Submitted: February 25, 2016 Journal of
Accepted: March 31, 2016 RePRobucTION | J R E
Advance Publication: April 05, 2016 ENGINEERING

The article categories: Mini Review

Title: Critical roles of seminal plasma on sperm migration in the female reproductive tract

Author: Woojin Kang'?*, Natsuko Kawano'?*, Kenji Yamatoya?, Kaoru Yoshida®, Manabu

Yoshida?, Kenji Miyado®

Affiliations:

! Department of Life Sciences, School of Agriculture, Meiji University, 1-1-1, Higashimita,
Tama, Kawasaki, Kanagawa 214-8571, Japan

2 Department of Reproductive Biology, National Center for Child Health and Development,
2-10-1 Okura, Setagaya, Tokyo 157-8535, Japan

% Biomedical Engineering Center, Toin University of Yokohama, Yokohama 225-8502, Japan
4 Misaki Marine Biological Station, Graduate School of Science, University of Tokyo, Miura,

Kanagawa 238-0225, Japan

*W.K. and N.K. contributed equally to this paper.
# Correspondence.and requests for materials should be addressed to K.M.

(miyado-k@ncchd.go.jp)



Abstract

In mammals, ejaculated sperm have to travel a long distance through the female
reproductive tract, from the vagina to the oviduct. A sperm’s journey often exceeds the sperm’s
length by 1000-fold, and includes varied hurdles. However, our understanding of the state of the
female reproductive tract after copulation has been highly limited due to its complexities.
Gene-engineered animal are at last being used to reveal the in vivo mechanisms that sperm
require the help by the seminal plasma, including a huge number of factors. One of them is
assumed to function as a sperm guardian against the enemy hidden inside the female
reproductive tract, efficiently achieving sperm guidance to oocytes. This review focuses on the
regulatory mechanisms of the seminal plasma, so as to provide more insights into sperm’s

journey through the female reproductive tract.
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Introduction

In mammals, the female reproductive tract is a complex organ system that requires
proper function and coordination in order to reproduce life within a body. The female
reproductive tract is divided into three main parts: the vagina, the uterus, and the oviduct [50].
These organs have distinctive roles in reproduction: the vagina as the passage between outside
of the body and the uterus, the uterus as the site of the development of the fetus, and the oviduct
as the place of fertilization. Although internal fertilization is an effective and reasonable tool for
achieving high fecundity, transmission of pathogens from semen during sexual behavior
between unspecified partners is a critical problem for female health. On the other hand, the

maternal immune system is able to strictly exclude xenoantigens to protect the mother and her



fetus, while this system allows allogeneic sperm and semiallogeneic fetuses for the purpose of
reproduction, leading to biological diversity [55]. The incidence of these adverse events
suggests that the balance between exclusion and tolerance in the female reproductive tract is
important for successful reproduction via internal fertilization.

Successful internal fertilization of a female requires only two components from a
male: sperm and seminal plasma. The seminal plasma consists of secretions from several
accessory sex glands (the prostate, seminal vesicles, epididymis, and bulbourethral glands),
which show nutritive and protective effects for ejaculated sperm [32, 60]. On the other hand, it
has been reported that seminal plasma from rabbits contains factor(s) bringing great detriment to
sperm fertility in vitro [7] a phenomenon known as sperm “decapacitation” [4]. The seminal
plasma of other species decreased the fertility of rabbit sperm in the same way as rabbit seminal
plasma [7], but the decapacitation factor(s)-conserved among species have remained obscure.
Moreover, this inhibitory effect of seminal plasma in vitro is not observed within female
reproductive tracts. Even today, the physiological importance of seminal plasma in the female
reproductive tract remains unclear.

