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Abstract

The mammalian female reproductive tract interacts with sperm in various ways in order to 

facilitate sperm migration to the egg while impeding migrations of pathogens into the tract, to 

keep sperm alive during the time between mating and ovulation, and to select the fittest sperm for 

fertilization. The two main types of interactions are physical and molecular. Physical interactions 

include the swimming responses of sperm to the microarchitecture of walls, to fluid flows, and to 

fluid viscoelasticity. When sperm encounter walls, they have a strong tendency to remain 

swimming along them. Sperm will also orient their swimming into gentle fluid flows. The female 

tract seems to use these tendencies of sperm to guide them to the site of fertilization. When sperm 

hyperactivate, they are better able to penetrate highly viscoelastic media, such as the cumulus 

matrix surrounding eggs. Molecular interactions include communications of sperm surface 

molecules with receptors on the epithelial lining of the tract. There is evidence that specific sperm 

surface molecules are required to enable sperm to pass through the uterotubal junction into the 

oviduct. When sperm reach the oviduct, most bind to the oviductal epithelium. This interaction 

holds sperm in a storage reservoir until ovulation and serves to maintain fertilization competence 

of stored sperm. When sperm are released from the reservoir, they detach from and re-attach to the 

epithelium repeatedly while ascending to the site of fertilization. We are only beginning to 

understand the communications that may pass between sperm and epithelium during these 

interactions.
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Introduction

All mammals, even those that lay eggs (Nixon et al. 2011), utilize internal fertilization. That 

is, the male transfers sperm into the female reproductive tract and then the sperm must 

migrate through a portion of the tract in order to reach eggs and fertilize them.

Evolution of the female reproductive tract seems to be driven by a number of factors. One is 

the need to facilitate sperm migration to the egg while impeding migration of pathogens into 

the tract. Another is that the female tract must be able to keep sperm alive for hours, days, or 

even months, depending on the period between the optimal time to mate and the optimal 

time to initiate development of an embryo. In addition, it is believed that the female employs 
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a strategy to attempt to select the fittest sperm for fertilization. Given all of these factors that 

operate on the process of reproduction, it should not be surprising that the female 

reproductive tract interacts in various ways with sperm in order to facilitate migration to the 

egg, store sperm until needed, and select sperm of the best quality to fertilize.

There are two main categories of interactions of sperm with the female reproductive tract, 

namely, physical and molecular. The physical category includes the swimming responses of 

sperm to the microarchitecture of the walls of the tract, to fluid flows, and to fluid 

viscoelasticity. Molecular interactions include communications of sperm surface molecules 

with receptors in the epithelial linings of the tract. Indirect molecular interactions, such as 

effects of tract secretions on sperm, effects of seminal plasma on the tract, or interactions of 

sperm with immune cells that enter the lumen of the tract will not be discussed in this 

review. Recent reviews on these topics include Ghersevich et al. (2015), Martyn et al. 

(2014), McGraw et al. (2014), and Rodriguez-Martinez et al. (2011).

Physical Interactions

Surfaces

The architecture of cell surfaces can affect the direction of sperm movement. It has long 

been observed that sperm tend to accumulate at surfaces, particularly the surfaces of slides 

and coverslips (Rothschild 1963; Winet, et al. 1984; Woolley 2003). When sperm that are 

swimming along a flat horizontal surface reach a side wall, they tend to continue swimming 

along the corner where the two walls meet (Denissenko et al. 2012). The surfaces of the 

walls of the female reproductive tract are, of course, far more complex in design than the 

surfaces of microscope slides. Recently, Denissenko and colleagues (Denissenko et al. 2012) 

took advantage of advances in microtechnology to construct microchannels of various 

configurations to test how angles and curved surface would affect movement of sperm. 

These microchannels were constructed of polymethylsiloxane (PDMS), which is a 

somewhat soft and elastic siliconbased polymer that more closely resembles the properties 

of epithelial surfaces than do glass slides, but is also optically clear. They observed that 

when human sperm that were swimming along a surface encountered a sharp outward turn, 

the sperm would leave the surface until they encountered another surface. Using this 

information, they constructed a “one-way running track” for sperm. When human sperm 

were loaded into this circular channel with scalloped walls, they tended to swim in a 

counterclockwise direction around the circle (Fig 1). It is very interesting that a scanning 

electron micrograph of the inner surface of the bovine uterotubal junction (Yaniz et al. 2000) 

reveals shapes that resemble the architecture of the running track (Fig 2). This resemblance 

indicates that the microarchitectural of the junctional walls could guide sperm to swim 

toward the oviduct.

