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ABSTRACT 

 

EXTRACELLULAR VESICLES FROM THE EQUINE UTERUS: UPTAKE BY STALLION 

SPERMATOZOA AND EFFECT ON CAPACITATION PARAMETERS 

  

Fertilization in mammalian species relies on the activation of spermatozoa in the female 

reproductive tract by a consecutive series of events termed ‘capacitation’. In vivo, 

ejaculated equine spermatozoa are deposited directly into the uterus and eventually 

arrive in the ampulla of the oviduct, which is the site of fertilization. However, the roles 

of the uterus, oviduct, and their secretions have on equine sperm capacitation is largely 

unknown. Extracellular Vesicles (EVs), including microvesicles and exosomes, are 

membrane enclosed nanoparticles released from most cell types that carry cargos of 

biologically active molecules that can affect nearby or distant recipient cells. EVs have 

recently been identified as playing a role in reproductive functions including sperm 

capacitation. The aims of the present study were: 1) characterize EVs collected from the 

uterine lumen of mares in both the estrus and diestrus phases of their reproductive 

cycles; and 2) investigate the effect these uterine EVs have on stallion sperm function. 

Uterine fluid from 6 mares was collected during both estrus and diestrus using a low 

volume uterine lavage. EVs were isolated from the fluid by ultracentrifugation, and EV 

concentration determined by nano-tracker analysis. The concentration of EVs obtained 

from estrus fluids (EEV) was 235 ± 164.029 billion EVs/mL and tended to be higher 

(p=0.07) than those obtained in diestrus fluids (DEV) (83.67 ± 89.328 billion EVs/mL). 

The average size of EVs were similar (p > 0.05) with values of 148.633 ± 11.35 nm for 



 iii 

EEV and 146.183 ± 11.89 nm for DEV. Transmission electron microscopy delivered 

images of vesicles with characteristic cup-shaped morphology and size consistent with 

NTA results. Immunoblotting confirmed the particles contained exosome markers TSG-

101 and CD-63, and were negative for cytochrome C, a mitochondrial organelle marker, 

indicating these vesicles were indeed EVs. To determine the effect EVs have on sperm, 

semen from 3 Quarter Horse stallions were cryopreserved, and EVs added to samples 

after thawing. In the first experiment, EVs or PBS void of EVs were fluorescently labeled 

and incubated with frozen-thawed stallion spermatozoa for one hour and uptake was 

evaluated by fluorescent microscopy. Fluorescence was observed only in sperm 

incubated with EVs, and a greater fluorescent intensity detected in EEV treated sperm. 

In a second experiment, spermatozoa from each stallion were co-cultured with EEV, 

DEV, and PBS void of EVs (control) for 90 minutes and sperm functions associated with 

capacitation, including hyperactivated motility, and acrosome reactions, were evaluated 

using a computer assisted semen analysis unit (CASA) and flow cytometry. The 

percentages of hyperactively motile sperm were higher (p < 0.05) for EEV treated sperm 

compared to control and DEV. In addition, the percentage of acrosome reacted sperm 

was higher (p < 0.05) for sperm treated with EEV and DEV when compared to control. 

In summary, these results confirm that: 1) EVs can be isolated from uterine fluid of 

mares, 2) uterine derived EVs can be taken up by stallion spermatozoa, and 3) uterine 

derived EVs have a biological effect on stallion spermatozoa function in vitro. 

Consequently, it is hypothesized that EVs from the mare reproductive tract will have 

similar biological effects on stallion sperm function in vivo.  
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Chapter 1: Review of Literature  

 

Capacitation  

Freshly ejaculated mammalian spermatozoa cannot fertilize an oocyte, but 

require additional maturation within the female reproductive tract in vivo or under 

selected conditions in vitro [32]. These biochemical changes that enable sperm to bind 

to and penetrate the zona pellucida and subsequently fuse with the oocyte plasma 

membrane is termed “capacitation”. The process was first described by Chang [33] and 

Austin [34] in 1951, and the term coined by Austin a year later [35]. Despite research 

being conducted on capacitation for over half a century, much of the molecular basis of 

capacitation is still poorly understood, as are the roles that the uterus and oviduct play 

in sperm capacitation [36]. 

 

In most domestic species, capacitation and fertilization can be achieved in vitro 

using conditioned media [11]. The ability to capacitate sperm in vitro has allowed for 

detailed studies that form most of our current knowledge of the mechanisms involved 

[37].  To capacitate sperm in vitro, sperm are first washed by centrifugation to remove 

seminal plasma and incubated in a medium containing HCO3
-, Ca2+ and albumin, which 

stimulates a series of events known as the capacitation cascade [38].  First cholesterol 

is removed from the sperm plasma membrane by a cholesterol acceptor, such as 

albumin [39]. The loss of cholesterol from the membrane increases the fluidity of the 

plasma membrane and allows the aggregation of lipid raft receptors, which make the 

sperm more permeable to ions such as bicarbonate and calcium [39]. The influx of 
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these molecules stimulates activation of second messenger systems, such as a form of 

soluble adenylyl cyclase (sAC) abundant in sperm, leading to the production of cAMP 

[40].  The production of cAMP results in the phosphorylation of tyrosine residues on 

sperm proteins and induces hyperactivated motility [40]. These events facilitate binding 

of the sperm plasma membrane with the outer acrosomal membrane, resulting in 

acrosomal exocytosis [41]. The “acrosome reaction” exposes the hydrolytic enzymes 

capable of locally dissolving the zona pellucida of the oocyte and is recognized as the 

final capacitation associated event [42].  

 

However, in vitro fertilization (IVF) has historically been difficult to achieve with 

equine gametes despite attempts to induce capacitation with the addition of heparin 

[40], caffeine [44], and/or procaine [49] to in vitro maturation medias. In 2002, it was 

demonstrated that in vitro matured oocytes placed into the oviduct could be fertilized 

[43], while in vivo matured oocytes harvested from pre-ovulatory follicles could not be 

fertilized in vitro [44], suggesting incomplete sperm capacitation was the root of the 

problem. In 2003, it was found that stallion spermatozoa consistently bind to the zona 

pellucida in IVF attempts, but fail to undergo the acrosome reaction necessary for 

oocyte penetration [40]. Finally, in 2022, successful in vitro fertilization in the horse was 

achieved by prolonged sperm pre-incubation with penicillamine, hypotaurine, and 

epinephrine prior to a 6-hour co-incubation with cumulus-oocyte complexes [52]. The 

prolonged struggle to effectively stimulate complete capacitation in equids highlights 

how little we know about equine sperm capacitation. Additional in vivo studies, and in 

vitro studies utilizing tissues and secretions derived from the female reproductive tract, 
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such as extracellular vesicles, may fill in the gaps of our knowledge and contribute to 

developing an effective method for equine in vitro fertilization. 

 

It is commonly thought that capacitation needs to be inhibited in the uterus in vivo 

to preserve the viability of the spermatozoa before they attach to the oviductal 

epithelium, where they await the ovulated oocyte before completing capacitation and 

fertilization [48]. However, there are several studies which indicate that capacitation 

takes place in the uterus, at least to some extent, and is dependent on the stage of the 

estrous cycle [22, 27, 29-31, 33, 49]. Rabbit sperm undergo capacitation when 

inseminated into the estrous uterus in vivo or when incubated in vitro with fluids from 

estrous uteri, while capacitation appears to be inhibited when inseminated into the 

diestrus uterus [33, 49]. An equine in vitro study found that 31-35% of the viable 

spermatozoa recovered from the uteri of mares in estrus had undergone an acrosome 

reaction 6 hours post insemination, while only 5% of the sperm underwent an acrosome 

reaction 6 hours post insemination when inseminated into the uterus of mares 7 days 

after ovulation [22]. These findings indicate that a sub-population of spermatozoa 

capacitate in the mammalian uterus, but the mechanisms by which they do so are not 

clear. In recent years, extracellular vesicles derived from female reproductive fluids 

have been proposed as a mediator of capacitation.  

 

Extracellular Vesicles 

Extracellular vesicles (EVs) are bioactive nano-particles secreted by most cell 

types into the extracellular environment, where they can interact with recipient cells [1]. 
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EVs have emerged as key mediators of cell-to-cell communication that regulate many 

physiological and pathological processes [2]. These nano-particles are produced by 

virtually all mammalian cell types and can differ markedly in size, composition, and 

biological function, depending on the cell of origin and physiological state of the cell [3]. 