The time periods of sperm’s journey from ejaculation to arrival at the oviduct have
been reported in various species [20, 35, 43]. Because of its occurrence inside of female bodies,
it is difficult to accurately determine the period of this journey within the female reproductive
tract. Overstreet and Cooper (1978) reported that rabbit sperm were found at the ampulla and
fimbria of oviducts within 1-15 minutes after copulation, yet almost all of the sperm were dead;
motile sperm that had migrated from the uterus into the oviduct were first detected at 90
minutes after copulation [42]. This famous article implies that rabbit sperm is physically able to
reach the oviduct within 15 minutes, but another 75 minutes is needed for vigorous sperm

capable of fertilization to arrive at the oviduct; raising the possibility that the sperm are selected



by unknown processes in the female reproductive tract. In this review, we discuss the regulatory

mechanisms of sperm migration, survival, and selection within the female reproductive tract.

Penetration of ejaculated sperm into female reproductive tract

At copulation, human semen ejaculated into the vagina is spontaneously coagulated
into a semisolid gelatinous mass, which then liquefies within 5 to 20 minutes [1, 30]. The
ejaculated sperm is first immobilized by semen coagulum, and then the liquefaction.of'the
semen leads to the ejaculated sperm swimming toward the uterine cervix [45]..In rodents, the
ejaculated semen separates in two phases: the solid phase, which forms the copulatory plug that
fills the vagina, and the liquid phase, within which enriched sperm.are deposited directly into
the uterus [28]. These semen coagulations, found commonly in primates and rodents, are caused
by a conserved system including transglutaminase IV (Tgm4) secreted from the prostate (the
coagulating gland in rodents) [11], and its substrates, identified as the seminal vesicle proteins
semenogelin I/11 (Semgl/1l) in primates’and its mouse homolog seminal vesicle secretion 2
(SVS2) [33, 44, 45, 57]. It is.well. known that SEMG1/2 and Svs2 genes are expected to evolve
rapidly in their accumulation of amino acid replacement [25, 33]. The molecular evolution of
Semgll in primates correlates to the hardness of semen coagulum, and to the degree of female
promiscuity [14]. This evidence proposes the possibility that the seminal protein adapts to the
copulating style of the species in order to maximize fecundity. Recently, it was reported that the
lack of Tgm4 or SVS2 causes a failure of copulatory plug formation, a reduction of sperm
number in the uterus, and subfertility in mice [11, 26]. This evidence indicates that semen
coagulation is important for maintaining sperm number in female mice. That mouse seminal
vesicle protein SVS2 is homologous with Semgl/I1 in primates [33] raises the possibility that

Semg I/11 also regulate the maintenance of sperm number in female primates. Although the



precise biological function of coagulum in primates is still unclear, there is a high possibility
that physical properties of semen adapt to the copulating style and morphology of the female

reproductive tract in order to prevent from backflow of the semen.

Sperm transport by uterine peristalsis

The famous inducers of uterine contraction in labor and delivery are two
representative hormone groups, prostaglandins and oxytocin, which are dramatically. increased
and function in the uterine decidua during the late pregnancy term [16, 22, 41, 56]. For effective
parturition, the number of oxytocin receptors is significantly increased about 100-fold in uterine
smooth muscle cells [17]. One of these hormones, prostaglandin F2a., is secreted from human
endometrial epithelial cells even in the menstrual cycle [47]. The receptor of prostaglandin F2q,
prostaglandin F receptor (FP), is also predominantly expressed in the human endometrial
epithelium, and more highly expressed during the proliferative stage of the menstrual cycle [5,
36].

In some vaginal semen depositors, such as primates, cows, and ewes, it is reasonable
to assume that uterine contraction helps the sperm migration from the uterine cervix to the
oviduct because a large portion of the seminal plasma flows away from the vaginal vault. It was
reported that the uterine smooth muscle moves and contracts strongly during the estrus period in
humans[29,34], cows and ewes [21]. In domesticated cats, the patterns of the uterine
contraction during estrus involve both directions, ascending and descending, resulting in uterine
contents that flow back and forth [8]. Sperm migration throughout the uterus is improved by
prostaglandins in rabbits [49], suggesting that the uterine contraction during estrus is elicited by

prostaglandins or oxytocin.



