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B-Ch: BODIPY-cholesterol

BODIPY: boron dipyrromethene

BSA: bovine serum albumin

CAMP: cyclic adenosine monophosphate

CBBR: Coomassie brilliant Blue R250

CCD:charge coupled device

CD: cyclodextrin

cDNA: complementary deoxyribonucleic acid

Ch: cholesterol

CTB: cholera toxin B subunit

DAPI: 4',6-diamidino-2-phenylindole

AMpnax maximum binding amounts

ELISA: enzyme-linked immunosorbent assay

ES cell: embryonic stem cell

FITC: fluorescein isothiocyanate

GM1: monosialotetrahexosylganglioside

Abbreviations



GST: glutathione S-transferase

HBS: hepes-buffered saline

HTF: human tubal fluid

IgG: immunoglobulin G

Kg: dissociation constant

MBCD: methyl-cyclodextrin

PAGE: polyacrylamide gel electrophoresis

PBS:phosphate-buffered saline

PBS-T: phosphate-buffered saline with 0.1% (w/v) Tween-20

PFA: paraformaldehyde

pl: isoelectric point

PI: propidium iodide

QCM: quartz crystal microbalance

REST gene: rapidly evolving seminal vesicle-transcribed gene
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Abstract

ABSTRACT

Freshly ejaculated mammalian spermatozoa have no ability tozkeriti egg.

They gain this ability after entering the female reproductive trags. glrenomenon is

called as sperm capacitation. An efflux of sterols from the speasm@al membrane and

the accompanied reconstitution of membrane lipid rafts are esskmticapacitation.

On the other hand, capacitated spermatozoa reversibly lose thenirigrability when

they are treated with seminal plasma. This phenomenon is a®epacitation. In

mouse, the major components of seminal plasma are seminaéwesicktions (SVSs),

consisting of seven major proteins (SVS1-SVS7). Previous sepaxe shown that

SVS2 acts as a decapacitation factor, inhibiting sterol effom uterine spermatozoa

via binding to ganglioside GM1. Since GM1 localizes on nmeamé lipid rafts, SVS2

may affect the dynamics of lipid rafts, including the contodl sterol dynamics.

However, the precise regulatory mechanism of capacitation by SVShdbaseen

elucidated.

In this thesis, | investigated the roles of SVS2, SV&8 SVS4 in sperm

capacitation and aimed to shed light on the regulatory mechamkicapacitation by

SVSs in general.

In Chapter I, | studied the inhibitory mechanism of capacitabprSVS2,



Abstract

impeding the efflux of sterol from spermatozoa, retrievindesterol to spermatozoa in

a cholesterol-dependent manner, and obstructing the recoostitafi lipid rafts
accompanying capacitation. In the uterus, sterol levels of yild spermatozoa were
high, while sterol levels 08VSZ spermatozoa were decreased. These results indicate
that SVS2 maintains the sterol level of spermatozoa to keepribapacitated statie

Vivo.

In Chapter Il, | studied the dynamics of SVi8Zs/ivo and the mechanism of
vivo capacitation. In mated female mice, SVS2 was found in the utedishen
uterotubal junction (UTJ), while no SVS2 was detected e dhiduct. Furthermore,
GM1, which binds to SVS2, was detected along the utepitedium of estrus mice.
These results indicate that SVS2 is excluded from the ovidhetre sperm capacitation
occurs, and GM1 and SVS2 are released from spermatozoa at th&ibdel uterine
fluid contains enough albumin to induce sperm capacita®&M£2 actively inhibits
capacitation of spermatozoa in the uterus.

In Chapter lll, | studied the functions of SVSs other than SW8#zle SVS3
did not inhibit capacitation, it bound to SVS2 and faaiéd the capacitation-inhibitory
effect of SVS2. SVS4 had a capacitation-inhibiting effect, yet coolddecapacitate

spermatozoa, possibly owing to its lack of interaction wfitblesterol. Therefore, these
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SVSs can potentially control sperm capacitation.

This study revealed thaih vivo capacitation of mouse spermatozoa is

dynamically regulated by cooperative effects of SVS2, other SQAraisthe milieu in the

female reproductive tract. Controlling the sterol level in spermat@zoaportant for

regulating sperm'’s fertilizing ability. Further studies on s$tlencel regulation by SVSs

are expected to provide new insights into the mechanism of mannfedtilization.



General Introduction

GENERAL INTRODUCTION

Effort to mimic in vivo fertilization in a test tube have been underway for a

long time. The first observation of sperm penetrating an egg iotemal fertilizer was

reported in the nematodescarisin 1851 (Nelson, 1851). In mammals, Schenk treated

ovarian rabbit and guinea pig eggs with spermatozoa and obisthee division

(Schenk, 1878), beforen vitro fertilization of many mammalian species, including

humans, was describgBock and Menkin, 1944). However, sinicevitro fertilization

required higher concentrations of spermatozoa ithaivo fertilization, events observed

in vitro did not seem to reflect the vivo situation. In addition, optimal conditions for

mammalian fertilization were yet unknown.

In 1951, Austin and Chang reported that mammalian spermateash to

remain in the female reproductive tract for several hours before fertilizgiiastin,

1951; Chang, 1951). This result indicated that spermatozeaundergo some changes

in the female reproductive tract to acquire fertilizing abilitypt'enomenon called

"capacitation” (Austin, 1952). While capacitation had been asstoraxztur only under

in vivo conditions, Yanagimachi and Chang showed that it coaldnBucedin vitro

(Yanagimachi and Chang, 1963). That study significantly adwhooe understanding

of fertilization mechanisms in mammals and technically im@dom vitro fertilization.
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Consequently, efficienh vitro fertilization methods were established for animals and
humans (Edwardst al, 1970).

In addition, mammaliarin vivo fertilization has been studied intensively,
leading to the following scheme for its process (Fig. 1¢r®@atozoa are ejaculated into
the vagina (man, sheep, cow, and rabbit) or the uterus (horsep@jgrdl rat), migrate
to the oviduct, and are reserved at the oviductal isthmus omtilation. Sperm
capacitation seems to occur in the isthmic reservoir (Martinez, 2@xf)acitated
spermatozoa undergo hyperactivation, gaining activated mptaitcompanied by
asymmetrical flagellar beats of large amplitude (Kettzal, 1989), and are released
from the reservoir (Demott and Suarez, 1992). Then the acrosome resdtidoced,
changing the sperm plasma membrane in preparation for fusibntiveitegg. Finally
spermatozoa penetrate the zona pellucida and fuse with the egg'a plasmrane.

During capacitation, sperm undergo various morphological famctional
changes. The plasma membrane becomes hyperpolarized €Zahg1995), and the
intracellular C&" concentration increases (Baieli al, 1991; Flormaret al, 1998).
Adenylyl cyclase and cAMP-dependent protein kinase A are actiyseiscbnti et al,
1995b), resulting in tyrosine phosphorylation of spermgnnst(Viscontiet al, 1995a).

Furthermore, properties of the sperm plasma membrane chasjeally. The plasma
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membrane of ejaculated spermatozoa is abundant in certain sterolsulgdyti

cholesterol (Tesé& and Fléchon, 1986; Parlks al, 1987). Spermatozoa obtain sterols

from principal cells during maturation in the epididymis (Kedteal, 2013). This keeps

the fluidity and order of the membrane (Pagksl, 1987; Almeideet al, 1992), while,

in contrast, sterols are decreased during capacitation (Davis, 1@&Lljfing in

reconstitution and redistribution of the sperm plasma membfimedanet al, 2004;

Joneset al, 2010). Thus, sterol efflux is associated with the signasdhaction pathway

for sperm capacitation (Viscorst al, 1999a).

Sperm capacitation can be indug¢editro by a medium containing appropriate

components (Byrcet al, 1979; Miyamoto and Chang, 1973) such as bovine serum

albumin (BSA) (Bracketet al, 1972; Davis, 1976) and meth§deyclodextrin (M3CD)

(Choi and Toyoda, 1998). BCD removes sterols from the plasma membrane (Choi and

Toyoda, 1998), and BSA seems to act accordingly (Detvisl, 1979). Since sperm

capacitation seems to occur in the oviductal fluid, where albupmeentrations are

high (Miyamoto and Chang, 1973), alboumin may act as avo capacitation-inducing

factor by liberating sterols from spermatozoa.