EVs consist of a lipid bilayer membrane that encases an organelle-free cytosol and a 

cargo of biologically active molecules such receptors, proteins, lipids, and genetic 

materials (mRNA and miRNA) specific to the parent cell and it’s physiological state [4]. 

Because their cargo and function relate to the parent cell, EVs are often named relative 

to their cell of origin. For example, EVs derived from the uterine epithelium may be 

called “uterosomes” and EVs derived from the oviductal epithelium may be called 

“oviductosomes” and so on.  

 

Extracellular vesicles (EVs) can be characterized into three dominant classes: 

exosomes, microvesicles, and apoptotic bodies, which are generally distinguished by 

their size and biogenesis (Figure 1) [5]. All classes show specific structural and 

morphological characteristics on transmission electron microscopy such as a lipid 

bilayer, and a cup-shaped morphology produced by drying during the preparation for 

analysis [6]. Exosomes range from 30-120 nm in diameter and are released through the 

endocytic recycling pathway when multi-vesicular bodies fuse with the plasma 

membrane [7]. Exosome bio-markers include tetraspanin CD63, intramembrane 

proteins ALIX, TSG 101 and lipid raft flotillin-1, which can be detected by 

immunoblotting to confirm the presence of EVs in fluids processed for the vesicles [6]. 

Microvesicles range from 100-1000nm in diameter and bud directly from the cell plasma 
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membrane and are therefore composed of surface markers largely dependent on the 

cell of origin [7]. Finally, apoptotic bodies include 50-500 nm vesicles produced as a 

consequence of plasma membrane blebbing during programmed cell death [2, 8]. Each 

class of EVs can be uptaken by nearby or distant cells and cause changes in the 

recipient cells’ biological function [9]. The nano-vesicles can be internalized by recipient 

cells through several pathways including direct membrane fusion, phagocytosis, 

clathrin-mediated endocytosis, lipid-raft mediated endocytosis, and macropinocytosis 

[4]. 

 

Figure 1: Proposed pathways of EV biogenesis by donor cells (left) [10] and pathways 
shown to participate in EV uptake by recipient cells (right) [4]. EVs originate from either 
the endosomal system or are shed from the plasma membrane of parent cells and 
tissues, and contain a cargo of biologically active molecules such as protein, lipids, 
mRNA, miRNA, receptors, and transporters [2]. The nano-particles have been shown to 
be internalized by recipient cells through several pathways including direct membrane 
fusion, phagocytosis, clathrin-mediated endocytosis, lipid-raft mediated endocytosis, 
and macropinocytosis [4]. 
 

Extracellular vesicle’s role in reproduction  

EVs present in the female reproductive tract have recently raised attention 

regarding their role in the fertility process and their potential to improve outcomes in 
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assisted reproductive technologies (ART) [9]. Upon natural mating, spermatozoa may 

encounter EV populations of vaginal (vaginosomes), uterine (uterosomes) and oviductal 

(oviductosomes) origin as they journey through the female reproductive tract to the site 

of fertilization (Figure 2) [9]. EV populations from all sections of the female reproductive 

tract have been shown to influence biochemical and physiological changes consistent 

with capacitation in several species [5]. Oviductosomes and their impact on sperm 

function have been studied most extensively due to the oviduct being recognized as the 

site of fertilization; however, uterosomes appear to have a similar influence on 

capacitation as oviductosomes when incubated with spermatozoa in vitro [11].  

 

  

Figure 2: Schematic representation of sperm travel through the female reproductive 
tract. Sperm cells encounter different EV populations in the female reproductive tract 
produced by the vagina, uterus, and oviduct. EVs also interact with the oocyte and early 
blastocyst, contributing to successful fertility throughout several reproductive processes 
[9]. 

 

Equine spermatozoa bypass the vagina in natural mating by being deposited 

directly into the uterus where they reside for 4 hours before arriving to the site of 

fertilization in the oviduct [11-13]. There is evidence that capacitation can occur in the 
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equine uterus under the influence of estrogen, but the mechanisms are not well 

understood [22]. As described in the following studies, uterosomes are likely to have a 

role in this process. Uterosomes have been identified in the uterine fluid of other 

species including sheep, mice, cows, and women [19, 26-31]. Several of these studies 

subsequently evaluated the effect uterosomes have on spermatozoa [27, 29-31], while 

others focused on evaluating EV cargo throughout the female reproductive cycle [19, 

26].  

 

Human in vitro studies found that exposure of fresh sperm to uterosomes 

stimulates acrosomal exocytosis as early as 15 minutes, but the greatest increase 

observed at 2 hours [29, 30]. Furthermore, a significant increase in uptake efficiency 

was observed by flow cytometry in sperm incubated with fluorescently labeled EVs 

derived from the proliferative phase (estrogen dominated) compared to those derived 

from the secretory phase of women (progesterone dominated) [30]. Additionally, 

spermatozoa incubated with the uterosomes demonstrated a significant elevation in 

protein tyrosine phosphorylation and acrosome reactions [29, 30].  

 

Oviductosomes have been identified in the oviductal fluid of several species 

including women [15], mice [15-17], cattle [18,19], pigs [20], wolves [21], and cheetahs 

[21]. In women and mice, uterine and oviductal EVs contain several proteins essential 

for fertilization, including PMCA4 and PMCA1, and are capable of transferring these 

proteins to the spermatozoa which facilitated capacitation [15]. In addition, expression of 

these proteins was higher in oviductosomes and uterosomes when the epithelium was 
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under the influence of estrogen than when under the influence of progesterone, and a 4-

9 fold increase in expression of these proteins was found in oviductosomes compared 

to uterosomes [15].    

  

A similar study evaluated the miRNA content in mouse oviductosomes 

throughout the estrous cycle and found that the majority of miRNAs had similar 

expression levels throughout the cycle, but 7% of miRNAs in estrus derived 

oviductosomes showed a 1.5 fold increase [16]. When incubated with murine 

spermatozoa, the oviductosomal miRNAs were incorporated into spermatozoa and 

distinctly localized, indicating that the miRNAs are sorted to regions where they function 

physiologically [16]. Bovine extracellular vesicles derived from the oviductal fluid 

induced capacitation associated events including the acrosome reaction in frozen-

thawed spermatozoa over 90 minutes of incubation [17]. Additionally, the EVs induced 

an increase in sperm protein tyrosine phosphorylation compared to the control and 

maintained cell survival similar to the control [18]. The study also reported that 

fluorescently labeled EVs bind to frozen-thawed bull spermatozoa within a few minutes, 

and reach a maximum at 2 hours [18].   

 

To date, no published studies report isolating oviductosomes directly from equine 

oviducts, likely due to practical and ethical limitations. Only recently have uterosomes 

been isolated and characterized from the equine uterus, with a focus on embryo-

maternal interactions; and no studies have reported incubating uterosomes with equine 

spermatozoa [23-25]. However, there is a recent report in which extracellular vesicles 
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from in vitro cultured equine oviductal spheroids were incubated with fresh stallion 

spermatozoa [14]. Fluorescently labeled EVs were observed in the sperm head and 

mid-piece after one hour of co-culture and contributed to higher rates of acrosome 

reactions and fertilization [14].  

 

Estrous cycle of the mare  

 The basic aspect of equine reproduction in the mare is the hormonally regulated 

estrous cycle, in which ovulation occurs spontaneously every 21 days during the 

physiological breeding season. The estrous cycle is composed of two phases: the 

estrus phase and diestrus phase. The estrus phase lasts 5 to 7 days, and is the period 

in which the mare is under the influence of estradiol (E2) produced by the growing 

dominant follicle [45]. During estrus, elevated concentrations of E2 and low 

concentrations of progesterone (P4) contribute to an increase in uterine edema [45, 46]. 