Prostaglandins were first discovered and isolated from human semen in the 1930s, and
named for the discovery source, the prostate gland [15]. Today, it is well known that large
amounts of prostaglandins in the seminal plasma are produced mainly in the seminal vesicle
[12]. In uterine semen depositors, such as rodents, pigs, and horses, prostaglandins in the
seminal plasma directly change the uterine contraction. In swine, the contractive movements
begin to be observed in the corpus uterus after direct administration of prostaglandins [38]. In
mated female rats, uterine contractions are weakened by a treatment of indomethacin,.an
inhibitor of the production of prostaglandins [9]. Besides uterine contractions, many studies
focused on the phenotypes of mice lacking an enzyme involved in/prostaglandin biosynthesis,
cyclooxygenase-2 [13, 58], because prostaglandins play myriad roles as local mediators of
inflammation and as modulators of physiologic functions [39]. Shortage of prostaglandins is
implicated to associate with female infertility by causing multiple failures in ovulation,
fertilization, and implantation [31, 58]. Although.the lack of endogenous prostaglandins in the
female reproductive tract has been demonstrated in many reports, there are very few studies on
the phenotype of prostaglandins in the semen; except for the sentence that “Ptgs2-deficient male
mice are fertile” [58]. Further work needs to be done to determine whether prostaglandins of the

seminal plasma have a role in sperm transport throughout the uterus.

Sperm selection in the uterus

In some vaginal semen depositors, such as primates and cows, the restriction of sperm
entry and sperm selection, such as the rapid selection of sperm with high DNA integrity, largely
occurs at the uterine cervix between the vagina and the uterine body [54]. The cervix opens only
during the estrus period and produces mucus whose biological function is determined by its

macromolecular architecture [50, 61]. The cervical mucus consisting of glycoproteins is highly



hydrated at estrus, which leads to low viscosity and allows sperm migration into the uterine
body [37].

In the cynomolgus monkey, a single epididymis-derived protein, beta-defensin 126
(DEFB126), coats the sperm surface during epididymal maturation, and then is detached from
the sperm surface during in vitro capacitation [62]. DEFB126 is crucial for sperm to penetrate
and move efficiently in the peri-ovulatory cervical mucus [54]. In vitro assays reveal that if
DEFB126 has a highly negative charge it changes sperm capability for penetrating the cervical
mucus. A common mutation of DEFB126 in humans significantly reduces sperm penetration of
even a viscous hyaluronic acid gel, used experimentally instead of the cervical mucus [53]. In a
prospective cohort study, husbands with the DEFB126 del/del genotype actually showed a
statistically significant decrease in fertility compared to those with DEFB126 wt/wt or wt/del
genotypes [53]. In total, these evidences suggest the the mechanism that the uterine cervix
selects mature sperm in epididymides, and consequently eliminates immature sperm.

In uterine semen depositors, such as rodents, pigs and horses, the seminal plasma
directly enters the uterus and.remains there, which induces more remarkable reactions in the
uterus compared with those in the vaginal semen depositors. As described above, mouse SVS2
secreted from the seminal vesicles coagulates the semen (or forms a copulatory plug) in order to
prevent the/sperm from leaking out of the uterus [26]. On the other hand, SVS2 is partially
degraded and enters the uterus along with ejaculated sperm as liquid semen [28]. To determine
whether SVS2 functions as the decapacitation factor in female reproduction tracts, we produced
mice lacking the Svs2 gene. Svs2~~ male mice displayed strongly reduced fertility in natural
mating, because of the ectopic acrosome reaction of the uterine sperm [26]. In the presence of
SVS2, most of the uterine sperm did not alter acrosome intactness, but about 70% of the uterine

sperm without SVS2 induced an acrosome reaction. This result brought us the idea that the



ectopic acrosome reaction in the uterus might occur due to the induced deficiency in the
decapacitation factor SVS2. Contrary to our idea, analyses of immunohistochemical distribution
of the sperm-specific protein 1IZUMO-1 and observation of sperm configuration using
transmission electron microscopy revealed that the ectopic acrosome reaction of the uterine
sperm does not occur; instead, what happens is simply sperm death caused by membrane
disruption [26]. Importantly, this spermicidal effect was observed under in vitro culture
conditions by the addition of uterine fluid collected from female mice, but not-by the addition of
oviductal fluid. These findings imply that the uterus selects the sperm by its status: sperm
coated with SVS2, or those without.