Fluid flows

The fluid in the lumen of the female reproductive tract is rarely static: ciliary beating, 

contractions of smooth muscle in its walls, and secretion of fluids into the lumen create fluid 

flows (Gaddum Rosse and Blandau 1976; Miki and Clapham 2013).
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At a certain low range of fluid flow velocity, sperm orient into a flow and swim against it 

(Miki and Clapham 2013; Kantsler et al. 2014; Tung et al. 2014, 2015). Below this range, 

the direction of swimming is unaffected by the flow; above this range, sperm are swept 

downstream (Tung et al., 2015). There is little information about the velocity of flows that 

exist within the female reproductive tract. Fluid flow in the mouse oviduct at a time when 

sperm were moving up the oviduct was measured to be 18+/-1.6 μm/sec (Miki and Clapham 

2013). Bull sperm begin orienting into a flow when it reaches about 15 μm/sec (Tung et al. 

2015).

According to experimental evidence, fluid flow and surfaces can act together to guide sperm 

through parts of the female tract. The best example is of microgrooves in the cervix. A 

careful study by Mullins and Saacke (1989) of serial histological sections of the bovine 

cervix revealed that there are microgrooves in the wall of the cervix that run its entire length 

from the vagina to the uterus. These microgrooves are not much wider than sperm heads and 

were found to be filled with sperm when the cervices were taken from naturally mated cows. 

The sperm were oriented toward the uterus. Mullins and Saacke proposed that the 

microgrooves provide a priviledged pathway toward the uterus for sperm, because the 

grooves would protect sperm from the strong outflow of fluids through the center of the 

cervical canal.

Recent developments in microfluidic technologies enabled us to test the proposal of Mullins 

and Saacke. A microfluidics device was created that contained longitudinally-oriented 

microgrooves in the ceilings of larger channels (Fig 3). When bull sperm were added to the 

devices and a fluid flow was applied through the channels, the sperm showed a strong 

tendency to enter the microgrooves and continue swimming through them against the 

direction of the fluid flow. In contrast, the flagellated, sexually-transmitted pathogen, 

Tritrichomonas foetus, did not enter the microgrooves and were swept away by the flow 

(Tung et al. 2015). Thus the microgrooves provided pathways for sperm, but not for T. 

foetus.

Viscoelasticity

Sperm encounter viscous fluids in the female tract, some of which contain significant elastic 

properties. These include estrous cervical mucus (Tung et al. 2015), oviduct fluid in some 

species (Jansen 1978; Jansen and Bajpai 1982; Suarez et al. 1997), and the matrix of the 

cumulus oophorus (Dunn and Picologlou 1976), which is considered to be a viscoelastic 

network immersed in a viscous fluid (Wrobel et al. 2014). Viscoelastic fluids can reduce the 

swimming velocity of sperm (Tung et al. 2015), but can also modify the bending pattern and 

subsequent swimming trajectories of sperm. For example, artificial viscoelastic fluids can 

straighten the trajectories of hyperactivated hamster and mouse sperm (Suarez et al. 1991; 

Suarez and Dai 1992). Although it has not yet been tested experimentally, the viscoelasticity 

of the cumulus matrix could assist hyperactivated sperm in penetrating the cumulus to reach 

the zona pellucida. The zona pellucida itself has also been characterized as viscoelastic (Kim 

and Kim 2013; Wrobel et al. 2014).
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Molecular Interactions

In this review, I will highlight some well-established examples of molecular interactions of 

mammalian sperm with cells of the female reproductive tract that are mediated by cell-

surface molecules. We may have only discovered the tip of the iceberg in this regard, for 

sperm pass through various compartments in the female tract, and interactions can serve a 

number of functions.

The primary sites of known, direct molecular interactions of sperm with the tract that bear 

most directly on fertilization are interactions with the epithelia lining the uterotubal junction 

and the oviduct.

Sperm interaction with epithelium lining the uterotubal junction

The anatomy of the uterotubal junction varies considerably among mammalian species. 