The ovarian follicle continues to mature until ovulation, which typically occurs 24-48h 

before the end of the estrous period and is triggered by a prolonged surge in luteinizing 

hormone. After ovulation, granulosa and theca cells of the follicle begin the process of 

lutenization to become an ovarian structure called a corpus luteum (CL) [45]. The luteal 

cells produce P4, the dominant hormone of the diestrus phase [45]. If the mare does not 

conceive, the hormone prostaglandin is released from the endometrium 12 to 14 days 

after ovulation and causes regression of the corpus luteum, and a new cycle begins 

[45]. The morphological changes that occur in the endometrium and ovaries can be 

appreciated via transrectal ultrasonography to accurately determine the phase of the 

estrous cycle and ovulation [47]. 
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Summary  

In summary, little is known about in vivo mechanisms of sperm capacitation, 

especially in the horse. EVs have recently raised attention in their contribution to fertility 

and have been isolated from the female reproductive tract of several species. The 

production and cargo of EVs is hormonally regulated and EVs are able to deliver their 

cargo to spermatozoa in vitro with physiological effects that support capacitation. An 

increase in protein tyrosine phosphorylation, acrosome reaction, and hyperactive 

motility were observed after incubation of spermatozoa with uterine or oviductal derived 

EVs, with the greater increase observed in sperm incubated with EVs obtained under 

the influence of estrogen. To date, no studies have evaluated stallion sperm 

capacitation parameters when co-cultured with uterosomes collected from mares. 
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Chapter 2: Materials and Methods (Study 1) 

Animals and estrous cycle monitoring  

Six Quarter Horse mares, 6 to 15 years old, were used for uterine fluid 

collections in June and July of 2021. Transrectal ultrasonography was performed daily 

by a veterinarian using a linear array ultrasound unit (SonoScape, Model S9 Portable 

Veterinary Ultrasound Machine) to monitor uterine edema, follicular development, 

ovulation, and formation of a corpus luteum. A double guarded uterine swab was used 

to collect a sample from the uterus for microbial culture and a double guarded brush 

was subsequently used to collect a sample from the uterus for cytologic evaluation. All 

uterine cultures were negative for microbial growth and no inflammatory cells were 

noted on uterine cytology.  

 

Low-volume uterine lavage  

Uterine contents were obtained using a low-volume uterine lavage (LVL). The 

first LVL was performed on each mare during estrus, when a dominant ovarian follicle ≥ 

35 mm was identified and moderate uterine edema was present by infusing 250 mLs of 

lactated Ringer’s solution (LRS) into the uterus. The fluid was moved throughout the 

uterus by transrectal uterine massage before recovery. Recovery of the fluid was 

facilitated by administration of IV oxytocin (20 units; intravenously) to induce uterine 

contractions and the effluent fluid was recovered in the original bag in s closed system. 

A second LVL was performed when the mare was in the diestrus phase, 7 days after 

ovulation, with the presence of a corpus luteum and no uterine edema on the 

ultrasound. The recovered uterine fluid obtained from each flush was transferred to 50 
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mL conical centrifugation tubes (Thermo Fisher Scientific, #339652) and centrifuged at 

750 x g for 5 minutes to pellet a majority of the cellular debris. The supernatant 

containing EVs was collected and stored in a -80° C freezer until processed.  

 

EV isolation procedure  

Extracellular vesicles were isolated by a standard ultracentrifugation method [30]. 

Samples were thawed overnight at 4° C and all centrifugations were carried out at 4° C. 

Each sample was first centrifuged at 2,000 x g for 30 minutes to pellet residual cell 

debris and the supernatant was recovered and centrifuged at 25,000 x g for 30 min to 

pellet large microvessicles. The supernatant was filtered through a 0.2 μm sterile 

syringe filter (PALL, #4612) to remove particles greater than 200 nm and centrifuged by 

ultracentrifugation (Beckman Coulter Optima XPN-100 Ultracentrifuge, Beckman 

Coulter, Brea, CA) at 120,000 x g for 70 minutes using the Beckman SW 32 Ti 

Swinging-Bucket Rotor and Ultra-Clear Thin Wall 25 x 89 mm 38.5 mL Ultracentrifuge 

tubes. The supernatant was discarded, and the EV rich pellet was resuspended with 5 

mL cold PBS before undergoing a second ultracentrifugation at 120,000 x g for 70 

minutes using a Beckman SW 55 Ti Swinging-Bucket Rotor Package (Beckman 

Coulter, #342194) and SETON Open-Top Polyclear Ultra Tubes; 13 X 51 mm (SETON, 

#7022). The supernatant was removed and the EV pellets were resuspended with 500 

μL of PBS and stored at -80° C until characterization was performed.  

 

EV Characterization  
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Isolated EVs were characterized in accordance with MISEV guidelines [58] by 

nano-tracker analysis (NTA), bicinchoninic acid assay (BCA), western blot, and 

transmission electron microscopy (TEM). 

 

Nano- tracker analysis (NTA) 

EVs were characterized using a Z-NTA analyzer (ZetaView, Particle Metrix, 

Germany). EV samples from individual mares were thawed at 4° C,  thoroughly mixed, 

and a volume of 1-3 μL from each sample was diluted with phosphate buffer solution 

(PBS) at a ratio of 1:1000 or 1:3000 (EVs to PBS) for analysis on the Z-NTA. The 

average size and concentration of EVs for each sample was determined before pooling 

the 6 samples from estrus and 6 samples from diestrus. Each of the 6 samples was 

equally represented in the final pooled sample. The final EV concentration was 200 

billion EV/mL.   

 

Protein Quantification  

The protein content of the two pooled samples was determined using a 

PierceTM BCA protein assay kit (#23225; Thermo Scientific, Waltham, MA, USA). A 9-

point standard curve (range 0–2000 μg/mL) was developed using serial dilutions of 

bovine serum albumin (BSA) and a working BCA reagent. A volume of 100 μL from 

each sample was mixed with 2.0 mL of working reagent and incubated at 37° C for 30 

min. The samples were cooled to room temperature, and the protein content determined 

using a calibrated spectrophotometer (DS-11; Denovix, Wilmington, DE, USA) to assess 

the absorbance at 562 nm.  
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Western Blot 

Proteins contained in the uterosomes were characterized by Western blot 

analysis. A volume of 100 μL from each sample was resuspended with 50 μL of RIPA 

buffer (Marker Gene Technologies, #M2777) while a volume of 10 μL loading buffer was 

combined at a ratio of 9:1 4X Laemmli Sample buffer and 2-Mercaptoethanol (Bio-Rad, 

#1610747 and #1610710) and then added to 30 μL EV- protein lysate. The samples 

were incubated at 95° C for 5 minutes as the gel holding cascade was assembled with 

Mini-Protean TGX stainless Gels (Bio-Rad #4568084) and filled with 1X running buffer 

(100mL 10x Tris/Glycine/SDS Buffer (Bio-Rad, #1610772) and 900 mL Nanopure 

water). Precision Plus Protein Dual Color, 5 μL, (Bio-Rad, # 161-0374) was added to the 

first well followed by 40 μL of each protein lysate mixture in subsequent wells. The gels 

were run by electrophoresis at 4° C at 90 V for 15 min followed by 200 V for 30 minutes 

before being transferred to a Nitrocellulose membrane (Bio-Rad, #1620112) and filter 

papers (Thermo Scientific, #88600) for electrophoresis at 100 V for 1 hour at 4° C in a 

gel holding cascade filled with 1x transfer buffer blocking solution (100mL Tris/Glycine 

Buffer (Bio-Rad, # 1610771), 200 mL Methanol, and 700mL Nanopure water). A 

blocking solution was prepared by adding 2.5 g of dried milk powder to 50 mL of 1X 

Tris-buffered saline with 0.1% Tween® 20 Detergent (TBST) (Bio-Rad, #1706435, Bio-

Rad, #1706531). When the transfer was complete, the membrane was placed in the 

blocking solution on a shaker in a cold room for 1 hour. The primary antibodies CD63, 

FLOT1, ALIX, (SBI, #EXOAB-CD63A-1, #EXOAB-FLOT1-1, #EXOAB-ALIX-1) and 

Cytochrome C (Sino Biological, #102139-T42) were prepared by diluting 1:100 in 

blocking solution. After 1 hour of blocking, the diluted primary antibody solutions were 
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poured on the membrane and left rocking in a cold room overnight. The next morning, 

the membrane was washed 5 times for 5 minutes with TBST on the shaker. Secondary 

antibodies were diluted 1:2000 in milk buffer and placed on the rocker for at least one 

hour followed by another 5 washes in TBST. Fresh TBST was poured on the membrane 

and imaging solution consisting of equal parts of SuperSignal West Pico PLUE Stable 

Peroxide and SuperSignal West Pico PLUS Luminol/Enhancer (Thermo Scientific, 

#34577) were mixed by vortex before imaging. The membrane was placed in a blot 

developing folder (VWR #490016-806) and imaging solution was added to the 

membrane before closing the folder. After sitting for 5 min, the immune blot was imaged 

on the ChemiDoc XRS+chemiluminescence system with Image Lab Software (BioRad, 

#1708265).  