The SVS2 receptor on the sperm membrane is identified as ganglioside GM1, and
their interaction is regulated by an electrostatic difference [27]. For sperm selection by the
uterus, there are at least two results of the binding of SVS2 to the sperm surface: one is the
exclusion of the capacitated sperm, induced by detaching SVS2; and another is a stealth
capability against uterine spermicide(s), engendered by coating with SVS2. Recently, it was
reported that SVS2 maintains.cholesterol level in the sperm membrane [2]. In the absence of
SVS2, the cholesterol level in the sperm membrane is significantly decreased in the uterus. It is
well known that the decrease of membrane cholesterol induces sperm capacitation [10]. Based
on these evidences, it remains a possibility that the ejaculated sperm from Svs2~~ male mice are
capacitated in the uterus, and then damaged by uterine spermicide(s). In artificial insemination
of hamster sperm into the uterus, capacitated sperm neither enter the oviduct well, nor survive in
the uterus well, compared with the incapacitated sperm [46]. On the other hand, in our report
about the phenotypes of Svs2~~ male mice [26], transmission electron microscopic analysis
demonstrated that a “thick wall” surrounds the uterine sperm from Svs2** male mice. This wall

consists basically of seminal vesicle proteins including SVS2 and SVS4, suggesting a



possibility that the wall physically blocks the interaction between uterine spermicide(s) and the

sperm membrane.

Sperm transport by uterotubal junction between uterus and oviduct

In uterine semen depositors, not only ejaculated sperm but also seminal plasma and
pathogens enter the lumen of the uterus. Seminal plasma proteins are found abundantly-in the
lumen of the uterus, but never found in the oviduct [2, 6, 28]. Because the oviduct, the place
wherein sperm fertilizes the oocyte, opens into the abdominal cavity, it is assumed that the
uterotubal junction (UTJ) between uterus and oviduct functions as‘a barrier that only fertile
sperm can pass through. Although anatomical morphology of the UTJ differs remarkably among
species, there is a common characteristic that the lumen of UTJ is drastically narrower than that
of the uterus, and filled with acidic mucus.[24, 50, 51]. Although the barrier mechanism remains
unclear, neither immotile, capacitated sperm nor pathogens can pass through the UTJ [3, 46, 48].
DEFB126 is required for ejaculated sperm to pass through the cervical mucus in vaginal semen
depositors such as humans and monkeys [53, 54, 62]. The similar systems involving DEFB126
probably exist in the passage of sperm through the UTJ mucus. Several studies, using
genetically modified mouse models, provide a hint to reveal the molecular mechanism of
passage through the UTJ. Sperm without A Disintegrin And Metalloprotease 3 (ADAM3)
cannot migrate to the oviduct, even if they are motile and morphologically normal [18, 19, 23,
40, 52,'59]. ADAMS3, as well as chaperone proteins and serine proteases such as calmegin,
calsperin, protein disulfide isomerase homolog, and Prss37, is primarily present on the sperm
head. Further studies on ADAM3 are needed to elucidate the mechanism of sperm transport

through the UTJ.