Nevertheless, in most species, the passageway for sperm is narrow and the mucosa that 

forms the inner surface is thrown into folds that create a complex, branched passageway 

(Hafez and Black 1969; Wrobel et al. 1993; Suarez 2015). The passageway is known to be 

quite narrow in some species, such as the cow Bos taurus (Suarez et al. 1997). In the mouse, 

the passageway is also known to be more widely open during the time of mating, although 

still not much wider than sperm; however, it is tightly closed at some time after mating 

(Zamboni 1972; Suarez 1987).

Within one minute of mating, rabbit sperm have been recovered from the oviduct, proximal 

to the ovary (Overstreet and Cooper 1978). For these sperm, transport through the uterotubal 

junction is too swift to involve sperm swimming and interactions with the epithelium lining 

the junction. When these rapidly transported sperm were collected and evaluated, most were 

found to be damaged and immotile—presumably dead or dying (Overstreet and Cooper, 

1978). It has been proposed that these sperm are byproducts of contractions of the tract that 

were meant to draw sperm up into the uterus (Overstreet and Cooper 1978; Hawk 1983). In 

the rabbit, the oviduct appears to be cleared of these sperm before ovulation and therefore 

they are unlikely to participate in fertilization. Instead, sperm that move more gradually into 

the oviduct, mostly by self propulsion, and then interact with its epithelium are more likely 

to fertilize (Overstreet et al. 1978).

Evidence gathered from a number of species indicates that most sperm swim through the 

uterotubal junction rather than being carried through by contractions or currents (Baker and 

Degen 1972; Overstreet et al. 1978; Gaddum-Rosse 1982; Smith et al. 1987). Nevertheless, 

recent investigations of mice in which one of several genes were disrupted using classic 

knockout techniques (homologous recombination using embryonic stem cells) indicate that 

motility alone does not enable sperm to pass through the uterotubal junction, at least in mice 

(reviewed by Okabe 2015). Male mice with any one of the disrupted genes produced sperm 

that appeared to be normal morphologically and showed normal motility, but were unable to 

pass through the uterotubal junction into the oviduct.

Most of the genes that are required for mouse sperm to pass through the uterotubal junction 

encode proteins that interact with ADAM3 (a disintegrin and metalloprotease 3) to ensure 
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that it is correctly placed in the sperm plasma membrane. Sperm lacking a normal 

distribution of ADAM3 in the plasma membrane cannot pass through the junction 

(Yamaguchi et al. 2009). However, in Ly6k knockout mice, ADAM3 is normally distributed 

on the plasma membrane, but sperm are unable to pass through the junction (Fujihara et al. 

2014). Yet, the normal Ly6k gene product is not present in mature sperm; therefore, the 

molecule ultimately required for passage of sperm through the junction remains a mystery at 

this time (Okabe 2015). Still another mystery arises from the observation that the sperm 

from none of the knockout male mice are capable of binding to the oocyte zona pellucida to 

fertilize oocytes in vitro, in the absence of cumulus. These sperm can fertilize when cumulus 

is present and can also fertilize if they are injected directly into oviducts (Okabe 2015).

Altogether these studies of knockout lines of mice indicate that a protein on the sperm 

plasma membrane somehow interacts with the lining of the uterotubal junction. There is 

strong evidence that each sperm must interact directly with the junction: genetically 

chimeric male mice were engineered to produce a mixture of fluorescently labeled knockout 

sperm that could not pass through the junction and wild type sperm that could. When these 

chimeras were mated to wild-type females, only the wild type sperm passed through the 

uterotubal junction (Nakanishi et al. 2004), indicating that the wild type sperm did not 

stimulate the junction to open and let through the knockout sperm. The actual mechanism of 

how the uterotubal junction responds to a cell surface protein by enabling sperm to pass into 

the oviduct remains unknown.

Sperm interactions with epithelium in the oviductal reservoir

Many of the sperm that pass into the oviduct soon bind to the oviductal epithelium (Fig 4). 

The buildup of bound sperm has been found to create a storage reservoir in a number of 

species (Hunter and Nichol 1983, Hunter and Wilmut 1984, Suarez 1987). As the time of 

ovulation draws near, there is some evidence that sperm begin to detach from the 

epithelium, and may then reattach and detach several times before they move out of the 

storage region (Chang and Suarez 2012).