 

Transmission Electron Microscopy  

Electron Microscopy (EM) was used to obtain high resolution images of the EVs. 

For negative staining of EVs, drops of 1% Alcinan Blue (AB) 8GX (Sigma, #33864-99-2)  

were dispensed on parafilm. Mesh copper grids with carbon-coated formvar film (EMS, 

#FCF 400-Cu) were placed on AB drops for 5 minutes with the film side down to 

achieve hydrofilicity, then rinsed in three water droplets for 15 seconds each. Next, 

excess fluid was removed from the grid, then the grid floated on a 5 micro-liter 

specimen drop for 10 minutes. Excess fluid was removed before fixing grid with sample 

in 2.4% glutaraldehyde (Sigma, #111-30-8) for 5 minutes. The grid was then rinsed in 

two water droplets for 15 seconds each, wicked of excess fluid, and placed on drops of 

2% uranyl acetate (EMS, #22400) for 30 seconds. Excess fluid was removed and the 
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samples were dried and stored in the grid case until visualized and photographed on a 

JEOL JEM-1200 EX electron microscope.  

  



 17 

Chapter 3: Materials and Methods (Study 2) 

 

Semen collection and cryopreservation   

 Three Quarter Horse stallions were used for semen collection from June-August 

2022 using a Colorado-style artificial vagina. Six billion spermatozoa from each 

ejaculate were diluted 1:1 in non-capacitating modified Whitten’s (MW) medium 

(NCMW; 100 mM NaCl, 4.7 mM KCl, 1.2 mM MgCl2, 5.5 mM anhydrous glucose, 22 

mM HEPES, 4.8 mM lactic acid hemicalcium salt, and 1.0 mM pyruvic acid) and 

centrifuged at 1000 x g for 25 minutes to remove the seminal plasma. The pellets were 

resuspended to 200 million sperm cells/mL in CryoMax LE freezing extender (Animal 

Reproduction Systems Inc, Chino, CA) and cryopreserved according to manufacturers 

instructions. The extended semen was loaded into 0.5 mL straws and placed on a 

floating freezing rack (Animal Reproduction Systems Inc #FSR-101) into a 4° C 

refrigerator for 30 minutes prior to floating the rack above liquid nitrogen for 15 minutes. 

The straws of semen were then fully submerged in liquid nitrogen and stored in a liquid 

nitrogen storage tank until further use. 

 

EV staining 

EV association with spermatozoa was assessed as described by Merdica et al. 

with modifications [30]. First, 100 μL of EVs (200 billion/mL) were stained with 1 μL 

stock Vybrant DiO stain (Thermo Fisher, V22886), mixed well by pipetting, and 

incubated for 30 min at 37° C in the dark, shaking every 5 minutes. The labeled EVs 

were then mixed with 5 mL PBS and centrifuged by ultracentrifugation (120,000 x g for 
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70 min) to pellet the stained EVs, and any unbound stain was discarded with the 

supernatant.  

 

Sperm preparation 

 Two straws of frozen spermatozoa from each individual stallion were thawed in a 

37° C water bath for 30 seconds. The thawed sperm were placed over 1 mL 45% 

Percoll and centrifuged (300 x g for 7.5 minutes) to remove the freezing extender and 

pellet the sperm. The supernatant was aspirated and discarded and the sperm pellet 

was resuspended to a concentration of 30 million sperm cells/mL with BSA-free MW 

medium (100 mM NaCl, 4.7 mM KCl, 1.2 mM MgCl2, 5.5 mM glucose [anhydrous], 22 

mM HEPES, 4.8 mM lactic acid hemicalcium salt, and 1.0 mM pyruvic acid, 25mM 

NaHCO3) at 37° C. The sperm suspensions were used in all of the subsequent 

evaluations described below. 

 

EV uptake by spermatozoa  

Spermatozoa were labeled with Hoechst stain (0.005 mg/mL) for 5 minutes and 

washed to remove excess dye. A volume of 200 μL of Hoechst-stained sperm were 

added to DiO labeled EVs or PBS (subjected to the same DiO staining and 

centrifugation protocol as EVs) at a concentration of 200:1 (EVs: sperm). Samples were 

mixed and incubated at 37° C for 1 hour before 6 μL samples were placed on a slide 

with a cover slip, and assessed using an Olympus BX63 microscope (Evident, Tokyo, 

Japan) with a 40x UPlanXAPO objective (Evident, Tokyo, Japan). 

 



 19 

Sperm treatment with EVs for CASA and flow cytometric analysis  

 Three samples (250 μL) were made by adding spermatozoa to EVs from estrus, 

diestrus, or a control of PBS at a ratio of 200:1 (EVs to sperm) in polystyrene culture 

tubes, mixing the samples and incubating them at 37° C for up to 90 minutes.  

 

Sperm motion assessment   

Motility pattern of spermatozoa from each treatment was assessed on a Sperm 

Vision Therio CASA system (minitube, Tiefenbach, Germany). A sub-sample of 6 μL 

from each treatment was examined at time points 0, 15, 30, and 60 minutes. The 

percent of hyperactively motile sperm was detected by CASA and recorded.  

 

Flow Cytometric analysis  

At time points 0, 15, 30, 60, and 90 minutes, two 50 μL samples from each 

treatment (control, estrus EV, diestrus EV) were removed and stained for 1) membrane 

scrambling using Yo-Pro-1 and merocyanine and 2) acrosome reaction using propidium 

iodide and FITC PNA. After staining, samples were diluted to 3 million cells/mL with 

PBS and analyzed using an Accuri™ C6 Plus flow cytometer (BD Biosciences, Franklin 

Lakes, NJ). Cells were passed through the instrument at 100 events per second and 

data collected for 10,000 cells. Propidium iodide fluorescence was detected with a 610-

nm band pass filter (FL-3), FITC and Yo-Pro-1t fluorescence were detected with a 520-

nm band pass filter (FL-1), and MC540 was detected with a 575 nm band pass filter 

(FL-2).  
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Acrosomal status and spermatozoa viability 

The percentages of live- acrosome reacted sperm in each sample was 

determined by staining samples with 2 μL fluorescein isothiocyanate-conjugated peanut 

agglutinin (FITC-PNA, 1 mg/mL) and 1 μL propidium iodine (PI, 2.5 μg/ml) for 3 min 

prior to assessment. The percentage of viable (PI negative) acrosome-reacted sperm 

(FITC positive) and membrane integrity were determined at 0, 15, 30, 60, and 90 

minutes. 

 

Statistics 

EV concentration and size were analyzed using a two-sample t-test in R Studio. 

All data are presented as the mean ± standard deviation. The remaining data were 

analyzed on R-software using a mixed model for grouped data considering fixed and 

random effects by a type III ANOVA test with Kenward-Roger’s method on a mixed 

model. Data were considered to be statistically significant at p < 0.05. 
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Chapter 4: Study 1 Results  

 

Nano-tracker analysis (NTA) (Concentration, Size) 

The concentration of EVs collected from equine uteri during estrus (235 ±164 

billion EV/mL) tended to be higher than the concentration of EVs in the samples 

collected in diestrus (83.67 ± 89 billion EV/mL) (p<0.05). The size of EVs in diestrus 

samples (146.183 ± 11 nm) and estrus samples (148.633 ± 11 nm) were similar 

(p>0.05). 

Figure 3: The concentration and size of EVs collected from the uterine flushings from 
estrus and diestrus mares (n=6).  
 

Protein content and Immunoblotting  

The protein content of the pooled samples (200 billion EV/mL) was determined to be 0.6 

g/mL for DEVs and 0.534 g/mL for EEVs by BCA. Immunoblot analysis (Figure 4) 
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showed that both pools of EVs were positive for known exosome markers TSG-101 and 

CD-63, and negative for mitochondrial organelle marker, cytochrome C (positive 

control), indicating that the samples were indeed EVs. 