While sperm capacitation is essential for mammalian fertilizatlmint vitro

capacitated spermatozoa reversibly lose their fertilizing ability wheatetd with
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seminal plasma (Chang, 1957). This phenomenon is calé@pacitation” and appears

to be conserved among several species (Bedford and Chang, 1962y @eftiules

such as polysaccharide (Dukel@w al, 1966), glycoprotein (Rayest al, 1975), and

some membrane vesicle (Davis, 1974) are assumed to functilmeca@sacitation factors.

Considering the importance of sperm capacitation for accommidemilization, the

existence of decapacitation factors is a mystery. However, thesesfachy play an

important role by inhibiting sperm capacitation.

The functions of spermatozoa are regulated by many secretions faten m

reproductive accessory glands; these secretions are accumulated inleemes, the

seminal vesicle is the predominant reproductive accessory glaoeting seven major

proteins called seminal vesicle secretions (SVSs) (Fawell, 1987). SVSs constitute

a major component of seminal plasma and have many functionspumlation and

fertilization; SVSESVSS3 are cross-linked by transglutaminase and form the copulato

plug (Lin et al, 2002); SVS4 shows immunoregulatory activity (Romaaor&elli et

al., 1995); SVS5 and SVS6 may act as serine proteinaseétanbifClausst al, 2005);

and SVS7 enhances sperm motility (Letaal, 2001).

SVS2 acts as a decapacitation factor (Kawano and Yoshida,. 20Mile

SVS2 is a major component of the copulatory plug, it parttgrerthe uterus, inhibits

10
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sperm capacitation and also cancels acquired sperm fartikiyro (decapacitation). In
the uterus, SVS2 binds to spermatozoa via ganglioside GMthe sperm plasma
membrane, whereas the spermatozoa entered the oviduct have néiizen GM1
(Kawanoet al, 2008). Recently, Kawaret al generate®VS2 mice and reported that
after matingSVSZ spermatozoa were killed in the uterus and cannot enter thecavid
resulting in male infertility (Kawanet al, 2014). Therefore, thi@ vivo suppression of
capacitation by SVS2 seems to be essential for sperm viaipilitye uterus, but its
regulatory mechanism is not clear. Moreover, it is not knowrether other SVSs
participate in the regulation of sperm capacitation.

In this study, | aimed to elucidate the roles of SVSs inr¢igelation of sperm
capacitation. In Chapter I, | explicated the inhibitory mechamtsperm capacitation
by SVS2. In Chapter Il, | analyzed the dynamics of SVS2 in the é&nepiroductive
tract and studied the vivo capacitation mechanism. In Chapter lll, | evaluated roles of
SVS3 and SVS4 in capacitation. In terms of the participaifo8VSs, | attempted to
explain the "raison d'etre” of a decapacitation factor and the capmacitegulatory

mechanismn vivo.

11
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\/

(2) Reserving  (3) Capacitation

m in isthmus \N Q

(5) Acrosome
reaction

(4) Hyperactivation (6) Fusing
(1) Ejaculation with egg
/\ Oviductal isthmus
Uterus Uterotubal junction Oviduct

Figure 1. Schematic diagram depicting the journey of spermatozoa and
fertilization in mammals.

(1) Spermatozoa are ejaculated into the vagina or the uterus. (B)&peoa migrate to
the oviduct and are reserved at the oviductal isthmus untilatomn. (3) Sperm
capacitation occurs in the isthmic reservoir. (4) Capacitated smewaatundergo
hyperactivation and are released from the reservoir. (5) Spermatozogaiadeysome
reaction. (6) Spermatozoa penetrate the zona pellucida and fuse witplagma

membrane of the egg.
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Regulatory mechanism of sperm capacitation by SVS2
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ABSTRACT

The seminal vesicle secretion 2 (SVS2) functions as a decapaci@tion
SVS2 binds to ganglioside GM1 on the sperm plasma memianaghenhibits sperm
capacitation. Furthermor8VSZ male mice are infertile, whose spermatozoa are killed
by some spermicidal activity in the uterus. Although itecige mechanism is still
obscure, SVS2 seems to be involved in the dynamics ofriyisl Here, | examined the
role of SVS2 on the regulatory mechanism of sperm capacitapacially focused on
the effect of SVS2 on sterol level in the sperm plasma membrand
capacitation-accompanied reconstitution of membrane lipid rafts. PuS2nted the
sperm capacitation induced by metiBytyclodextrin that liberates sterols from the
sperm plasma membrare vitro. SVS2 prevented cholesterol efflux from the sperm
plasma membrane and incorporated liberated cholesterol in the glgsma membrane.
SVS2 also inhibited capacitation-accompanied diffusion of GMV.SZ mice
spermatozoa entered the uterine cavity of wild-type partners shdeeedased sterol
levels, while sterol level of wild type spermatozoa were maintaiiéése results
suggest that SVS2 maintains sterol level of the sperm plasenabrane to keep their
incapacitated staten vivo SVS2 seems to protect sterols in the sperm plasma

membrane from flowing out in the uterus.

14
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INTRODUCTION

Mammalian spermatozoa need to experience a specific change called sperm

capacitation in the female reproductive tract to acquire the fertilizifgyaf#ustin,

1951; Chang, 1951). One of important steps in capacitatiefilus of sterols from the

sperm plasma membrane (Go and Wolf, 1985). Although mainlstin spermatozoa

are cholesterol and desmosterol (Legatlal, 1979), cholesterol seems to be a main

actor in sperm capacitation. Capacitation is associated witlyekam the fluidity of the

sperm plasma membrane accompanied by sterol efflux (Skeadan2004). This yields

changes in intracellular ion concentration, metabolism, tyroplmesphorylation of

sperm proteins, and sperm motility (Bailey, 2010; Viscental, 2011), which are all

steps required to achieve sperm capacitation.

In general, the plasma membrane forms cholesterol- and sphingolimidesh

microdomains known as lipid rafts, which functions imsiling, membrane trafficking,

and polarization (Rajendran and Simons, 2005). Cholesteroiniajer component of

lipid rafts and plays significant roles in stability anddtion of the plasma membrane

(Simons and Toomre, 2000; Fielding and Fielding, 2003)e Tipid and sterol

composition of the sperm plasma membrane changes drasticallgeaslt of two main

events. First, as spermatozoa undergo epididymal matur#ienobtain sterols from

15
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their environment (Suzuki, 1988; Kebet al, 2013). Second, in the female
reproductive tract, sperm capacitation seems to be induced by a eadafcsterols in
the plasma membrane (Davis, 1981). Cholesterol efflux fraemsgiozoa destabilizes
lipid rafts (Shadamt al, 2004), resulting in capacitation (Cross, 1998). Thdedterol
efflux is associated with activation of the signal transductiohvgat necessary for
sperm capacitation (Viscoret al, 1999a), and redistributes the molecules required for
fertilization (Jone®t al, 2010).

Albumin (Brackettet al, 1972; Davis, 1976) and methdeyclodextrin
(MBCD; Choi and Toyoda, 1998) can liberate sterols from the spEsma membrane,
which induces sperm capacitationvitro. Although the importance of sterol efflux in
capacitation has been recognized, the specific mechanism undeilyingvo
capacitation, including the regulation of sterols in the spdasnm membrane, is not
well understood.

The seminal plasma protein, seminal vesicle secretion 2 (SigSBcreted
from the seminal vesicle and is ejaculated with spermatozoa iatatdrus. SVS2
functions as a decapacitation factor: it prevents spermatozoa fromriagqthe
fertilizing ability (Kawano and Yoshida, 2007). Recently it vgaswn that spermatozoa

of SVSZ males are killed by some spermicidal activity in the uteresulting in

16
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infertility (Kawano et al, 2014). SVS2 binds to the ganglioside GM1 in the sperm
plasma membrane (Kawarei al, 2008) and was found attached to the surface of
spermatozoa in the uterus (Kawano and Yoshida, 2007; Kagtaalp 2014). However,
after entering the oviduct, spermatozoa are attached to neither ¥&211 (Kawano
and Yoshida, 2007; Kawaret al, 2008). Since GM1 is a marker of lipid rafts (Parton,
1994) and cholesterol efflux accompanied by sperm capacitatiorsteectas lipid rafts
(Shadanet al, 2004; Jonegt al, 2010), it is possible that SVS2 is involved i th
dynamics of cholesterol and lipid rafts.