The fertilizing capacity of sperm may be maintained by their interaction with oviductal 

epithelium. For example, bull sperm fertility and motility are maintained longer in vitro by 

incubation with oviductal epithelium (Pollard et al. 1991; Chian and Sirard 1995). Holding 

sperm in the lower oviduct may also serve to prevent polyspermic fertilization by allowing 

only a few sperm at a time to reach oocytes in the ampulla. Sperm numbers were 

experimentally increased at the site of fertilization in the pig by surgically inseminating 

sperm directly into the oviduct (Polge et al. 1970; Hunter 1973), by surgically removing the 

region of the reservoir and reconnecting the remaining tube (Hunter and Leglise 1971), or by 

injecting progesterone into the oviduct wall to inhibit smooth muscle constriction of the tube 

(Day and Polge 1968; Hunter 1972). Each of these treatments raised the incidence of 

polyspermic fertilization. Such a thorough set of investigations into increasing sperm 

numbers in the upper oviduct at fertilization has not yet been undertaken in any other 

species, however.

There is evidence that carbohydrate moieties on the surface of oviductal epithelium play a 

role in the interactions with sperm. Fetuin and its terminal sugar, sialic acid, competitively 
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inhibit binding of hamster sperm, whereas desialylated fetuin does not; furthermore, 

colloidal gold-tagged fetuin labels the region of sperm heads that bind to epithelium 

(DeMott et al. 1995). Other carbohydrates have been identified as inhibitors of binding of 

other species of sperm to conspecific oviductal epithelium. Stallion sperm binding to 

explants of oviductal epithelium was inhibited by asialofetuin and its terminal sugar, 

galactose (Dobrinski et al. 1996). Bull sperm binding was blocked by fucose and reduced by 

pretreating epithelium with fucosidase, but not galactosidase (Lefebvre et al. 1997). Fucose 

in an alpha 1-4 linkage to N-acetylglucosamine, found in the Lewisa trisaccharide, inhibited 

bull sperm binding more efficiently than the monosaccharide fucose and than fucose in 

linkages to other sugars. Furthermore, Lewisa tagged by conjugation to fluorescein-labeled 

polyacrylamide bound to the heads of live bull sperm (Suarez et al. 1998). Similarly, boar 

sperm bind to Lewisx trisaccharide, which contains fucose in an alpha 1-3 linkage to N-

acetylglucosamine and has been localized to the surfaces of epithelium in the porcine 

oviductal isthmus (Machado et al. 2014). Altogether, these characterizations of oviductal 

receptors for sperm indicate that carbohydrates are part of the sperm binding site, although 

the particular carbohydrates vary among species.

Little is known about the receptor molecules that contain these carbohydrates. Annexin 

proteins A1, A2, A4, and A5 have been tentatively identified as oviductal receptors for bull 

sperm, because they have been shown to interact with sperm surface proteins and to be 

immunolocalized to the surface of oviductal epithelium, and because antibodies to annexins 

reduced sperm binding in vitro (Ignotz et al. 2007).

Lewisa, the key part of the carbohydrate moiety of the bovine sperm receptor, was used to 

affinity purify the ligand on sperm. A 16.5 kDa sperm protein was identified by amino acid 

sequencing as Binder of SPerm 1(BSP1, formerly known as PDC-109; Ignotz et al. 2001). 

BSP1 is synthesized and secreted by bovine seminal vesicles (Manjunath et al. 1987). It is 

adsorbed onto sperm when sperm from the epididymis come into contact with seminal 

plasma secretions during or shortly after ejaculation (Ignotz et al. 2001). BSP1 purified from 

seminal plasma competetively inhibited bull sperm binding to oviductal epithelium. Bovine 

epididymal sperm lack BSP1 on their membranes and, indeed, show only minimal binding 

to oviductal epithelium in vitro. However, when epididymal sperm were incubated with 

purified BSP1, then washed to remove unadsorbed protein, and then added to explants of 

oviductal epithelium, incidence of sperm binding was raised to the level of ejaculated sperm 

(Gwathmey et al. 2003).