 

 

 

 

 

 

 

Figure 4: Images from Western blot analyses marked with the molecular weights on the 
right and proteins probed on the left.  
 

Transmission Electron Microscopy (TEM) 

Transmission electron microscopy revealed that vesicles were approximately 140 nm in 

diameter, consistent with the size detected using NTA. The vesicles had distinctive cup-

like morphology [23], resulting from the procedures which dehydrate the naturally 

spherical vesicles (Figure 5). 

 
Figure 5: TEM photos of EEV (left 3) and DEV (right 3) depicting uterine derived 
extracellular vesicles of a size range consistent with nano-tracker analysis and a 
distinctive cup-like morphology. 

44 kDa kDa 
 

25 kDa 
 

12 kDa 
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Chapter 5: Results Study 2 

 

EV uptake by stallion spermatozoa  

Fluorescent microscopy revealed that DiO stained uterosomes associate with 

stallion spermatozoa, and sperm incubated with EEVs exhibited a higher fluoresce with 

EEVs than that in sperm incubated with DEV (Figure 6). No fluorescence was observed 

with “DiO labeled” PBS without EVs, indicating that passive fluorescence from unbound 

dye did not cause the fluorescence observed. 

 

 

 

 

 

 

 

 

 
Figure 6: Microscopic images of EV uptake by sperm. Top row of photos are bright field 
overlayed with DAPI filter. The bottom row of photos show FITC associated with sperm 
after incubation with: A) Sperm incubated with PBS containing DiO label without EVs, B) 
Sperm incubated with diestrus EVs (DEVs), and C) Sperm incubated with estrus EVs 
(EEVs). 
 

 Viability  

The viability of sperm decreased over the 90 minute incubation period for all 

treatments (Figure 7). At time=0, 15, 30, and 90 minutes, no treatments were 

A 
B C 
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statistically different from one another. However, at time = 60 minutes,  DEV was lower 

than the control (p=0.0194), while EEV was not different from the control (p=0.2336), 

and DEV and EEV was not different (p=0.5144).  

 

Viability  

 

Figure 7: The percentages of viable (PI negative) sperm for each treatment 1) PBS, 2) 
DEV, and 3) EEV over 90 minutes of incubation. Statistical differnces are noted by an 
astrict (*). 
 

Acrosome reaction  

The percentage of viable, acrosome reacted spermatozoa over the 90 minute 

incubation period was elevated for spermatozoa treated with EEVs beginning at 15 

minutes (Figure 8). At time=0 minutes, no treatments were statistically different from 

one another. At time=15 minutes, EEV had a higher incidence of the acrosome reaction 

than the control (p=0.05), while DEV was not different from the control (p=0.671), and 

EEV was not different from DEV (p=0.285). At time= 30 minutes, both DEV and EEV 

* 

* 
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were higher than the control (p=0.008) and (p=<0.0001), respectively, but DEV and EEV 

were not different from each other (p=0.1204). At time = 60 minutes, EEV was higher 

than the control (p=0.0001), DEV is not higher than the control (p=0.1808), and EEV 

was higher than DEV (p=0.036). At time= 90 minutes, EEV was higher than the control 

(p=0.007), DEV was not higher than the control (p=0.678), and EEV was higher than 

DEV (p=0.063). 

 

Acrosome Reaction  

 
Figure 8:  Percentages of live (PI negative) acrosome reacted (FITC positive) sperm 
after treatment with: 1) PBS, 2) DEV, and 3) EEV over 90 minutes of incubation. 
Statistical differnces are noted by an astrict (*). 
 

 

Hyperactivity  

For hyperactive motility assessment, only one measurement was taken at time 

=0 (Figure 9). At all following time points, EEV had a significantly higher occurrence of 

* 

** 

* 

* 

* 

* 

* 

** 

* 
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hyperactivity than control (p=0.0088), (p=<0.0001),and (p=0.0014), respectively. EEV 

also had a higher occurance of hyperactivity than DEV (p=0.0190), (p=0.0004), and 

(p=0.0017), respectively. DEV and control did not differ from each other at any time 

points (p=0.9604), (p=0.8038), and (p=0.9982), respectively.  

 

 

Hyperactive motility 

    
Figures 9: The percentages of hyperactive sperm detected by CASA after treatment 
with: 1) PBS, 2) DEV, and 3) EEV over 90 minutes of incubation. Statistical differnces 
are noted by an astrict (*). 
  

** 

** ** 
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Chapter 6: Discussion 

 

Although in vitro sperm capacitation has been studied for over half a century, and 

in vitro fertilization has been successfully achieved in a majority of domestic animal 

species [53-56], the mechanisms and biochemical changes that encompass 

capacitation are still unclear. Furthermore, in vitro sperm capacitation and fertilization 

has not been reliably successful with equine gametes until recently [52]. The struggle to 

capacitate equine spermatozoa highlights how little we know about this complex 

process.  

 

In equids, semen is deposited directly into the uterus at copulation, and are 

transported into oviduct within four hours, where spermatozoa can survive for long 

periods of time under the influence of estrogen. It has been established that fresh and 

frozen-thawed stallion sperm can be capacitated in an estrus mare’s uterus [22]. In 

1995, it was found that 31-35% of spermatozoa underwent the acrosome reaction after 

6-hour incubation in the estrus mare uterus, while only 2-5% of the sperm underwent 

acrosomal exocytosis 6 hours after being inseminated into the uterus of a mare 7 days 

post- ovulation [22]. The authors of this study proposed the hormone estrogen to be 

responsible for these observations. Although estrogen does play a role in signaling for 

capacitation, other uterine components, such as extracellular vesicles, are also likely to 

be key players in sperm capacitation. 
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The present studies support the increasing evidence of the involvement of EVs in 

intracellular communication, and their emerging role in the fertility process. To date, 

several studies report EVs isolated from uterine and oviductal fluids support sperm 

capacitation [27, 29-31]. However, no studies have yet evaluated the effect equine 

reproductive tract derived EVs have on stallion sperm capacitation. 

 

We confirm previous findings indicating that a heterogeneous population of 

extracellular vesicles can be isolated from the equine uterus with distinct cup-shape 

morphology positive for the exosomal markers TSG 101 and CD-63 as detected by 

immune-blotting [23, 25]. Both populations of vesicles had similar size distributions and 

averaged 140 nm in diameter. There was a tendency for a greater number of vesicles to 

be recovered when uterine flushes were performed in estrus mares than in diestrus 

mares, indicating the production of EVs may be up-regulated under the influence of 

estrogen to support sperm capacitation. 

 

Human in vitro studies found that exposure of fresh sperm with uterosomes 

enhances sperm capacitation as soon as 15 minutes, with the greatest increase 

observed at 2 hours [28, 29]. Furthermore, one study found an increase in uptake 

efficiency in sperm incubated with fluorescently labeled EVs derived from the 

proliferative phase, under the influence of estrogen, compared to those derived from the 

secretory phase of women’s reproductive cycles [29]. Additionally, spermatozoa 

incubated with the uterosomes from the proliferative phase demonstrated an elevation 

in protein tyrosine phosphorylation and acrosome reaction [28, 29].  
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The present study suggests equine uterosomes also have a profound and phase 

specific effect on equine sperm capacitation as soon as 15 minutes, as indicated by an 

increased occurrence of the acrosome reaction and hyperactive motility in the estrus-

phase EV (EEV) treated groups compared to the diestrus-phase EV (DEV) groups and 

the control. Equine uterosomes likely contain capacitation factors, and these factors are 

up-regulated in EVs produced under the influence of estrogen. In women and mice, 

uterine and oviductal EVs contain proteins essential for fertilization, PMCA4 and 

PMCA1, and the EVs are capable of transferring these proteins to the spermatozoa 

inducing sperm capacitation [15]. Furthermore, the expression of these proteins was 

higher in oviductosomes and uterosomes obtained under the influence of estrogen 

compared to progesterone, and a 4-9 fold increase found in oviductosomes compared 

to uterosomes [15].    