Conclusion

Internal fertilization is indispensable to natural reproduction in mammals. To
overcome infertility in humans, and the severely increasing issue of infertility in domestic
animals, full understanding of this phenomenon is an attractive and extremely urgent theme for
us. To unveil the overall configuration of internal fertilization, we wish to create a novel
research field, traversing beyond given fields such as endocrinology, anatomy, cell biology,.and
immunology. It should not be forgotten that full competence of internal fertilization requires
unique extracellular factors secreted from male genital organs. Sperms’ journey.within the
female reproductive tract is difficult to understand, and the production of genetically
manipulated animals is only a royal road to reveal its molecular mechanisms. Among
experimental subjects to detect phenotypes of gene-engineered animals, the judgement of
fertility is relatively easier than the exploring phenotypes based on further internal mechanisms.
Since it is burdensome to determine the cause of infertility in mice, classical methods are still
needed on the research field. Today, the.development and applications of CRISPR/Cas9 for
genome engineering is accelerating the discovery of novel factors, and presumably factors
concerning internal fertilization in animals other than mice. Basic science targeted at internal
fertilization in primates'will shed light on the human reproduction system, leading, in the near

future, to the identification of causes underlying human infertility.

References

1. Amelar, R. D., 1962, Coagulation, liquefaction and viscosity of human semen: The Journal of
urology, v. 87, p. 187-190.

2. Araki, N., G. Trencsenyi, Z. T. Krasznai, E. Nizsaloczki, A. Sakamoto, N. Kawano, K.
Miyado, K. Yoshida, and M. Yoshida, 2015, Seminal Vesicle Secretion 2 Acts as a Protectant
of Sperm Sterols and Prevents Ectopic Sperm Capacitation in Mice: Biology of reproduction,

v. 92, p. 1-10.

10



10

11.

12.

13.

14.

15

. Baker, R. D., and A. A. Degen, 1972, Transport of live and dead boar spermatozoa within the

reproductive tract of gilts: Journal of reproduction and fertility, v. 28, p. 369-377.

. Bedford, J. M., and M. C. Chang, 1962, Removal of decapacitation factor from seminal

plasma by high-speed centrifugation: American Journal of Physiology--Legacy Content, v.

202, p. 179-181.

. Blesson, C. S., and L. Sahlin, 2014, Prostaglandin E and F receptors in the uterus: Receptors

& Clinical Investigation, v. 1, p. e115. doi:10.14800/rci.115

. Carballada, R., and P. Esponda, 1997, Fate and distribution of seminal plasma proteins:in the

genital tract of the female rat after natural mating: v. 109, p. 325-335.

. Chang, M. C., 1957, A detrimental effect of seminal plasma on the fertilizing capacity of

Sperm, v.179, p.258-259.

. Chatdarong, K., N. Kampa, E. Axner, and C. Linde - Forsberg, 2002, Investigation of

cervical patency and uterine appearance in domestic cats by fluoroscopy and scintigraphy:

Reproduction in Domestic Animals, v. 37, p. 275-281.

. Crane, L. H., and L. Martin, 1991, Postcopulatory myometrial activity in the rat as seen by

video-laparoscopy: Reproduction, fertility and development, v. 3, p. 685-698.

. Davis, B. K., 1981, Timing of fertilization in‘mammals: sperm cholesterol/phospholipid
ratio as a determinant of the capacitation interval: Proceedings of the National Academy of
Sciences, v. 78, p. 7560-7564.

Dean, M. D., 2013, Genetic disruption of the copulatory plug in mice leads to severely
reduced fertility: PLoS Genet, v. 9, p. €1003185.

DeWitt, D. L., and W.'L. Smith, 1988, Primary structure of prostaglandin G/H synthase from
sheep vesicular gland determined from the complementary DNA sequence: Proceedings of
the National Academy of Sciences, v. 85, p. 1412-1416.

Dinchuk, J. E., B. D. Car, R. J. Focht, J. J. Johnston, B. D. Jaffee, M. B. Covington, N. R.
Contel, V. M. Eng, R. J. Collins, and P. M. Czerniak, 1995, Renal abnormalities and an
altered inflammatory response in mice lacking cyclooxygenase I1: Nature, v.378, p. 406-409.
Dorus, S., P. D. Evans, G. J. Wyckoff, S. S. Choi, and B. T. Lahn, 2004, Rate of molecular
evolution of the seminal protein gene SEMG?2 correlates with levels of female promiscuity:
Nature genetics, v. 36, p. 1326-1329.