BSP1 is the most abundant protein in bovine seminal plasma, present at concentrations of 

roughly 15-50 mg/ml (Nauc and Manjunath, 2000). It is produced primarily by the seminal 

vesicles (Salois et al. 1999). BSP1 binds to choline phospholipids via short hydrophobic 

sequences (Ramakrishnan et al. 2001). This is thought to be the mechanism by which it 

adsorbs onto epididymal sperm when they are exposed to secretions of the seminal vesicles 

during and after ejaculation (Desnoyers and Manjunath, 1992; Muller et al. 1998).

Two other BSP proteins, BSP3 and BSP5, were each found to enhance sperm binding to 

oviductal epithelium (Gwathmey et al. 2006). BSP1, BSP3, and BSP5 all consist of a unique 

N terminal domain followed by two FN2 domains with heparin and phospholipid binding 
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sites (Fan et al. 2006). All three BSP proteins are produced by the seminal vesicles, although 

the concentrations of BSP3 and BSP5, at 2-6 mg/ml, are only about one-tenth that of BSP1 

(Nauc et al. 2000). Because each BSP alone has been shown to enhance sperm binding to 

oviductal epithelium, it is not required that they form heteromeric complexes in order to do 

so. Furthermore, since each BSP can act alone, each may play a different, if overlapping, 

role in mediating sperm interactions with oviductal epithelium.

Homologs of the bovine BSP proteins have been identified in a various mammalian species, 

including mice and humans. The murine and human homologs are expressed in the 

epididymis rather than in the seminal vesicles and would therefore coat testicular sperm as 

they pass through the epididymis (Fan et al. 2006).

Another small protein, beta-defensin (DEFB126), enhances the binding of cynomolgus 

macaque sperm to oviductal epithelium. DEFB126 is synthesized and secreted in the 

epididymis and coats the entire surface of sperm (Yudin et al. 2003). Sperm retain the 

coating after passing through the cervix and entering the uterus. In contrast to bull sperm 

binding, macaque sperm bind to secretory cells, rather than ciliated cells, of conspecific 

oviductal epithelium (Tollner et al. 2008).

As mentioned above, sperm binding to oviductal epithelium involves more than a simple 

holding mechanism to keep them in the reservoir. Sperm incubated with oviductal 

epithelium in vitro remain viable longer than when they are incubated in sperm medium 

alone (Ellington et al. 1993; Kawakami et al., 2001) or with tracheal epithelium, which 

contains ciliated cells like those in oviductal epithelium (Pollard et al. 1991). Viability can 

even be extended by incubating sperm with vesicles prepared from the apical membranes of 

oviductal epithelium (rabbit: Smith et al. 1997; horse: Dobrinski et al. 1997; human: Murray 

and Smith et al. 1997), indicating that the binding interaction directly affects sperm, rather 

than supporting sperm by inducing oviductal secretions. Equine sperm bound to oviductal 

membrane vesicles maintained low levels of cytoplasmic Ca2+ when compared with free-

swimming sperm, sperm attached to Matrigel, or sperm incubated with vesicles made from 

kidney membranes (Dobrinski et al. 1997). A rise in cytoplasmic Ca2+ is associated with 

sperm capacitation; therefore, the protective effect of binding to oviductal membranes may 

occur through inhibition of capacitation. In fact, equine and human sperm incubated with 

oviduct membrane vesicles capacitated more slowly than sperm incubated in capacitating 

medium alone (Dobrinski et al. 1997; Murray and Smith 1997). The mechanism for 

inhibiting capacitation or for preventing increases of cytoplasmic Ca2+ in sperm are not 

known, but there is evidence that catalase, which is present in the oviduct, serves to protect 

against peroxidative damage to the sperm membranes, which could increase the 

permeability of membranes to Ca2+(LaPointe et al. 1998).

There is evidence that BSP1, the oviductal binding protein on bull sperm, prolongs sperm 

viability by acting to stabilize plasma membranes. It was demonstrated that adding BSP1 to 

phospholipid membranes reduces membrane fluidity and immobilizes cholesterol in 

artificial membranes and in membranes of epididymal sperm (Greube et al. 2001; Muller et 

al. 2002). BSP1 can also stabilize plasma membranes by inhibiting the activity of 
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phospholipase A2 (Soubeyrand and Manjunath 1997). Thus, BSP1 could serve to stabilize 

sperm when bound to oviductal receptors.