 

We demonstrated that fluorescently labeled EVs associated with stallion 

spermatozoa as visualized by fluorescent microscopy after 1 hour of co-culture, with a 

greater fluorescent intensity observed in the spermatozoa treated with estrus-phase 

derived uterosomes. Our group utilized a standard method involving incubation of cells 

with vesicles labeled with a fluorescent lipophilic dye [29]. To rule out the potential for 

dye to be passively transferred to spermatozoa through the medium that contains the 

EVs, we subjected EV-depleted PBS to the same lipophilic dye labeling procedure and 

for the assessment of cellular uptake. A possible drawback of the lipophilic dye 

employment is the potential diffusion of these fluorescent molecules from EVs onto the 
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cellular membrane, leading to an internalization pattern that could be caused by 

physiological recycling instead of EV capturing. However, this seems unlikely given the 

numerous studies reporting the activity of molecular inhibitors preventing the uptake of 

dye-labeled EVs [4, 30, 50].   

   

In conclusion, our results show evidence that EVs released in the equine uterine 

tract can be taken up by stallion spermatozoa and may be connected to the molecular 

mechanisms involved in sperm capacitation. These discoveries not only expand our 

current knowledge on the in vivo mechanisms of equine sperm capacitation, but could 

be expanded in the future to potentially improve in-vitro fertilization outcomes with 

equine gametes. Evaluation of additional changes relating to capacitation, namely 

protein tyrosine phosphorylation, intracellular PH, and in vitro fertilization trials would be 

great directions for future studies.  

 

 

 

 

 

 

 

 

 

 



 31 

References  
 

1. Thery C, Boussac M, Veron P, Ricciardi-Castagnoli P, Raposo G, Garin J, et al. 
Proteomic analysis of dendritic cell-derived exosomes: a secreted subcellular 
compartment distinct from apoptotic vesicles. Journal of Immunology, 2001; 166: 
7309-7318 

  
2. Tamessar CT,  Trigg, NA,  Nixon, B, et al.  Roles of male reproductive tract 

extracellular vesicles in reproduction. Am J Reprod Immunol. 2021; 85:e13338 doi : 
10.1111/aji.13338 

 
3. Simon C, Greening DW, Bolumar D, Balaguer N, Salamonsen LA, Vilella 

F. Extracellular vesicles in human reproduction in health and disease. Endocr 
Rev. 2018; 39(3): 292- 332. 

 
4. Mulcahy LA, Pink RC, Carter DRF. Routes and mechanisms of extracellular vesicle 

uptake, Journal of Extracellular Vesicles, 2014;  3:1 doi: 10.3402/jev.v3.24641.  
 
5. Ting Ting HAN, Wei LI, Guo Ping LI. Progress in Understanding the Functional 

Roles of Extracellular Vesicles in Reproduction, Biomedical and Environmental 
Sciences, 2020; 33(7): 518-527 doi: 10.3967/bes2020.068. 
 
 

6. Bang C, Thum T, Exosomes: New players in cell–cell communication, The 
International Journal of Biochemistry & Cell Biology 2012;   44 (11): 2060-2064 doi: 
10.1016/j.biocel.2012.08.007. 

  
7. Lin J, Li J, Huang B, Liu J, Chen X, Chen XM, Xu YM, Huang LF, Wang XZ.  

Exosomes: Novel bio markers for clinical diagnosis. The Scientific World Journal. 
2015 doi: 10.1155/2015/657086  

 
8. Battistelli M, Falcieri E. Apoptotic Bodies: Particular Extracellular Vesicles Involved 

in Intercellular Communication. Biology (Basel). 2020; 20;9(1):21 doi: 
10.3390/biology9010021 

 
9. Gervasi MG, Soler AJ, González-Fernández L, Alves MG, Oliveira PF,  Martín-

Hidalgo. D. Extracellular Vesicles, the road toward the improvement of ART 
outcomes. Animals. 2020; 10(11): 2171 doi: 10.3390/ani10112171 

 
10. Raposo G, Stoorvogel W. Extracellular vesicles: Exosomes, microvesicles, and 

friends. J Cell Biol. 2013; 200(4): 373–383 doi: 10.1083/jcb.201211138Graça  
 

11. Maitan P,. Bromfield EG, Stout T, Gadella BM, Leemans B, A stallion 
spermatozoon’s journey through the mare’s genital tract: In vivo and in vitro aspects 
of sperm capacitation, Animal Reproduction Science, 2021 doi: 
10.1016/j.anireprosci.2021.106848. 



 32 

 
12.  Bader H. An investigation of sperm migration into the oviducts of the mare. Journal 

of Reproduction and Fertility. 1982; 32: 59-64.  
 

13. Brinsko SP, Varner DD, Blanchard TL. The effect of uterine lavage performed four 
hours post insemination on pregnancy rate in mares. Theriogenology. 1991; 35(6): 
1111-1119, doi: 10.1016/0093-691X(91)90358-K. 

 
14. Lange-Consiglio A, Capra E, Giuliani D, Canesi S, Funghi F, Bosi G, Cretich M, 

Frigerio R, Galbiati V, Cremonesi F, Endometrial and oviduct extra-cellular vescicles 
for in vitro equine sperm hyperactivation and oocyte fertilization,Theriogenology, 
2022; 194: 35-45 doi: 10.1016/j.theriogenology.2022.09.023. 
 

15. Bathala, P.; Fereshteh, Z.; Li, K.; Al-Dossary, A.A.; Galileo, D.S.; Martin-DeLeon, 
P.A. Oviductal extracellular vesicles (oviductosomes, OVS) are conserved in 
humans: Murine OVS play a pivotal role in sperm capacitation and fertility. Mol. 
Hum. Reprod. 2018, 24, 143–157.  

 
16. Fereshteh, Z., Schmidt, S.A., Al-Dossary, A.A. et al. Murine Oviductosomes (OVS) 

microRNA profiling during the estrous cycle: Delivery of OVS-borne microRNAs to 
sperm where miR-34c-5p localizes at the centrosome. Sci Rep 2018; 8, 16094 doi: 
10.1038/s41598-018-34409-4  
 

17. Al-Dossary AA, Strehler EE, Martin-DeLeon PA (2013) Expression and Secretion of 
Plasma Membrane Ca2+-ATPase 4a (PMCA4a) during Murine Estrus: Association 
with Oviductal Exosomes and Uptake in Sperm. PLOS ONE 8(11): e80181 doi: 
10.1371/journal.pone.0080181 

 
18. Franchi A. Moreno-Irusta A, Dominguez EM, Adre AJ,  Giojalas LC, Extracellular 

vesicles from oviductal isthmus and ampulla stimulate the induced acrosome 
reaction and signaling events associated with capacitation in bovine spermatozoa. J. 
Cell. Biochem. 2020, 121: 2877–2888. 

 
19. Hamdi, M,  Cañon-Beltrán, K,  Mazzarella, R, et al.  Characterization and profiling 

analysis of bovine oviduct and uterine extracellular vesicles and their miRNA cargo 
through the estrous cycle. FASEB J. 2021; 35:e2 2000. doi:10.1096/fj.202101023R 

 
20. Alcântara-Neto AS, Schmaltz L, Caldas E, Blache MC, Mermillod P, Almiñana C. 

Porcine oviductal extracellular vesicles interact with gametes and regulate sperm 
motility and survival. Theriogenology. 2020 Oct 1;155:240-255. doi: 
10.1016/j.theriogenology.2020.05.043. 
 

21. de Almeida Monteiro Melo Ferraz M, Nagashima JB, Noonan MJ, Crosier AE, 
Songsasen N. Oviductal Extracellular Vesicles Improve Post-Thaw Sperm Function 
in Red Wolves and Cheetahs. Int J Mol Sci. 2020; (10):3733. doi: 
10.3390/ijms21103733.  



