. In Chapter 

6 of this dissertation morphology of the endometrium at the site of fixation as well as 

involvement of the VEGF receptors system in the tissue remodeling required to stimulate 

encroachment of the dorsal endometrium onto the conceptus were studied. The dorsal 

endometrium at the site of conceptus fixation was edematous and richly vascularized, exhibiting 

a high density of blood vessels and endometrial glands. A more detailed study is necessary to 

identify the specific signals produced and released by the conceptus to stimulate angiogenesis. 
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Orientation of the embryonic vesicle occurred immediately after fixation (Chapter 4). 

Embryonic dysorientation was associated with a flaccid uterus and defective encroachment of the 

dorsal endometrium. Asymmetric enlargement of the allantoic sac spontaneously corrected 

dysorientation (Chapter 5). Adherence points were found between the yolk sac surface and the 

dorsal endometrium (Chapter 6). These are new findings showing step by step the dynamic 

interactions between the embryonic vesicle and the uterine wall for the express purpose of 

aligning the future site of umbilical cord formation to the richest vascular area, the dorsal 

endometrium and mesometrium. Orientation of the embryonic disc in the ventral endometrial 

area permits direct contact of the bilaminar layer of the yolk sac at the abembryonic pole with the 

richest glandular and vascularized area of the endometrium. This positioning favors embryo-

maternal exchange guaranteeing survival and development of the early conceptus. It is 

interesting to observe in Equids that the embryo proper forms ventrally but during development 

of the allantois is translocated to the dorsal area, the richest endometrial area. At this position, 

the umbilical cord develops. We have observed that abnormal orientation normally terminates 

the pregnancy but, in two specific cases when the uterus presented slight tone, the embryonic 

vesicles were able to correct their orientation by continuing to expand the yolk sac-allantois 

boundary until it impinged on the dorsal endometrium, permitting formation of the umbilical 

cord in the correct position. Adherence points on the surface of the conceptus, specifically the 

bilaminar layer of the yolk sac, are important to maintain conceptus orientation. Studies of the 

composition of the equine capsule have demonstrated carbohydrate changes during early 

pregnancy. However, visualization of the adherence points on the yolk sac surface offers a more 

specific area with which to study biochemical interactions between the surface of the capsule and 

the endometrial luminal epithelium. 
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Uterine vascularity in pregnant heifers increased in the horn ipsilateral to the conceptus 

from Days 19 to 40. Vascularity of the contralateral horn remained low until Day 32, when it 

began to rise, reaching vascularity approximately similar to the ipsilateral horn around Day 40. 

The increase in vascularity occurred temporally with allantoic sac development in each uterine 

horn (Chapter 7). The conceptus of ruminants does not have a mobility phase as in Equids but 

instead undergoes elongation into the uterine lumen during early gestation. Elongation of 

ruminant conceptuses is an important developmental process for maternal recognition of 

pregnancy, and may serve to provide nutrient availability as well. Early uterine vascular changes 

in mares and cows were distinct. Despite the delay in stimulation of the uterine perfusion in cows 

compared with mares, an intimate temporal association between the increase in endometrial 

vascular perfusion and the development of the allantoic sac was observed. As the allantoic sac 

membrane forms, it fuses with the chorion forming the allantochorion placenta. Our results 

indicate that the increase in endometrial perfusion coincides with presumptive physicochemical 

interactions between the conceptus and the endometrium. More detailed morphological and 

molecular studies are necessary to correlate endometrial vascular development with the process 

of placentation in cows. 

In cows, corpus luteum blood flow increased and decreased with the individual PGFM 

pulses during spontaneous luteolysis. Induction of increased CL blood flow by prostaglandin did 

not assure the occurrence of luteolysis (Chapter 9). This work demonstrated that: 1) exogenous 

and endogenous prostaglandin is associated with acute increase in blood flow of the corpus 

luteum, 2) that the increase does not guarantee complete luteolysis, and 3) that a series of pulses 

of prostaglandins is associated with complete luteolysis. The experiments presented in this 

chapter confirmed the suggestions from previous works that the increase in blood flow in the 
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corpus luteum precedes the initial stages of luteolysis and also confirm the reliability of this 

technique as potential tool in the monitoring of this process. Increase in blood flow in many 

different tissues has been correlated with increase in prostaglandin secretion and estrogens. 

These experiments provided the technical foundation for more detailed studies about the 

physiological mechanisms involved in the luteolysis. 

The first field applied study in the literature about the use of Doppler ultrasound 

technology in reproduction of large animals is presented in Chapter 8. It was shown that greater 

blood flow to the preovulatory follicle is associated with higher pregnancy rate in mares. This 

study is the first to help in the popularization of the use of this technology among large animal 

veterinarians working with reproduction. One big limitation to the spread of this technology is 

the inverse relationship between size and technical capabilities of the Doppler machine. Powerful 

portable machines are now available in the market and will help bring this technology to 

practical application. However, price is still a limitation. Based on the presented results in 

Chapter 8, it was not possible to determine if high perifollicular blood flow directly affects 

oocyte quality or whether it affects the overall intrafollicular environment. This study was very 

simple and set the stage for future studies. Recently, a similar study was done in cows 

confirming the results found in this study in mares (Siddiqui et al. 2008). In addition, the same 

group of researchers used this technique in cows before follicle aspiration for in vitro maturation 

and fertilization and they obtained better results of embryonic development with the oocytes 

from preovulatory follicles presenting high blood perfusion at the time of the aspiration (Siddiqui 

et al. 2009). 

Modulation of the uterine vascular system by the conceptus includes two very distinct 

and balanced events. The first event consists of stimulation of the uterine architectural and 
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vascular system changes. From the earliest stages of pregnancy to its culmination, the conceptus 

presumably releases factors driving tissue changes in the uterus, including vascular remodeling, 

to favor survival and development. However, equally important is the need to limit these uterine 

changes to prevent overdevelopment. Such may be the case with large offspring syndrome, for 

example, in which abnormalities in placental vascularization are observed. This dissertation has 

focused on the understanding of certain cellular and molecular aspects involved in uterine 

changes during early pregnancy. Many questions arise, such as whether tissue and vascular 

remodeling during pregnancy is self-limited or whether this process is mediated by conceptus-

produced factors. The processes involved in tissue remodeling of the pregnant uterus and in 

abnormal conditions of tissue growth, as cancer are similar in appearance. However, during 

pregnancy tissue growth is limited or controlled in contrast to pathological conditions such as 

cancer. These thoughts set the stage for a more complete future of investigation. Knowledge of 

the mechanisms which regulate angiogenic and tissue remodeling of pregnancy would represent 

an enormous advance in science. Understanding the mechanisms regulating angiogenesis and 

tissue remodeling in the pregnant reproductive tract will help in the development of therapies for 

pathological conditions which exhibit abnormal tissue growth. 

In summary, the data from this dissertation provided insight into the architectural and 

molecular changes in the reproductive tract of Equids and Bovids. These results set the stage for 

future experiments to understand more completely: 1) the role of the conceptus in regulating the 

uterine environment to favor its development, including understanding the balance in stimulating 

and limiting uterine architectural and vascular changes, 2) the role of vascular changes in the 

regulation of physiological processes in the reproductive tract during cyclicity and pregnancy, 



 

248 

and 3) the role of blood flow changes as a practical diagnostic measurer of normal organ and 

tissue functionality. 
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