In this chapter, | tried to elucidate the role of SVS2 and stemlsperm
capacitation. | focused on the effect of SVS2 on the dynamidpidfrafts and sterol

levels in the sperm plasma membrane.

17
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MATERIALSAND METHODS

Animals

All mice were purchased from Charles River Laboratories Japan (Kanagawa,

Japan). Mice were housed in cages under a 12 h: 12 h lidghiegele. All animal

experiments were carried out according to the University of Tokymd&Bnes on

Animal Care.

Preparation of Recombinant SVS2 Protein

Because it was shown that the GST-tagged recombinant SVS2 pratethe

same effect as the native SVS2 protein (Kawano and Yoshida]),200used

recombinant SVS2 protein. To increase the solubility of recombii&nS2, |

substituted the thioredoxin (Trx)-tag for a GST-tag. cDNA&csling SVS2 (NCBI

accession No.NM_017390) was prepared by reverse transcriptiongralyen chain

reaction (RT-PCR) using RNA isolated from the mouse semvesicle (C57BL/6J).

The cDNA was subcloned into the pET-32 vector (Takara Bio Biuga, Japan). The

Trx fusion protein was expressed lscherichia ColiBL21-pLysS cells (Novagen;

Madison, WI, USA) by induction with 1 mM isopropftD-1-thiogalactopyranoside

(IPTG). Recombinant SVS2 protein was recovered using Ni-NT&osg (Qiagen;

18
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Hilden, Germany) under denaturing conditions according to rfaufacturer’s

instructions. After removing urea using a PD-10 column (@&althcare; Piscataway,

NJ, USA), the protein was lyophilized and stored-20°C until use. Immediately

before the experiment, recombinant SVS2 was dissolved iramuobal fluid (HTF)

medium without BSA (Nippon Medical & Chemical Instruments;®saka, Japan).

The purity of recombinant SVS2 protein was evaluated by wesletting

with anti-SVS2 antibody produced by previous report (Kawand Yoshida, 2007).

Protein was separated by Laemmli SDS-PAGE using a 10% (wiagglamide gel,

and transferred onto a polyvinylidene fluoride membrane (Millip&iderica, MA,

USA). The membrane was blocked with 5% (w/v) skim milk (Naicdésque; Kyoto,

Japan) in phosphate-buffered saline (PBS) with 0.1% (w/v) Twed®sigma-Aldrich;

St. Louis, MO, USA) (PBS-T) for 30 min at room temperaturee firembrane was

treated with 2Qug/mL of anti-SVS2 antibody in PBS-T containing 5% (Wék)m milk

at 4°C for 12 h. After washing with PBS-T, the membrane was treatedorseradish

peroxidase-conjugated anti-rabbit IgG antibody (Bethyl LabdestoMontgomery, TX,

USA) at a dilution of 1: 20,000 in PBS-T containing 5%uwgkim milk for 1 h at

room temperature, and washed three times with PBS-T. Reactechprotre detected

with ECL Prime Western Blotting Detection Reagent (GE Healthc®m®teins were

19
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also visualized by staining with Coomassie Brilliant&Ri250.

Preparation of Epididymal Spermatozoa and Incubation for Capacitat

To evaluate the effect of SVS2 on sperm capacitationitro, spermatozoa

were isolated from the cauda epididymis of sexually mature male @ixd (9-15

weeks old), and were suspended in HTF medium at 37°G% @Q atmosphere.

| used methyB-cyclodextrin (M3CD; Sigma-Aldrich) and bovine serum

albumin (BSA, A-4503; Sigma-Aldrich) to induce sperm cajgdicih. SVS2 was used

at a concentration of 20M, which is similar to the physiological concentration in the

uterus (Kawano and Yoshida, 2007). Schematic image of speubaitieg conditions

was shown in Fig. 2. To wash the spermatozoa, HTF med87°C) was added to

spermatozoa, which were gently suspended. After centrifugati®é@0Oak g for 3 min,

the supernatant was removed. After repeating this procedure tivicenadium was

replaced. Next, SVS2, BSA, BCD, and cholesterol were added to the replaced

medium. Cholesterol conditions were as follows: 50 mM chelek{Sigma-Aldrich)

dissolved in 100% ethanol was added to obtain a finadesdration of 5S0QM.

20
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Observation of Sterols by Filipin Staining

To visualize sterols, the filipin complex (Sigma-Aldrich)sagsed, which binds

to sterols (Schroedest al, 1971; Kesseét al, 1985). Spermatozoa were fixed with

0.004% (w/v) paraformaldehyde (PFA) for 10 min and washetitet with

HEPES-buffered saline (HBS; 25 mM HEPES, 140 mM NaCl,M KCI, 0.75 mM

NaHPQO,, 6 mM glucose, pH 7.1). Filipin solution (4% (w/v) dimethyl sulfoxide)

was added to the fixed spermatozoa at a final concentration %f @&l the solution

was incubated for 30 min. After washing with HBS, fluoreseewas observed using a

fluorescent microscope (Leica DMRBE; Solms, Germany) and images acquired

using a CCD camera (MicroPublisher 5.0; Qlmaging; BC, Canakhe fluorescence

intensity of the sperm head was quantified using ImageJ sefiiMif; Bethesda, MD,

USA), and the normalized intensity of epididymal spermatozmmset to 100. For each

batch, the fluorescence intensities of 100 spermatozoa werefigaanti

Visualization of Cholesterol Dynamics in the Sperm Plasma Membran

To verify that SVS2 affects sterol dynamics, intercalation of fluergsc

cholesterol into the sperm plasma membrane was studied. Spavenatere incubated

in HTF medium containing 50AM MBCD for 45 min. After washing as described

21
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above, spermatozoa were incubated in replaced HTF medium contaihing SVS2

and 500 uM BODIPY-cholesterol (TopFluor-Cholesterol; Avanti Polar Lipids

Alabaster, AL, USA) and incubated for 45 min. Spermatozoa werestlagmed with

Hoechst 33342 (Sigma-Aldrich) at a final concentration pighnL. After incubating

for 5 min, fluorescence was visualized using a fluorescent micregteica DMRBE;

Solms, Germany) and images were acquired using a CCD camera (MicsbBublO;

QImaging; BC, Canada).

Quantitation of Sperm Cholesterol

Lipid extraction was performed according to modified Bligh &eb as

described by Jakogt al (Jakopet al, 2009). Briefly, spermatozoa incubated in various

conditions were centrifuged (1,000yx5 min) after washed with HBS. 1QQ of sperm

suspensions were mixed with 400 of chloroform/methanol (1: 2, v/v) and shaken for

30 min. The sperm were added with 380chloroform and shaken for 0.5 min. 180

of 40 mM acetic acids was added and samples were shaken. Afteiugatitsh (1,000

x g, 20 min, 4°C), samples were divided into the chloroformsphand the aqueous

phase. The aqueous phase was treated with chloroform andaaidsi@and centrifuged

as described above. After repeating reextraction two times, whaleofdrim phases

22
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were combined and dried under reduced pressure.

Extracted lipids were suspended with 2-propanol contain@dg (v/v) Triton

X-100. Enzymatic quantitation of cholesterol was carried ouh vAmplex red

cholesterol assay kit (Molecular probes, Eugene, OR, USA). Fluocesggansity was

measured by a multilabel reader 2030 ARVO X4 (Perkin Elmer, WalthBin|USA).

Sperm Capacitation Assay

Sperm capacitation was evaluated based on acrosomal responsit@ness

progesterone and ionomycin. Spermatozoa were treated withu0Progesterone

(Wako; Kyoto, Japan) for 15 min at 37°C or with{d® ionomycin (Sigma-Aldrich) for

10 min at room temperature. Treated spermatozoa were spread ordesaslile.

Spermatozoa were fixed by 100% methanol for 10 min and stamtbdl00 pg/mL

fluorescein isothiocyanate (FITC)-conjugated peanut lectin (SigrdaeA) for 15 min

at 37°C. Spermatozoa were washed with HBS, and FITC fluoreseaax®bserved

using a fluorescent microscope (Leica DMRBE; Solms, Germany)iraages were

acquired using a CCD camera (MicroPublisher 5.0; QImaging; SuBey,Canada).