. Flower, R. J., 2006, Prostaglandins, bioassay and inflammation: British journal of

11



16.

17.

18.

19.

20.

22.

22.

23.

24.

25.

26.

pharmacology, v. 147, p. S182-5192.

Fuchs A.-R., F. Fuchs, P. Husslein, and M. S. Soloff, 1984, Oxytocin receptors in the human
uterus during pergnancy and parturition: American Journal of Obstetrics and Gynecology, v.
150, p. 734-741.

Fuchs, A.-R., F. Fuchs, P. Husslein, M. S. Soloff, and M. J. Fernstrom, 1982, Oxytocin
receptors and human parturition: a dual role for oxytocin in the initiation of labor: Science, v.
215, p. 1396-1398.

Fujihara, Y., M. Okabe, and M. Ikawa, 2014, GPIl-anchored protein complex,
LYBK/TEX101, is required for sperm migration into the oviduct and male fertility.in mice:
Biology of reproduction, v. 90, p. 60.

Han, C., E. Choi, I. Park, B. Lee, S. Jin, H. Nishimura, and C. Cho; 2009; Comprehensive
analysis of reproductive ADAMs: relationship of ADAM4 and ADAM6 with an ADAM
complex required for fertilization in mice: Biology of reproduction, v. 80, p. 1001-1008.
Hancock, J. L., 1961, Fertilization in the pig: Journal of reproduction and fertility, v. 2, p.
307-331.

Hawk, H. W., 1983, Sperm survival and transportin the female reproductive tract: Journal of
Dairy Science, v. 66, p. 2645-2660.

Husslein, P., and H. Sinzinger, 1984, Concentration of 13, 14-dihydro-15-keto-
prostaglandin E2 in the maternal peripheral plasma during labour of spontaneous onset:
BJOG: An International Journal of Obstetrics & Gynaecology, v. 91, p. 228-231.

Ikawa, M., K. Tokuhiro, R. Yamaguchi, A. M. Benham, T. Tamura, |. Wada, Y. Satouh, N.
Inoue, and M. Okabe; 2011, Calsperin is a testis-specific chaperone required for sperm
fertility:-Journal of Biological Chemistry, v. 286, p. 5639-5646.

Jansen, R.P;, and V. K. Bajpai, 1982, Oviduct acid mucus glycoproteins in the estrous
rabbit: ultrastructure and histochemistry: Biology of reproduction, v. 26, p. 155-168.
Jensen-Seaman, M. I., and W.-H. Li, 2003, Evolution of the hominoid semenogelin genes,
the major proteins of ejaculated semen: Journal of molecular evolution, v. 57, p. 261-270.
Kawano, N., N. Araki, K. Yoshida, T. Hibino, N. Ohnami, M. Makino, S. Kanai, H. Hasuwa,
M. Yoshida, and K. Miyado, 2014, Seminal vesicle protein SVS2 is required for sperm
survival in the uterus: Proceedings of the National Academy of Sciences, v. 111, p.

4145-4150.

12



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kawano, N., K. Yoshida, T. lwamoto, and M. Yoshida, 2008, Ganglioside GM1 mediates
decapacitation effects of SVS2 on murine spermatozoa: Biology of reproduction, v. 79, p.
1153-1159.

Kawano, N., and M. Yoshida, 2007, Semen-coagulating protein, SVS2, in mouse seminal
plasma controls sperm fertility: Biology of reproduction, v. 76, p. 353-361.