 33 

 
22. Katarzyna Barańska, Marek Tischner, Evaluating Capacitation of Stallion 

Spermatozoa Obtained from the Mare’s Reproductive Tract, Biology of 
Reproduction, 1995; 52(1): 707–712. doi: 
10.1093/biolreprod/52.monograph_series1.707 
 

23. Almiñana C, Vegas AR, Tekin M, Hassan M, Uzbekov R, Fröhlich T, Bollwein 
H, Bauersachs S. Isolation and characterization of equine uterine extracellular 
vesicles: a comparative mythological study. International Journal of Molecular 
Sciences. 2021; 22(2), 979 doi: 10.3390%2Fijms22020979 
 

24. Vegas RA, Hamdi M, Podico G, et al. Uterine extracellular vesicles as multi-signal 
messengers during maternal recognition of pregnancy in the mare. Sci Rep 2022; 
12: 15616 doi: 10.1038/s41598-022-19958-z 
 

25. Ibrahim S., Hedia M., Taqi MO. et al. Extracellular vesicles in low volume uterine 
lavage and serum: novel and promising biomarker for endometritis in Arabian 
mares. BMC Vet Res. 2022; 18, 42 doi: 10.1186/s12917-022-03137-3 
 

26. Burns GW, Brooks KE, O’Neil EV, Hagen DE,  Behura SK, Spencer TE. 
Progesterone effects on extracellular vesicles in the sheep uterus. Biology of 
Reproduction. 2018; 98(5): 612-622 doi: 0.1093/biolre/ioy011 

  
27. Griffiths GS, Galileo DS, Reese K, Martin-DeLeon PA. Investigating the role of 

murine epididymosomes and uterosomes in GPI-linked protein transfer to sperm 
using SPAM1 as a model. Molecular Reproduction and Development. 2008; 75(11): 
1627-1636  doi: 10.1002/mrd.20907 

 
28. Qiao F, Ge H, Ma X, Zhang Y, Zuo Z, Wang W, Zhang Y, Wang Y. Bovine uterus-

derived exosomes improve developmental competence of somatic cell nuclear 
transfer embryos. Theriogenology. 2018; 114: 199-205 doi: 
10.1016/j.theriogenology.2018.03.027  

  
29. Franchi A, Cubilla M, Guidobaldi HA, Bravo AA, Giojalas LC. Uterosome-like 

vesicles prompt human sperm fertilizing capability. Molecular Human Reproduction. 
2016; 22(12): 833-841 doi: 10.1093/molehr/gaw066  

 
30. Murdica V, Giacomini E, Makieva S, Zarovni N, Candiani M, Salonia A, Vago R, 

Viganò P. In vitro human endometrial cells release extracelular vesicles that can be 
uptaken by spermatozoa. Scientific Reports. 2020; 10: 8856 doi: 10.1038/s41598-
020-65517-9 

  
31. Martin-DeLeon PA. Uterosomes: Exosomal cargo during the estrus cycle and 

interaction with sperm. Front Biosci (Schol Ed). 2016 Jan 1;8(1):115-22. doi: 
10.2741/s451. PMID: 26709901.  

 



 34 

32. Gervasi MG, Visconti PE. Chang’s meaning of capacitation: A molecular 
perspective. Molecular Reproduction and Development. 2016; 83(10): 860-875 doi: 
10.1002/mrd.22663  

 
33. Chang M.C. Fertilizing capacity of spermatozoa deposited into the fallopian tubes. 

Nature, 1951; 168:697-698. doi: 10.1038/168697b0  
  

34. Austin C.R. Observations on the penetration of the sperm in the mammalian egg. 
Australian Journal of Scientific Research. 1951; 4:581-596 

  
35. Austin C.R. The capacitation of the mammalian sperm. Nature, 1952; 170: 326 doi: 

10.1038/170326a0 
 

36. McPartlin LA, Suarez SS., Czaya CA, Hinrichs K, Bedford-Guaus SJ, 
Hyperactivation of Stallion Sperm Is Required for Successful In Vitro Fertilization of 
Equine Oocytes, Biology of Reproduction, 2009; 81(1):199–206  doi: 
10.1095/biolreprod.108.074880  

 
37. Rodriguez-Martinez H ,Role of the oviduct in sperm capacitation,Theriogenology 

2007; 68(1): S138-S146 doi: 10.1016/j.theriogenology.2007.03.018. 
 
38. Gadella BM, van Gestel RA, Bicarbonate and its role in mammalian sperm function, 

Animal Reproduction Science, 2004; 82: 307-319. doi: 
doi.org/10.1016/j.anireprosci.2004.04.030. 

 
39. Piehler E, Petrunkina AM, Ekhlasi-Hundrieser M,  Töpfer-Petersen E, Dynamic 

quantification of the tyrosine phosphorylation of the sperm surface proteins during 
capacitation. Cytometry, 2006; 69A:1062-1070 doi: 10.1002/cyto.a.20338 

 
40. Leemans B, Stout TAE, De Schauwer C, Heras S, Nelis H, Hoogewijs M, Van Soom 

A, Gadella BM. Update on mammalian sperm capacitation: how much does the 
horse differ from other species? Reproduction. 2019; 157(5):R181-R197 
doi:10.1530/REP-18-0541. 

 
41. Stival C, Puga Molina LdC, Paudel B, Buffone MG, Visconti PE., Krapf D. Sperm 

Capacitation and Acrosome Reaction in Mammalian Sperm. In: Buffone, M. (eds) 
Sperm Acrosome Biogenesis and Function During Fertilization. Advances in 
Anatomy, Embryology and Cell Biology, 2016; 220: 93-106 Springer, Cham. doi: 
10.1007/978-3-319-30567-7_5 

 
42. Buffone MG, Hirohashi N, Gerton GL. Unresolved questions concerning mammalian 

sperm acrosomal exocytosis. Biol Reprod. 2014; 90(5):112. doi: 
10.1095/biolreprod.114.117911. Epub 2014 Mar 26. PMID: 24671881; PMCID: 
PMC4076372. 

  



 35 

43.  Hinrichs K, Love CC, Brinsko SP, Choi YH, Varner DD. In vitro fertilization of in 
vitro-matured equine oocytes: effect of maturation medium, duration of maturation, 
and sperm calcium ionophore treatment, and comparison with rates of fertilization in 
vivo after oviductal transfer. Biol Reprod. 2002; 67(1): 256-62. 
doi:10.1095/biolreprod67.1.256.  

 
44. Palmer E, Bézard J, Magistrini M, Duchamp G. In vitro fertilization in the horse. A 

retrospective study. Journal of Reproduction and fertility.1991; 44: 375-384 
 
45. Aurich C. Reproductive Cycle of Horses. Animal Reproduction Sciences, 2011; 

124(3-4):220-228. doi: 10.1016/j.anireprosci.2011.02.005 
  

46. R.C. Causey. Mucus and the mare: How little we know. Theriogenology. 2007. doi: 
10.1016/j.theriogenology.2007.04.011 Pages 
 

47. Hayes KEN, Pierson RA, Scarab ST, Ginther OJ. Effects of estrous cycle and 
season on ultrasonic uterine anatomy in mares. Theriogenology. 1985. doi: 
10.1016/0093-691X(85)90053-6 
 

48. Suarez SS. Formation of a reservoir of sperm in the oviduct. Reprod Domest Anim. 
2002 Jun;37(3):140-3. doi: 10.1046/j.1439-0531.2002.00346.x. PMID: 12071887. 
 

49.  Leemans B, Gadella BM, Stout TAE, Schauwer CD, Neils H, Hoogewijs M, Van 
Soom A. Why doesn’t conventional IVF work in the horse? The equine oviduct as a 
microenvironment for capacitation/fertilization. Reproduction. 2016; 152(6): R233-
R245 doi: 10.1530/REP-16-0420  
 

50. Foot NJ, Kumar, S. The Role of Extracellular Vesicles in Sperm Function and Male 
Fertility. In: Mathivanan, S., Fonseka, P., Nedeva, C., Atukorala, I. (eds) New 
Frontiers: Extracellular Vesicles. Subcellular Biochemistry, 2021; 97. Springer, 
Cham doi:10.1007/978-3-030-67171-6_19 
 

51. Srivastava N, Srivastava SK, Ghosh SK, Kumar A, Perumal P, Jerome A. Acrosome 
membrane integrity and cryocapacitation are related to cholesterol content of bull 
spermatozoa. Asian Pacific Journal of Reproduction. 2013; 2(2): 126-131 doi: 
10.1016/S2305-0500(13)60132-3. 
 