Spermatozoa with no FITC fluorescence at the acrosome region wenelaeggas

acrosome-reacted spermatozoa. Three fields were obtained for each batdi§0and
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spermatozoa per field were evaluated.

Localization of GM1 in the Spermatozoa

The ganglioside GM1 (GRl1 > 3GalNA@ > 4(NeuA®2>3)Gapl > 4GI@1 >

1'Cer) was visualized using FITC-conjugated cholera toxin B sul{ehiiC-CTB)

(Sigma-Aldrich) which is known to bind to GM1 specificallya6 Heyningen, 1974).

Spermatozoa were fixed with 0.004% (w/v) PFA for 10 min andhed three times

with HBS. Fixed spermatozoa were added FITC-CTB at a final condentrait 0.5

mg/mL in HBS for 10 min. After washing with HBS, fluorescernwas observed as

described above. Localization of the GM1 signal was classiftedanr patterns based

on previously described criteria (Selvaeajal, 2006), and 100 signals were evaluated

for each batch.

Evaluation of the Sterol Level of Spermatonoa&ivo

To evaluate the effect of SVS2 on the sperm sterol conterfteirfeimale
reproductive tract, | measured the sterol level of spermatozoa in eéhes wnd the
oviduct. A 16-55-week-old male mouseSYS2* or SVSZ) was mated with a

9-12-week-old C57BL/6J female mousgVSZ mice were generated as described by
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Kawanoet al. (Kawanoet al, 2014). Briefly, targeting vector designed to rem8WS2

exons were electroporated into 129/Sv strain-derived ES ca@tonbinant ES lines

were microinjected into C57BL/6J strain-derived blastocytes thadmale chimeric

mice were obtained. They were crossed with C57BL/6J female mice tugero

heterozygote offspring. Then male and female heterozygotes were intercemgsed

backcrossed to the C57BL/6N background. Females were sacrificédmapdst-coitus,

and spermatozoa were obtained from the uterus and the oviducshing with HBS.

Obtained spermatozoa were fixed with 0.004% PFA for 10 rtamesd with filipin, and

the fluorescence intensity was quantified as described above.

Evaluation of Sperm Viability

To evaluate the viability of spermatozoa, propidium iodide ojindo;

Kumamoto, Japan) was added to sperm suspension with vamaisients at a final

concentration of Sug/mL, and incubated for 5 min at 37°C. After incubatioh, P

fluorescence was observed under a heating plate at 37°C using rasdkice

microscope (Leica DMRBE; Solms, Germany). Spermatozoa with neefloence were

regarded as live. 100 spermatozoa were evaluated for each experiment.
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Statistical Analysis

All experiments were repeated at least three times with differemidodls.

Data are expressed as mean = SD. Statistical significance was calculagedhas

Student's-test;P < 0.01 was considered statistically significant.
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RESULTS

Sterol Level ofSVSZ Mice Spermatozoa Deposited into the Female Reproductive

Tract

At first, | visualized sterol level of mouse spermatozoa in thenale
reproductive tract with the sterol-staining dye filipin and condidmvhether sterol level
of spermatozoa and fertilizing ability are correlatedvivo. Typical images of filipin
staining were shown in Fig. 3. Intensity of filipin fluocesce of wild-type male
spermatozoa entered the uterus after mating increased by 149 fchpared to
non-treated epididymal spermatozoa (n = 6) (Fig. 4). On the othed, hthe
fluorescence intensity of the spermatozoa in the oviduct \ga#isantly reduced (35 *
17% of that in the uterus) (n = B,< 0.01) (Fig. 4). This shows that sterol level of the
mouse spermatozoa is really decreased when they enter the ovidube Gther hand,
the sperm sterol level in the uterus of females mated S¥t82 males was reduced to
the level of wild spermatozoa in the oviduct (34 + 7% it thf ejaculated wild-type
spermatozoa in the uterus) (n =< 0.01) (Fig. 4). These results indicate that SVS2
preserves sterols on the sperm membrane in the female repvedutati until entrance

into the oviduct.
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Effect of MBCD on Sperm Capacitation

MBCD is a potent liberator of sterols, and induces capacitation ofseno

spermatozoa (Choi and Toyoda, 1998). | confirmed the effect @EMMon sperm

capacitation. Capacitation was evaluated by acrosomal responsiter@sgesterone

and ionomycin (induced-AR rate) as described in Materials and MetBpdsmatozoa

incubated with NBCD showed increased induced-AR rate and [H0I0M 3CD induced

the same level of the induced-AR rate as BSA (Fig. 5).

Effect of SVS2 on Sperm Capacitation Induced QWD

In order to examine the effect of SVS2 on sperm capacitationted sfflux,

| examined the effect of SVS2 on thepB@ID-treated spermatozoa. Expression and

purification of recombinant SVS2 protein were checked with CBBR istaiand

western blotting with anti-SVS2 antibody (Fig. 6). Altlgh recombinant SVS2 was

expressed with thioredoxin (Trx)-tag, the tag itself has no effette@mduced-AR rate

(Fig. 7).

The spermatozoa incubated with SVS2 arféid suppressed the induced-AR

rate, which showed no significant differences from that of cbepermatozoa (Fig. 8).

The spermatozoa incubated with SVS2 prior to incubating wiCMalso suppressed
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the induced-AR rate (Fig. 8). Furthermore, SVS2 cancelled spaparcitation induced

by MBCD: SVS2 showed decapacitation effect ofQD-treated spermatozoa. When

SVS2 was added to the(@D-treated spermatozoa, which should be capacitated, the

induced-AR rate decreased significantly@®@D — SVS2 in Fig. 9). When SVS2 was

added to BSA-treated spermatozoa, the induced-AR rate of spermaidzuat dhow

significant difference (Fig. 9). This may be because the itimrbame of 45 min is not

enough for capacitation induced by BSA.

Interestingly, the decapacitation effect of SVS2 was not obserkied sperm

incubation medium was washed out followin@@D-treatment. When BICD-treated

spermatozoa were washed with new HTF medium afe€Dtreatment, addition of

SVS2 did not decrease the induced-AR rat@@ — wash— SVS2 in Fig. 10).

However, the decapacitation effect of SVS2 on the wasH&dDreated spermatozoa

was rescued by addition of cholesterol®D — wash— SVS2 + Ch in Fig. 10),

though cholesterol itself and sterol liberator3BD and BSA had no effect on the

washed MBCD-treated spermatozoa (Fig. 10). In addition, 1% ethanol, a gebicl

cholesterol, had no effect on sperm viability (Fig. 11) and ctgiaei (Fig. 12). These

results indicate that the decapacitation effect of SVS2 requiregsthal in the

medium surrounding the spermatozoa.
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Effect of SVS2 on Sterol Level in the Sperm Plasma Membrane

As describe above, sterol level on B¥SZ spermatozoa was significantly
reduced in the uterus. Furthermore the decapacitation effect of 2¢8% g0 closely
relate to the existence of surrounding cholesterol. Thus, liagdnthe effect of SVS2
on sterol levels in the sperm plasma membrangro.

Although recombinant SVS2 protein was expressed with Trxthegtag itself
has no effect on sterol level in the spermatozoa (Fig. 13). Faeres intensity of
filipin in the sperm heads treated with 5@ MBCD for 45 min decreased to
approximately 55% of that of non-treated sperm heads (Fig.dthe other hand,
SVS2 inhibited decrease in sterol content of the spermatdm#lubrescence intensity
on sperm heads treated with SVS2 an@® showed no significant differences from
that on non-treated sperm heads (Fig. 14). When spermatozoansebated with
SVS2 prior to MBCD-treatment, the sterol level on the sperm head was maintained to
show the same level as that of spermatozoa incubated HTF mediyn{SVS2 —
MBCD in Fig. 14). Furthermore, when SVS2 was added to M{¥CD-treated
spermatozoa, on which the membrane sterol level was low, &gel$ on the sperm
heads recovered to that of incapacitated spermatoz&€@M— SVS2 in Fig. 14).