Theoretically, sperm could break free from oviductal epithelium either by loss or alteration 

of receptors on the epithelium or by loss or alteration of ligands on sperm. Changes in the 

hormonal state of oviductal epithelium after ovulation were not found to reduce the density 

numbers of sperm that bound to epithelium (Lefebvre et al. 1995); therefore, it appears that 

epithelium does not release sperm by reducing available binding sites, at least in cattle. 

Instead, current evidence indicates that a change in sperm enables them to detach from 

epithelium.

Detachment of sperm from oviductal epithelium

Two changes that occur in sperm during the process of capacitation may play a role 

detachment: (1) modification of cell surface proteins and (2) hyperactivation of motility. 

Modification of sperm surface proteins could reduce binding affinity for oviductal receptors. 

Hyperactivation could provide the force necessary for sperm to pull away from the oviductal 

epithelium. For example, capacitated hamster sperm did not bind to epithelium when infused 

into hamster oviducts, while uncapacitated sperm did bind (Smith and Yanagimachi, 1991). 

Bull sperm bound to epithelium in lower numbers after they had been incubated under 

capacitating conditions until a significant percentage acrosome reacted in response to 

lysophosphatidyl choline, even though they were not hyperactivated (Lefebvre and Suarez,

1996). In this case, the failure to bind could be attributed to decreased binding affinity of 

sperm for epithelium rather than to hyperactivation. In contrast, when mouse sperm in 

oviducts were observed by transillumination, only hyperactivated mouse sperm were seen to 

detach from epithelium (DeMott and Suarez, 1992). The hyperactivated sperm appeared to 

use a rocking motion to tear themselves off of the cilia on the epithelial surface (Chang and 

Suarez 2012). In conclusion, it is possible that hyperactivation plays a greater role in sperm 

detachment in some species, while decreased molecular binding affinity plays a geater role 

in other species.

While evidence is lacking for a release mechanism involving reduction in binding sites on 

the epithelium, the epithelium could play a role in sperm release by secreting factors that 

affect sperm. For example, hormonal signals that induce ovulation or signals from the 

preovulatory follicle could stimulate the oviductal epithelium to secrete factors that hasten 

sperm capacitation and trigger hyperactivation, thereby bringing about sperm release. 

Evidence for this possibility includes the observation that soluble oviductal factors enhance 

capacitation of bull sperm (Chian et al. 1995). Also, incubating macaque sperm in medium 

containing the levels of bicarbonate and glucose found in periovulatory oviduct fluid 

capacitates the sperm and releases oviduct-binding DEFB126 from the sperm surface 

(Tollner et al. 2009).

As sperm undergo capacitation, the carbohydrate portions of molecules responsible for 

binding sperm to epithelium may be lost from the sperm surface or modified. Capacitated 

hamster sperm were no longer labeled over the acrosomal region by fetuin, indicating that 

they had lost the ability to bind to oviductal epithelium via sialic acid. Furthermore, fewer 
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proteins extracted from capacitated sperm were labeled by fetuin or sialic acid LFA lectin on 

western blots (DeMott et al. 1995).

Capacitated bull sperm showed reduced binding to oviductal epithelium (Lefebvre and 

Suarez, 1996), as well as to fucose (Revah et al. 2000; Ignotz et al. 2001). This might be 

attributable to loss or modification of the BSP proteins on the sperm surface. The address 

this possibility, fresh bull sperm were incubated under various capacitating conditions, and 

then the amounts of BSP proteins remaining on the sperm were measured by western blot of 

sperm extracts. Most BSP5 was lost from sperm even after incubation under minimally 

capacitating conditions. No loss of BSP1 was detected. Surprisingly, anti-BSP3 antibodies 

detected a new protein band of reduced molecular mass on the blots. Its identity was 

confirmed as BSP3 by mass spectrometry and the reduced size was attributed to proteolytic 

cleavage at the N terminus. BSP3 is not glycosylated; therefore, the reduction in size could 

not be due to deglycosylation (Hung and Suarez 2012). The proteolytic cleavage could be 

accounted for by metalloproteases or serine proteases that have been identified on the 

surface of sperm (Gottlieb and Meizel 1987; Hagaman et al. 1998; Honda et al. 2002). 