Kunz, G., D. Beil, H. Deininger, L. Wildt, and G. Leyendecker, 1996, The dynamics of rapid
sperm transport through the female genital tract: evidence from vaginal sonography,of
uterine peristalsis and hysterosalpingoscintigraphy: Human Reproduction, v. 11;p. 627-632.
Lilja, H., and C. B. Laurell, 1984, Liquefaction of coagulated human semen: Scandinavian
journal of clinical and laboratory investigation, v. 44, p. 447-452.

Lim, H., and S. K. Dey, 1997, Prostaglandin E2 Receptor Subtype'EP2 Gene Expression in
the Mouse Uterus Coincides with Differentiation of the Luminal Epithelium for
Implantation 1: Endocrinology, v. 138, p. 4599-4606.

Lindholmer, C. H., 1974, The importance of seminal plasma for human sperm motility:
Biology of reproduction, v. 10, p. 533-542.

Lundwall, A., 1996, The Structure of the Semenogelin Gene Locus: European Journal of
Biochemistry, v. 235, p. 466-470.

Lyons, E. A, P. J. Taylor, X. H. Zheng, G. Ballard, C. S. Levi, and J. V. Kredentser, 1991,
Characterization of subendometrial myometrial contractions throughout the menstrual cycle
in normal fertile women: Fertility and sterility, v. 55, p. 771-774.

Mattner, P. E., and’A. W. H. Braden, 1963, Spermatozoa in the genital tract of the ewe I.
Rapidity of transport:"/Australian Journal of Biological Sciences, v. 16, p. 473-481.

Milne, S-A., and H. N. Jabbour, 2003, Prostaglandin (PG) F2a receptor expression and
signaling in‘human endometrium: role of PGF2a. in epithelial cell proliferation: The Journal
of 'Clinical Endocrinology & Metabolism, v. 88, p. 1825-1832.

Morales, P., M. Roco, and P. Vigil, 1993, Human cervical mucus: relationship between
biochemical characteristics and ability to allow migration of spermatozoa: Human
Reproduction, v. 8, p. 78-83.

Mueller, A., T. Maltaris, J. Siemer, H. Binder, I. Hoffmann, M. W. Beckmann, and R.
Dittrich, 2006, Uterine contractility in response to different prostaglandins: results from

extracorporeally perfused non-pregnant swine uteri: Human reproduction, v. 21, p.

13



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

2000-2005.

Needleman, P., B. A. Jakschik, A. R. Morrison, and J. B. Lefkowith, 1986, Arachidonic acid
metabolism: Annual review of biochemistry, v. 55, p. 69-102.

Nishimura, H., E. Kim, T. Nakanishi, and T. Baba, 2004, Possible function of the
ADAM1a/ADAM?2 Fertilin complex in the appearance of ADAMS3 on the sperm surface:
Journal of Biological Chemistry, v. 279, p. 34957-34962.

O'Brien, W. F., 1995, The role of prostaglandins in labor and delivery: Clinics in
perinatology, v. 22, p. 973-984.

Overstreet, J. W., and G. W. Cooper, 1978, Sperm transport in the reproductive tract of the
female rabbit: 1. The rapid transit phase of transport: Biology of Reproduction, v.19, p.
101-14.

Parkes, A. S., 1960, Transport, selection and fate of spermatozoa inithe female mammal:
Marshall's Physiology of Reproduction, p. 234-263.

Peter, A., H. Lilja, A. Lundwall, and J. Malm, 1998, Semenogelin | and semenogelin 11, the
major gel - forming proteins in human semen, are substrates for transglutaminase: European
Journal of Biochemistry, v. 252, p. 216-221.

Robert, M., and C. Gagnon, 1999, Semenogelin I: a coagulum forming, multifunctional
seminal vesicle protein: Cellular/and Molecular Life Sciences CMLS, v. 55, p. 944-960.
Shalgi, R., T. T. Smith, and R. Yanagimachi, 1992, A quantitative comparison of the passage
of capacitated and uncapacitated hamster spermatozoa through the uterotubal junction:
Biology of reproduction, v. 46, p. 419-424.