These changes in sperm sterol levels were confirmed by enzymaittgtng analysis.
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Cholesterol content in the control spermatozoa was 142.35:r8g16 sperm cells.
MBCD-treatment decreased the sperm cholesterol by approximately 3béteas
SVS2-treatment kept the sperm cholesterol to control levBC+ SVS2 and NACD
— SVS2 in Fig. 15). Thus, SVS2 appears to mediate sperm tatpaciby controlling
sterol levels in the plasma membrane.

When the NBCD-treated spermatozoa were washed with new HTF medium, a
recovery effect of SVS2 on the sterol level in the spermatozoa wabsetved by the
filipin staining and the enzymatic quantitating assap@® — wash— SVS2 in Fig.
14 and 15). However, addition of extrinsic cholesterol to tediom containing SVS2
rescued the sterol level in the sperm heaf@M — wash— SVS2 + Ch in Fig. 14 and
15). Accordingly, SVS2 seems to prevent sterol efflux from glesma membrane,
thereby retrieving liberated sterols to the membrane and maintdin@rgpermatozoa in

an incapacitated state.

Visualization of Cholesterol Dynamics in the Sperm Plasma Memabran

My results suggest that SVS2 does not only inhibit btefitux, but also

incorporates external sterol into the sperm plasma membrane. i ther effect of

SVS2, | observed the dynamics of extrinsic BODIPY-cholestelWhen only
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BODIPY-cholesterol was added to the washefQD-treated spermatozoa, minimal

BODIPY fluorescence was observed (Fig. 16A). By contrast, wheshed

MBCD-treated spermatozoa were incubated with BODIPY-cholesterol and SVS2,

BODIPY fluorescence was observed on many spermatozoa. BODIP&stdmll was

incorporated into 69 + 20% of spermatozoa (Fig. 16B). lEeuantore, SVS2 slightly

facilitated incorporation of BODIPY-cholesterol into the spermatozwithout

MBCD-treatment (Fig. 16). Thus, SVS2 mediates incorporation otfrelesterol in the

medium surrounding spermatozoa into the sperm plasma membrane.

Effect of SVS2 on Distribution of GM1 in Spermatozoa

Sterol efflux from spermatozoa changes fluidity of plasma memabear

reorganizes the lipid rafts to induce sperm capacitation édledhl, 2004; Jonest al,

2010). Thus, | evaluated the effect of SVS2 on the digidb of ganglioside GM1,

which is a well-known marker of lipid rafts. GM1 was visma#l using

FITC-conjugated cholera toxin B subunit (CTB), and the 1G8faining pattern was

classified into four types based on criteria described by Seleasdj (Selvarajet al,

2006) (Fig. 17A). GM1 was primarily observed in the postacnasoregion, and

occasionally on the entire sperm head (pattern PAPM or patterr/ W), when
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spermatozoa were incubated in medium only; non-capacitated speran@egol17B

and Table 1). When spermatozoa were capacitated ufg@PNMGM1 diffused through

the entire head, appearing as pattern D (Fig. 17B and TaMéh&h spermatozoa were

co-incubated with SVS2 and D, the pattern APM/PAPM was observed in a large

proportion of spermatozoa and pattern D was seen in a low pegeenit spermatozoa,

which was similar to the patterns observed in non-capacitatethaozoa (Fig. 17B

and Table 1). In the spermatozoa pre-incubated with SVS2 primrctdating with

MPBCD, distribution of GM1 was also similar to the non-cajzed spermatozoa (Fig.

17B and Table 1). Thus, SVS2 arrests the reconstitutiorpiof dafts organization by

preventing sterol efflux.

Furthermore, when the BCD-treated spermatozoa were decapacitated using

SVS2, GM1 was primarily distributed in the APM/PAPM patt, similarly to the

non-capacitated spermatozoa, although GM1 was dispersed eventtte sperm head

(pattern D) before SVS2 addition f€D — SVS2 in Fig. 17B and Table 1). This

suggests that SVS2 restores lipid rafts organization laynrey membrane sterols. On

the other hand, wash of the@D-treated spermatozoa prevented the effects of SVS2

on the GML1 staining pattern; pattern D was observed imitifeest percentage for the

spermatozoa, which was similar to the capacitated spermatof8é@DM> wash —
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SVS2 in Fig. 17B and Table 1). Addition of extrinsic k&sterol to the washed

MBCD-treated spermatozoa rescued the effects of SVS2; the ratio of spmranato

showing pattern APM/PAPM increased, while the ratio of spermoatshowing pattern

D decreased (BCD — wash— SVS2 + Ch in Fig. 17B and Table 1). Cholesterol itself

and cholesterol with [BCD showed no effect on GM1 patterns of the washed

MBCD-treated spermatozoa. These results suggest that the effect af @vae

reconstitution of lipid rafts requires free cholesterol in the medaurrounding

spermatozoa. SVS2 appears to restrict sterol dynamics by altgrergn plasma

membrane fluidity.
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DISCUSSION
In this chapter, | demonstrated that SVS2 maintains stertfeisperm plasma
membrane to arrest sperm capacitation. Interestingly, SVS2 retrievegenexrs
cholesterol into the spermatozoa and reset the distributioipidf rafts, suggesting
cholesterol is essential for decapacitation. These results are enngigh the results of
previous studies demonstrating that cholesterol is requineeet@nt sperm capacitation
(Davis, 1978; Zarintash and Cross, 1996).

The cholesterol concentration on the sperm plasma membrane incieasgs d
epididymal transit (Suzuki, 1988; Kebet al, 2013). Furthermore, seminal plasma
contains a high concentration of cholesterol (Suarez, 2008 sparthatozoa appear to
obtain cholesterol even after ejaculation. Thus, spermatozoa egaculéd the uterus
contain a high concentration of sterol and lose their sterol dwapgcitation. The
cholesterol efflux triggers Gainflux and acrosome exocytosis via GM1 dynamics
(Cohenet al, 2014). Accordingly, SVS2 may function to maintain #terol level of
spermatozoa and suppress capacitation of spermatozoa in the dieeugrecise
mechanism SVS2 maintains sterol in the sperm plasma memlaaaens unknown.
Seven consensus regions that recognize and interact with cholesten@sam ; the

SVS2 amino acid sequence (Fig. 18). Moreover, previous sthdwed that SVS2
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directly interacts with GM1 (Kawanet al, 2008). Thus, SVS2 may bind both GM1
and cholesterol. GM1 may act as a membrane scaffold for SV8Z\AR2 can inhibit
sterol efflux and then retrieve liberated sterol into the spermmplasembrane via
binding to GM1.

It is interesting how sterols in the sperm plasma membrangufiezl out and
how exogenous sterols are incorporated into the sperm plasmdramem The
mechanism which cyclodextrin (CD) removes cholesterol from thenplasembrane
has been presumed by molecular dynamics simulation (Lépak 2011). CD has a
rigid conical molecular structure and a cavity that can include veamooiecules. At
first, four CD dimers bind to the membrane surface. Cholesterembedded in the
cavity of CD and they are bound by hydrogen bond. The complé@and cholesterol
desorbs from the membrane surface by a large free energy barrier. Fiballgield
cholesterol molecule is transferred to lipid vesicle or lipoprdigim simple diffusion
mechanism. Albumin is a potent candidate ofith&ivo sterol liberator. Aloumin has
hydrophobic domains interacting with various hydropholgarids (Spector, 1986; He
and Carter, 1992) and this structural feature also functihiserating sterol from the
plasma membrane.

Considering previous reports, SVS2 may regulate sterdlse sperm plasma
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membrane as follows. Sterols in the sperm plasma membrane are relyostziol

liberators such as BSA and3@D. After receiving sterols from sterol liberators, SVS2

binds to spermatozoa via GM1 and incorporates sterols mtosperm plasma

membrane. Practically, since SVS2 appears to protect sperm stegolevel of sterol

IS maintained in the sperm plasma membrane.
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0 min 45 min 90 min

mediumonly [ ]
mpcD [

MECD
MpBCD + SVS2 SVS)

MBCD->SVs2 | MﬁCD —
SVS2->MpCD | o Vi)
MBCD—>wash—>SVS2 [ MBCD _[wash| SVS2 |
MBCD->wash—>Ch |_MBCD _ |wash| Ch |
MpCD - wash->SVS2+Ch | MBCD  |wash| SVS2 + Ch |
MBCD->wash->BSA+Ch [_MBCD__|wash]| BSA + Ch |
MpBCD->wash->MBCD+Ch [ __MBCD _[wash| MBCD + Ch |

Figure 2. Schematic image of sper m incubating conditions.