Altogether, the differential response of the BSP proteins to capacitation indicate that a 

complex process is involved in the detachment of sperm from oviductal epithelium.

Sperm interactions with oviductal epithelium in the upper oviduct

Years ago, we reported that bull sperm bound equally well to the epithelium of the isthmus 

and the ampulla (Lefebvre et al. 1995). At the time, we speculated that the reservoir was 

confined to the isthmus because it was the first region encountered by sperm. More recently, 

we were able to take a closer look at mouse sperm in the oviduct, because Acr-EGFP mutant 

mice that produce sperm with fluorescent acrosomes (Nakanishi et al. 1999) facilitated the 

study of sperm movement into the ampulla of the oviduct. Periovulatory wild type female 

mice were mated with males who produced the fluorescent sperm and sperm in the oviducts 

were examined three hours later (Chang and Suarez 2012). Unexpectedly, most of the few 

sperm found in the ampulla were attached to epithelium and often remained attached for 

several minutes. These observations indicate that sperm may continue to bind to oviductal 

epithelium as they move up the oviduct. This would not only explain why bull sperm could 

bind to ampullar epithelium but also why annexin proteins, the putative oviductal sperm 

receptors, could be detected in the ampulla and well as in the isthmus (Ignotz et al. 2007).

Conclusions

The physical and molecular interactions discussed in this review reveal only a superficial 

understanding of the interactions of sperm with the female tract. Questions that remain 

include (1) how sperm interactions with the uterotubal junction allow them to pass into the 

oviduct, (2) exactly how sperm are released from oviductal epithelium, (3) how binding and 

release of sperm facilitate movement to the oocyte, and (4) how sperm interact with immune 

cells that enter the lumen of the tract. It is also very likely that sperm interact with the 

female reproductive tract in other ways that have yet to be discovered.
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Fig 1. 
Human sperm in a microchannel designed to guide them to swim counterclockwise (curved 

arrow). The input site for sperm is indicated by the large, straight arrow. The insert shows a 

higher magnification of tracks of sperm swimming within the microchannel. Images were 

collected at 4 frames per second and the location of sperm heads (tiny dots) in 200 

consecutive frames were summed to produce this figure (from Denissenko et al. 2012).
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Fig 2. 
Scanning electron micrograph of the surface that lines the bovine uterotubal junction. The 

junction has been opened longitudinally and is oriented such that the uterus would lie to the 

left. Notice that mucosal folds form blunt arrows that point into the oviduct (from Yaniz et 

al. 2000).
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Fig 3. 
A microfluidic device designed to model fluid flows and microgrooves within the cervix. a. 
Diagrams of bull sperm and Tritrichomonas foetus. b. Illustration of a bovine female 

reproductive tract (from Roberts et al. 1986). The pink arrow points in the direction of fluid 

flow through the cervix. c. Microgrooves are seen in PAS/hematoxylin-stained frozen 

sections of the bovine cervix (detailed methods in Suarez et al. 1997). d. Diagram of the 

microfluidic device that re-creates the microgrooves and fluid flows of the bovine cervix. 

The sperm seeding port is on the left side and the flow inlet on the right; they are connected 

by channels with and without microgrooves. e. Details of the channel design in the middle of 

the device. There are six channels for parallel experimentation: G denotes a channel with 

microgrooves in the upper surface and F denotes a control channel lacking microgrooves. f. 
A 3D drawing illustrates the details of a grooved channel. Here the main channel is 120 

[μ]m in height and the microgrooves have a sectional area of 20 [μ]m × 20 [μ]m… Drawing 

not to scale.
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Fig 4. 
Scanning electron micrograph of bull sperm bound to cilia on the epithelium of the oviductal 

isthmus. The sperm are located in grooves between secondary folds of oviductal mucosa 

(bar = 10 μm; from Lefebvre et al. 1995).
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Fig 5. 
Tracings of video images and swimming tracks of activated (a) and hyperactivated (b) bull 

sperm. The tracings of sperm (below) represent three successive video images taken at 30 

images/sec. The swimming tracks (above) are shown as lines connecting the positions of the 

head/tail junctions on successive video frames (30/sec) over a 1 sec period. (modified from 

Ho et al. 2002).
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