Smith, S. K.,.and R.W. Kelly, 1988, The release of PGF 2a and PGE 2 from separated cells
of human-endometrium and decidua: Prostaglandins, leukotrienes and essential fatty acids, v.
33, p. 91-96:

Smith, T. T., F. Koyanagi, and R. Yanagimachi, 1987, Distribution and number of
spermatozoa in the oviduct of the golden hamster after natural mating and artificial
insemination: Biol Reprod, v. 37, p. 225-34.

Spilman, C. H., A. E. Finn, and J. F. Norland, 1973, Effect of prostaglandins on sperm
transport and fertilization in the rabbit: Prostaglandins, v. 4, p. 57-64.

Suarez, S. S., 2006, Gamete and zygote transport: Knobil and Neill's Physiology of
Reproduction, v. 1, p. 113-145.

14



51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

Suarez, S. S., K. Brockman, and R. Lefebvre, 1997, Distribution of mucus and sperm in
bovine oviducts after artificial insemination: the physical environment of the oviductal
sperm reservoir: Biology of reproduction, v. 56, p. 447-453.

Tokuhiro, K., M. Ikawa, A. M. Benham, and M. Okabe, 2012, Protein disulfide isomerase
homolog PDILT is required for quality control of sperm membrane protein ADAM3 and
male fertility: Proceedings of the National Academy of Sciences, v. 109, p. 3850-3855.
Tollner, T. L., Q. Dong, and C. A. VandeVoort, 2011, Frozen-thawed rhesus sperm retain
normal morphology and highly progressive motility but exhibit sharply reduced-efficiency
in penetrating cervical mucus and hyaluronic acid gel: Cryobiology, v. 62, p. 15-21.
Tollner, T. L., A. I. Yudin, C. A. Treece, J. W. Overstreet, and G. N. Cherr, 2008, Macaque
sperm coating protein DEFB126 facilitates sperm penetration of cervical:-mucust: Human
reproduction, v. 23, p. 2523-2534.

Trowsdale, J., and A. G. Betz, 2006, Mother's little helpers: mechanisms of maternal-fetal
tolerance: Nature immunology, v. 7, p. 241-246.

Tsatsaris, V., D. Cabrol, and B. Carbonne, 2004, Pharmacokinetics of tocolytic agents:
Clinical pharmacokinetics, v. 43, p. 833-844.

Wagner, C. L., and W. S. Kistler, 1987, Analysis of the major large polypeptides of rat
seminal vesicle secretion: SVS I/ I1,and I11: Biology of reproduction, v. 36, p. 501-510.
Wang, H., W.-g. Ma, L. Tejada, H. Zhang, J. D. Morrow, S. K. Das, and S. K. Dey, 2004,
Rescue of female infertility from the loss of cyclooxygenase-2 by compensatory
up-regulation of cyclooxygenase-1 is a function of genetic makeup: Journal of Biological
Chemistry, v..279, p.-10649-10658.

Yamaguchi, R., Y. Muro, A. Isotani, K. Tokuhiro, K. Takumi, I. Adham, M. lkawa, and M.
Okabe, 2009, Disruption of ADAM3 impairs the migration of sperm into oviduct in mouse:
Biology of reproduction, v. 81, p. 142-146.

Yanagimachi, R., 1994, Mammalian fertilization: Physiology of Reproduction, eds Knobil E,
Neill JD, Raven Press, Ltd., New York, p. 189-317.

Yudin, A. I., F. W. Hanson, and D. F. Katz, 1989, Human cervical mucus and its interaction
with sperm: a fine-structural view: Biology of reproduction, v. 40, p. 661-671.

Yudin, A. ., T. L. Tollner, M.-W. Li, C. A. Treece, J. W. Overstreet, and G. N. Cherr, 2003,

ESP13. 2, a member of the B-defensin family, is a macaque sperm surface-coating protein

15



involved in the capacitation process: Biology of reproduction, v. 69, p. 1118-1128.

16