MBCD: 0.5 mM, SVS2: 2@uM, Ch: 0.5 mM, BSA: 5 mg/mL, wash: spermatozoa are

suspended with new medium and centrifuged for two times.
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Figure 3. Spermatozoa stained with filipin.
Typical filipin staining of the non-treated spermatozoa widrdatintact (upper panel),

and the capacitated spermatozoa after the efflux of sterol (lower pangtpare. Scale

bar: S5um.
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Figure 4. Sterol levels of SVS2” and wild type spermatozoa deposited into the
femalereproductive tract.

Sterol levels in the plasma membrane of spermatoz@& 6 (white bar) and wild
type (WT) (gray bars) male mice collected from the uterus and tdeciwof wild-type
female mice. The graph shows the relative filipin fluorescence itgensilues
compared to epididymal spermatozoa. Data are shown as mean + S8.(3VSZ
spermatozoa in the uterus); n = 6 (WT spermatozoa in the utang)n = 3 (WT
spermatozoa in the oviduct). No spermatozoa were found in tdacb\of the female
mated withSVSZ male. The fluorescence intensity of tB¥SZ" spermatozoa showed
a significant difference compared to that of the WT spermatozoa utghes (asterisks;

P < 0.01, Student’'s-test).
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Figure 5. Effect of MBCD on sperm capacitation.

The rate of the acrosome reaction induced by progesterone (grayob&somycin

(white bars) was evaluated. Data are shown as mean + SD. Asiedisiede significant

differences compared with the spermatozoa incubated in HTF mexilyn{P < 0.01,

Student'st-test) (n = 3).
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Figure 6. Western blotting of recombinant SVS2 protein.

Purified Trx-tagged SVS2 and Trx recombinant proteins were elédreged by
SDS-PAGE and western blotting with anti-SVS2 antibody waopmed. Proteins
were also stained with CBBR, and the 60-kDa SVS2 (closed aesmjyhand the

20-kDa Trx (open arrowhead) were observed.
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Figure 7. Effect of thioredoxin (Trx) on sperm capacitation induced by M3CD.

The rate of the acrosome reaction induced by progesterone (grayob&msomycin
(white bars) was evaluated. Conditions of sperm treatments arebeesin Figure 2.
Data are shown as mean = SD. Asterisks indicate significant differeasesared with

the spermatozoa incubated in HTF medium oRly 0.01, Student'stest) (n = 3).
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Figure 8. Effect of MBCD and SV S2 on sperm capacitation.

The rate of the acrosome reaction induced by progesterone (grayob@apmycin
(white bars) was evaluated. Conditions of sperm treatments arebeesin Figure 2.
Data are shown as mean + SD. Asterisks indicate significant differéetesen the

two groups P < 0.01, Student'stest) (n = 3).
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Figure 9. Effect of SVS2 on fertility induced by MBCD.

The rate of the acrosome reaction induced by progesterone (grayobagpmycin
(white bars) was evaluated. Conditions of sperm treatments arebeesin Figure 2.
Data are shown as mean + SD. Asterisks indicate significant differéetesen the

two groups P < 0.01, Student'stest) (n = 3).
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Figure 10. Influence of wash-treatment on the effect of SV S2.

The rate of the acrosome reaction induced by progesterone (grayobagspmycin
(white bars) was evaluated. Conditions of sperm treatments arebeesin Figure 2.
Data are shown as mean = SD. Asterisks indicate significant differeasesared with

the spermatozoa incubated wittfB®ID (P < 0.01, Student'stest) (n = 3).
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Figure 11. Evaluation of sperm viability.

Spermatozoa were stained with propidium iodide and spermatottoao fluorescence

were regarded as live. Data are shown as mean + SD (n = 3).
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Figure 12. Effect of ethanol, vehicle of cholesterol, on sperm capacitation.

The rate of the acrosome reaction induced by progesterone (grayob&spmycin

(white bars) was evaluated. Data are shown as mean + SD. Asiedislede significant

differences compared with the spermatozoa incubated WGP < 0.01, Student’s

t-test) (n = 3).
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Figure 13. Effect of thioredoxin (Trx) on sterol levels in the sperm plasma
membrane.

The sterol content of each sperm sample is shown as a relatue the normalized
sterol content of the spermatozoa treated with HTF mediumveadyset to 100. Data
are shown as mean = SD of the fluorescence intensity of spermé&bozaeh treatment.
Asterisks indicate significant differences compared with the speroetncubated in

HTF medium only P < 0.01, Student'stest) (n = 3).
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Figure 14. Effect of MBCD and SVS2 on sterol level of the sperm plasma
membrane.

(A) A typical example of the distribution of fluorescence initgnef the spermatozoa
from one batch. (B) Data are shown as mean + SD of the fluorescerosity of
spermatozoa in each treatment. Conditions of sperm treatmentssardeld in Figure
2. Asterisks indicate significant differences compared with tleensgtozoa incubated

in HTF medium only P < 0.01, Student’stest) (n = 3).
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Figure 15. Enzymatic quantitation of cholesterol concentration in the sperm
plasma membrane.

The cholesterol content of each sperm sample is shown as a relalhe the
normalized cholesterol content of the spermatozoa treated with H@rim only was
set to 100. Absolute quantity of the cholesterol in th@rob spermatozoa was 142.3 +
39.5 ng/16 sperm cells. Conditions of sperm treatments are describedireFgData
are shown as mean + SD, and asterisks indicate significant differeocgsred to

spermatozoa incubated in HTF medium only (n =% 0.01, Student's-test).
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Figure 16. Visualization of cholesterol uptake into the sperm plasma membrane.

(A) Fluorescence images of spermatozoa with BODIPY-cholesterekrfyyr Sperm
heads were visualized by staining with Hoechst 33342 (blu¢heanmerged images
(lower panels). Scale bar: %0n. (B) Rate of BODIPY-cholesterol incorporation into
spermatozoa. Data are shown as mean + SD (n = 3). Conditispsraf treatments are
described in Figure 2. Asterisks indicate significant differences compatethe B-Ch

groups P < 0.01, Student’'s-test).

52



Chapter |

A =
(P (= @

AA/PAl  PAPME APM/PAPM[C] D[]

B c
5 100
5

8 80
s 60
S8 w
<20
= 0

s medium MBCD MpCD MBCD  SVS2 MBCD  MpCD MBCD  MBCD  MBCD

5 only Sve? N N 4 4 4 4 v

SVS2 MBCD wash wash wash wash wash

¥ ¥ ¥ ¥

SVSs2 Ch SVs2 BSA  MpCD

+ + +

Ch Ch Ch

Figure 17. Effect of SVS2 on distribution of lipid rafts on the sperm head.

(A) Fluorescence images of GM1 signals observed in spernaat8permatozoa were
fixed with PFA and GM1 was visualized using FITC-CTB. PateAiPA: signal over
anterior acrosome and postacrosome. Pattern PAPM: signal in pestaeroPattern
APM/PAPM: weak signal in acrosome and remarkable signal irmpastome. Pattern
D: diffused signals through head. Scale bapnh (B) Ratio of each GML1 localizing
pattern in spermatozoa incubated under various conditioesm8&fpozoa were obtained

from one male mouse. Conditions of sperm treatments are describigdrie 2.
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Table 1. Ratio of each GM 1 pattern incubated under various conditions.