52. Felix M, Turner R, Dobbie T, Hinrichs K. Successful in vitro fertilization in the horse: 
production of blastocyst and birth of foals after prolonged sperm incubation for 
capacitation. Biology of Reproduction. 2022; 6(107): 1551-1564 doi: 10.1093 
 

53. Steptoe PC, Edwards RG. Birth after the reimplantation of a human embryo. Arch. 
Pathol. Lab. Med. 1992; 116: 321 
 

54. Galli C, Duchi R, Crotti G, Turini P, Ponderato N, Colleoni S, Lagutina I, Lazzari G. 
Bovine embryo technologies. Theriogenology. 2003; 59: 599-616 



 36 

 
55. Betteridge KJ. Farm animal embryo technologies: achievements and perspectives. 

Theriogenology, 2006 65: 905-913 
 
56. Perry G. 2013 statistics of embryo collection and transfer in domestic farm animals. 

Embryo Transf. Newletter, 2014; 32: 14-26 
 
57.  Troedsson MHT, Liu IKM, Crabo BG. Sperm Transport and survival in the mare. 

Theriogenology. 1998; 50(5): 807-818 
 

58. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R, 
Antoniou A, Arab T, Archer F, Atkin-Smith GK, Ayre DC, Bach JM, Bachurski D, 
Baharvand H, Balaj L, Baldacchino S, Bauer NN, Baxter AA, Bebawy M, Beckham 
C, Bedina Zavec A, Benmoussa A, Berardi AC, Bergese P, Bielska E, Blenkiron C, 
Bobis-Wozowicz S, Boilard E, Boireau W, Bongiovanni A, Borràs FE, Bosch S, 
Boulanger CM, Breakefield X, Breglio AM, Brennan MÁ, Brigstock DR, Brisson A, 
Broekman ML, Bromberg JF, Bryl-Górecka P, Buch S, Buck AH, Burger D, Busatto 
S, Buschmann D, Bussolati B, Buzás EI, Byrd JB, Camussi G, Carter DR, Caruso S, 
Chamley LW, Chang YT, Chen C, Chen S, Cheng L, Chin AR, Clayton A, Clerici SP, 
Cocks A, Cocucci E, Coffey RJ, Cordeiro-da-Silva A, Couch Y, Coumans FA, Coyle 
B, Crescitelli R, Criado MF, D'Souza-Schorey C, Das S, Datta Chaudhuri A, de 
Candia P, De Santana EF, De Wever O, Del Portillo HA, Demaret T, Deville S, 
Devitt A, Dhondt B, Di Vizio D, Dieterich LC, Dolo V, Dominguez Rubio AP, Dominici 
M, Dourado MR, Driedonks TA, Duarte FV, Duncan HM, Eichenberger RM, Ekström 
K, El Andaloussi S, Elie-Caille C, Erdbrügger U, Falcón-Pérez JM, Fatima F, Fish 
JE, Flores-Bellver M, Försönits A, Frelet-Barrand A, Fricke F, Fuhrmann G, 
Gabrielsson S, Gámez-Valero A, Gardiner C, Gärtner K, Gaudin R, Gho YS, Giebel 
B, Gilbert C, Gimona M, Giusti I, Goberdhan DC, Görgens A, Gorski SM, Greening 
DW, Gross JC, Gualerzi A, Gupta GN, Gustafson D, Handberg A, Haraszti RA, 
Harrison P, Hegyesi H, Hendrix A, Hill AF, Hochberg FH, Hoffmann KF, Holder B, 
Holthofer H, Hosseinkhani B, Hu G, Huang Y, Huber V, Hunt S, Ibrahim AG, Ikezu T, 
Inal JM, Isin M, Ivanova A, Jackson HK, Jacobsen S, Jay SM, Jayachandran M, 
Jenster G, Jiang L, Johnson SM, Jones JC, Jong A, Jovanovic-Talisman T, Jung S, 
Kalluri R, Kano SI, Kaur S, Kawamura Y, Keller ET, Khamari D, Khomyakova E, 
Khvorova A, Kierulf P, Kim KP, Kislinger T, Klingeborn M, Klinke DJ 2nd, Kornek M, 
Kosanović MM, Kovács ÁF, Krämer-Albers EM, Krasemann S, Krause M, Kurochkin 
IV, Kusuma GD, Kuypers S, Laitinen S, Langevin SM, Languino LR, Lannigan J, 
Lässer C, Laurent LC, Lavieu G, Lázaro-Ibáñez E, Le Lay S, Lee MS, Lee YXF, 
Lemos DS, Lenassi M, Leszczynska A, Li IT, Liao K, Libregts SF, Ligeti E, Lim R, 
Lim SK, Linē A, Linnemannstöns K, Llorente A, Lombard CA, Lorenowicz MJ, 
Lörincz ÁM, Lötvall J, Lovett J, Lowry MC, Loyer X, Lu Q, Lukomska B, Lunavat TR, 
Maas SL, Malhi H, Marcilla A, Mariani J, Mariscal J, Martens-Uzunova ES, Martin-
Jaular L, Martinez MC, Martins VR, Mathieu M, Mathivanan S, Maugeri M, McGinnis 
LK, McVey MJ, Meckes DG Jr, Meehan KL, Mertens I, Minciacchi VR, Möller A, 
Møller Jørgensen M, Morales-Kastresana A, Morhayim J, Mullier F, Muraca M, 
Musante L, Mussack V, Muth DC, Myburgh KH, Najrana T, Nawaz M, Nazarenko I, 



 37 

Nejsum P, Neri C, Neri T, Nieuwland R, Nimrichter L, Nolan JP, Nolte-'t Hoen EN, 
Noren Hooten N, O'Driscoll L, O'Grady T, O'Loghlen A, Ochiya T, Olivier M, Ortiz A, 
Ortiz LA, Osteikoetxea X, Østergaard O, Ostrowski M, Park J, Pegtel DM, Peinado 
H, Perut F, Pfaffl MW, Phinney DG, Pieters BC, Pink RC, Pisetsky DS, Pogge von 
Strandmann E, Polakovicova I, Poon IK, Powell BH, Prada I, Pulliam L, Quesenberry 
P, Radeghieri A, Raffai RL, Raimondo S, Rak J, Ramirez MI, Raposo G, Rayyan 
MS, Regev-Rudzki N, Ricklefs FL, Robbins PD, Roberts DD, Rodrigues SC, Rohde 
E, Rome S, Rouschop KM, Rughetti A, Russell AE, Saá P, Sahoo S, Salas-
Huenuleo E, Sánchez C, Saugstad JA, Saul MJ, Schiffelers RM, Schneider R, 
Schøyen TH, Scott A, Shahaj E, Sharma S, Shatnyeva O, Shekari F, Shelke GV, 
Shetty AK, Shiba K, Siljander PR, Silva AM, Skowronek A, Snyder OL 2nd, Soares 
RP, Sódar BW, Soekmadji C, Sotillo J, Stahl PD, Stoorvogel W, Stott SL, Strasser 
EF, Swift S, Tahara H, Tewari M, Timms K, Tiwari S, Tixeira R, Tkach M, Toh WS, 
Tomasini R, Torrecilhas AC, Tosar JP, Toxavidis V, Urbanelli L, Vader P, van 
Balkom BW, van der Grein SG, Van Deun J, van Herwijnen MJ, Van Keuren-Jensen 
K, van Niel G, van Royen ME, van Wijnen AJ, Vasconcelos MH, Vechetti IJ Jr, Veit 
TD, Vella LJ, Velot É, Verweij FJ, Vestad B, Viñas JL, Visnovitz T, Vukman KV, 
Wahlgren J, Watson DC, Wauben MH, Weaver A, Webber JP, Weber V, Wehman 
AM, Weiss DJ, Welsh JA, Wendt S, Wheelock AM, Wiener Z, Witte L, Wolfram J, 
Xagorari A, Xander P, Xu J, Yan X, Yáñez-Mó M, Yin H, Yuana Y, Zappulli V, 
Zarubova J, Žėkas V, Zhang JY, Zhao Z, Zheng L, Zheutlin AR, Zickler AM, 
Zimmermann P, Zivkovic AM, Zocco D, Zuba-Surma EK. Minimal information for 
studies of extracellular vesicles 2018 (MISEV2018): a position statement of the 
International Society for Extracellular Vesicles and update of the MISEV2014 
guidelines. J Extracell Vesicles. 2018 Nov 23;7(1):1535750. doi: 
10.1080/20013078.2018.1535750. PMID: 30637094; PMCID: PMC6322352. 

 
 

 