Conditions of sperm treatments are described in Figure 2. Datacava a8 mean = SD

(n =3).
Percentage of staining pattern
AA/PA APM  APM/PAPM D
medium only 64+£1.2 624+127 22672 8644
MpBCD 42+12 3621 26004 662x1.2
MpBCD +SVS2 72+13 55+28 555+25 31.8+53
MpBCD -»SVS2 84+1.1 50+£25 564+29 30.1+64
SVS2-MpBCD 53+09 B81+22 50148 359x22
MpBCD -W-SVS2 54+18 2907 30025 618+4.2
MBCD -W-Ch 45+05 4.0+£29 421+222 495+104
MpBCD -W-SVS2+Ch 33+10 75+09 60324 289x4.0
MpBCD -W-BSA+Ch 48+02 2711 315+31 61.0+£33
MBCD-W-MpCD+Ch 2407 2414 24116 71111
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Figure 18. Amino acid sequence of mouse SVS2
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The seven putative cholesterol recognition/interaction domainsstayen as gray

boxes.
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Chapter |1

Dynamics of SVS2 and sperm capacitation

in the female reproductive tract
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ABSTRACT

Seminal vesicle secretion 2 (SVS2) suppresses sperm capacitatitime

uterus, SVS2 seems to inhibit sperm capacitation by interaeithgganglioside GM1

on the spermatozoa. Since sperm capacitation needs to be imtldlcecdviduct, there

must be a mechanism for removing GM1 and/or SVS2 from the spezoa. Indeed,

spermatozoa entering the oviduct have neither GM1 nor SN@R&ever, the dynamics

of SVS2 in the female reproductive tract is yet unknown. In Chapteahalyzed the

distribution of SVS2 and GM1 in the female reproductive tr&airthermore, |

investigated the capacitation-inducing fadtowivo. In mated female mice, SVS2 was

detected in the uterus and at the uterotubal junction, whileast not found in the

oviduct. GM1, which is known to bind to SVS2, wastatted along the uterine

epithelium of the estrus stage. Although sperm capacitatepnbe induced by sterol

liberators such as albumin in the oviduct, the uterimeeotration of albumin was also

sufficient for sperm capacitation throughout the estrous cyckedms plausible that

while sperm capacitation can be induced in the entire female reproduatyeSVS2

affects the uterine spermatozoa to keep in an incapacitated state. I@rgusperm

capacitation might be regulated by SVS2-mediated inhibition laedinduced by

keeping SVS2 away from the spermatozoa.
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INTRODUCTION

To acquire fertilizing ability, mammalian spermatozoa neecktodpacitated in

the female reproductive tract (Austin, 1951; Chang, 1951). Capatisggermatozoa

subsequently exhibit a change of flagellar motility, calledelhgptivation, acrosome

reaction, and penetration of the zona pellucida, before eventusilhg fwith the plasma

membrane of the oocyte. Although sperm capacitation is intssie for achieving

mammalian fertilization, its regulatory mechanism is not clear.

Since albumin is required for inducing sperm capacitatioritro (Brackettet

al., 1972; Davis, 1976), it may also play an importane ol capacitationn vivo.

Albumin is present in the female reproductive tract (Miyamoto admah@, 1973), and

sperm capacitation is promoted by cholesterol transfer to alb{ipawvis et al, 1979).

On the other hand, there may be other factors concerned in spermataypeitvivo.

Human follicular fluid contains high-density lipoproteiragpardet al, 1996), while

albumin mediates cholesterol transfer between cells and lipod#iao and Marcel,

1996). Apolipoproteins A—-I and J in the female reproductive tract hage reported as

inducers of cholesterol efflux from the sperm plasma membrane éntetral, 1997,

Argraves and Morales, 2004). According to these previousestuliseems likely that

albumin, supported by other factors, induces sterol efflux froen dperm plasma
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membrane, resulting in the induction of sperm capacitatimweder, the detailed

mechanism ofin vivo capacitation, namely the regulation of sterol dynamics in the

sperm plasma membrane, is unknown.

The seminal plasma protein seminal vesicle secretion 2 (u&2nts sperm

capacitation and acts as a decapacitation factor (Kawano anal&/02807). SVS2 is

directly ejaculated into the uterus with spermatozoa; it bindganglioside GM1 in

their postacrosomal region, yet spermatozoa entering the owiduetneither GM1 nor

SVS2 (Kawancet al, 2008). Since capacitated spermatozoa cannot enter thecovid

(Shalgiet al, 1992), sperm capacitation seems to occur there. In contlik® effect

of SVS2 on spermatozoa via GM1 may reguiatevo capacitation.

Sperm capacitatiom vivo may occur via an interaction between spermatozoa

and the milieu of the female reproductive tract. Mouse spermatozoa asstekepo the

uterus and migrate to the uterotubal junction (UTJ). The fuimdtions as a barrier to

sperm entrance into the oviduct and as a site of sperm seldS8imrez, 2008).

Spermatozoa seem to be selected according to two features: spellity raontl

membrane properties. In hamsters, artificially inseminated spermédtatcare already

capacitated cannot pass through the UTJ owing to their hypetactimotility (Shalgi

et al, 1992). In mice, the deficiency of certain proteins yields ititgricaused by
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incapability of the UTJ passage (Druart, 2012). Althoughftimetion of the UTJ is
unknown, it appears to be important for fertilization via reguigsperm capacitation.
Thus, GM1 and/or SVS2 might be released from spermatozoa areutd d, resulting
in sperm capacitation. However, the dynamics of SVSBearfemale reproductive tract
and interactions between SVS2, spermatozoa, and the genitaligpithelve not been
elucidated.

In this chapter, | tried to examine the dynamics of SVSZhm female
reproductive tract. Particularly, the interaction between SVS2 argkthital epithelium
was studied. Furthermore, to substantiate that sperm capacdatiactcur in the uterus,

| detected the potent capacitation-inducing factor albumin intérena fluid.

60



Chapter II

MATERIALSAND METHODS

Immunohistochemistry of Female Reproductive Tracts

The anti-SVS2 polyclonal antibody was purified as describ&hampter I.

Nine-fifteen-week-old female mice (CD-1; Charles River Japan) were mated

with 9-15-week-old male mice. At 1.5 h post-coitus, female reprodudtacts were

obtained by dissection and fixed with 4% (w/v) PFA fe64. Samples were embedded

in paraffin, and 1Q:m-thick sections were cut according to standard protocols.

Immunohistochemistry was performed using the anti-SVS2 atib(20

ug/mL), followed by an Alexa 488-conjugated secondary antib@mat anti-rabbit

IgG; 1:20,000; Life Technologies, Carlsbad, CA, USA) with2 Oug/mL

4'.6-diamidino-2-phenylindole (DAPI) (Wako, Osaka, Japan).-8mME2 antibody that

was passed through a HiTrap NHS-activated HP column (GE Healthayaaa, Tokyo,

Japan) conjugated with recombinant SVS2 protein was usedteasegative control.

Stained sections were washed with PBS, analyzed using a fluoresgznscope

(Leica DMRBE, Solms, Germany), and images were acquired us{@gGx camera

(MicroPublisher 5.0, Qlmaging, Surrey, BC, Canada). Exposores were 5 s, 15 s,

and 0.7s for anti-SVS2, control antibody, and DAPI stanrespectively.
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Detection of GM1 in the Female Reproductive Tract

The estrous cycle stage of1%H-week-old female mice was deduced by

checking vaginal smears. Female reproductive tracts of each esyodeisiage were

obtained by dissection, fixed with 4% (w/v) PFA, embeddegaraffin, and 1Q:m

sections were cut as described above. Sections were stainedOithg/mL

FITC-conjugated cholera toxin B subunit (FITC-CTB) in PBS1arh at 4°C. Stained

sections were washed three times with PBS, visualized usingragtent microscope

(Leica DMRBE) and images were acquired using a CCD camera (Miciskeibb.0,

QImaging). Exposure time was 10 s for FITC-CTB staining.

Quantification of Albumin in Uterine Fluid

The uteri of each estrous cycle stage ef®week-old female mice (deduced

as described above) were eviscerated, and surface fluid and bloodhaereghly

removed. The uterus was hung in a tube, and uterine fluid otésined by

centrifugation at 1,200 g for 3 min. Albumin levels in uterine fluid were quantified

using an ELISA kit (Shibayagi Co., Gunma, Japan).

Sperm Capacitation Assay

To evaluate the effect of SVS2 on sperm capacitation induced by hig
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concentrations of albumin, spermatozoa were isolated from the cauddyepgdiof

sexually mature 915-weeks-old male CD-1 mice, suspended in HTF medium, and

incubated at 37°C in a 5% GQ@tmosphere. Bovine serum albumin (BSA, A-4503;

Sigma-Aldrich) was used to induce sperm capacitation. Recoml&#\s2 protein was

prepared as described in Chapter | and used at a concentratiophdf &@ich is

similar to the physiological concentration in the uterus (Kawam Yoshida, 2007).

Sperm capacitation was evaluated based on acrosomal responsivepexsesterone

and ionomycin, as described in Chapter I.

Statistical Analysis

All experiments were repeated at least three times with differemidodls.

Data are expressed as mean = SD. Statistical significance was calculagedhas

Student's-test;P < 0.01 was considered statistically significant.
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RESULTS

Distribution of SVS2 in the Female Reproductive Tract

To evaluate the role of SVS2 in vivo sperm capacitation, the dynamics of
SVS2 quantities in the female reproductive tract after copulatienexamined. In the
uterine tube, SVS2 was found on the sperm clot, which naae been derived from
free SVS2 in semen (Fig. 19). Furthermore, SVS2 was founth@rsurface of the
uterine wall and on the wall of the uterotubal junction ))& passage from the uterus
to the oviduct (Fig. 19). However, little SVS2 was detdah the oviductal isthmus (Fig.

19). Although spermatozoa were seen in the isthmus, no #eS2etected on them.

Distribution of GM1 in the Uterus

Since SVS2 specifically binds to ganglioside GM1, theribistion of GML1 in
the female reproductive tract was examined. Although the amouiffesent, GM1
localizes in many tissues (lwamori and Nagai, 1981; lwaetoal., 1984). While GM1
was localized all over the uterine tube, intense GM1 staioirtge uterine epithelium
was only detected at the estrus stage and not at the proestestyusebr diestrus stage

(Fig. 20).
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Albumin in the Uterus

Since serum albumin is a potent cholesterol acceptaro (Davis, 1981), the

guantity of albumin in the uterine fluid was examined. Te¢ected range of 6-108

mg/mL throughout the estrous cycle (Table. 2) should et for inducing sperm

capacitation.

Effect of SVS2 on Sperm Capacitation Induced by High Concemigatf Albumin

As described above, the quantity of albumin detected in thesuteceeded its
concentration in thein vitro capacitation medium (3-5 mg/mL; Davis, 1979)
considerably. Therefore, | examined the ability of SVS2 to supm@srm capacitation
in the presence of such high concentrations of bovine serwmal(BSA). First, |
confirmed that 100 mg/mL BSA do not influence sperm wvigbhiusing propidium
iodide as described in Chapter | (Fig. 21). Second, 100 mg##A.induced the same
level of capacitation as 5 mg/mL BSA (Fig. 22A). Third, thaygological
concentration of SVS2 in the uterus of 28 (Kawano and Yoshida, 2007) inhibited
sperm capacitation even in the presence of 100 mg/mL BSAZER). These results
indicate that SVS2 prevents sperm capacitation in the uteruskeepls sperm

incapacitated until they reach the oviduct.
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DISCUSSION

In this chapter, | showed that the distribution of SVS2the female
reproductive tract is restricted to the uterus and the UTJ. laisasshown that GM1 is
located along the uterine epithelium in estrus and seems to 8Y&2 on the uterine
wall. While there is plenty of albumin in the uterine fluidr f;ducing sperm
capacitation, SVS2 could suppress sperm capacitationro even in the presence of
high concentrations of albumin as detected in the uterine fllndse results indicate
that SVS2 inhibits sperm capacitation in the uterus, whaeeffect of SVS2 seems to
be excluded from the oviduct.

Since spermatozoa recovered from the oviduct possess neither riev 32
receptor GM1 (Kawano and Yoshida, 2007; Kawanal, 2008), the final event oh
vivo capacitation may be removal of GM1 from the sperm plasmabmnaem®. Indeed,
GM1 and SVS2 appear to be liberated from spermatozoa at the WHile the
mechanism of this release is not known, the UTJ seems ¢tdnras a checkpoint for
spermatozoa. When the sperm surface protein ADAM3 was disrapterCalmegir’,
Adam1d, Adam2", andAce” mice, spermatozoa could not migrate into the oviduct,
resulting in infertility (Yamagucheét al, 2009). As spermatozoa 8¥S2” mice cannot

enter the oviduct either (Kawarat al, 2014), these results indicate that the UTJ may
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recognize physiological and molecular characteristics of spermatozoshanadnly

spermatozoa with specific protein(s) can interact with the epithednd pass the UTJ.

In addition, the UTJ may be involved in the removal oflaooles from

spermatozoa. Spermadhesin AWN-1 localizes on spermatozoa asaninal plasma

and binds to the epithelium of the UTJ, while the ovidufitiid does not contain this

protein (Calveteet al, 1997). This indicates that seminal plasma components are

removed from spermatozoa in the UTJ. A previous study sholadGM1 binds to

SVS2 via electrostatic interactions between the two moleculeghanhtheir affinity to

each other changes depending on the pH (Kawanal, 2008). As the pH of the

oviductal fluid is higher than that of the uterine fluid iresbs monkeys and cattle

(Maaset al, 1977; Hugentobleet al, 2004), it seems possible that differences in

environmental conditions such as pH can mediate the releasklbfaGd/or SVS2 in

the UTJ, ensuring that only naked spermatozoa pass thtbegbTJ and enter the

oviduct.

Since high quantities of albumin were detected in the utealdgT2), sterol

liberators, which induce sperm capacitation, appear to be préseaghout the entire

female reproductive tract. Thus, in the female reproductive tract, spermatagoa

receive stimuli of opposite effects on sterols in their plasma mamban extracting
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effect by liberators and a protecting effect by SVS2. In the uteruS2 $i¢ts to inhibit
sterol extraction and to intercalate sterols into the sperm plagmdrane, resulting in
maintenance of sperm sterols. In the oviduct, the extracting stietiounts the effect
of SVS2, resulting in a decrease in sperm sterols. In other worgs,o capacitation
seems to be regulated not by a capacitation-inducing factobybat decapacitation

factor; SVS2 may be this factor regulating of sperm feriitityivo.
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Uterus Uterotubal junction Oviduct Oviduct (Magnified)

S2/DAPI

\b/DAPI

Figure 19. Immunolocalization of SVS2in the female reproductive tract.

SVS2 in the female reproductive tract at 1.5 h post-coitussteased with anti-SVS2
antibody (green). Images of nuclei stained with DAPI (blue)esogposed on the
immunostained images are shown in the lower panel. SVS&dritee uterus and the
UTJ region, but a very low amount entered the oviduct. Sgterna in the oviductal
isthmus (arrow heads) had no SVS2. No antibody stainingletasted in the controls.

Scale bar: 5@um.
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Proestrus Estrus
Metestrus Diestrus

Figure 20. Detection of GM 1 on the uterine epithelium.
Uteri of each estrous cycle stage were stained with FITC-CTB. Ajth@M1 localized
all over the tissue in the uterine tube, intense GM1 is@iaf the uterine epithelium

was only detected in estrus and not in proestrus, metestrdgstrus. Scale bar: 100

um.
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Chapter II

Estrous cycle Specimen# Albumin in the uterine fluid (mg/mL)

Proestrus

11.8
19.4
107.7

Estrus

6.1
19.4
6.5
97.8

Metestrus

9.3
8.8
49.6

Diestrus

W N =2 WM =2 WM =W =

14.7
90.7
56.0
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Figure 21. Evaluation of sperm viability.

Spermatozoa were stained with propidium iodide, and spernaatowith no

fluorescence were regarded as live. Data are shown as mean =3) (n

72



Chapter Il
100 ¢ % *
A * % % * * g s
80| * ¥

60 r

AR rate (%)

40|

20} {
0 |
BSA (mg/mL) 0 0.2 1 5 25 50 100

B 100 ¢ . %

80t

60 ¢

AR rate (%)

40 |

20 | ﬁ

Sl s EN N S
0. 1
+ +

BSA(mg/mL) 0 5 2 5 25 50 100
SVS2(20 uM) — - + + + +

Figure 22. Effects of SVS2 on sperm capacitation induced by high concentrations
of BSA.

Acrosome reaction (AR) rate induced by progesterone (gray bars)anyom (white
bars). (A) Sperm capacitation induced by various concentrationsowhe serum
albumin (BSA). (B) Effects of SVS2 on capacitation induced by uaredncentrations
of BSA. Data are shown as mean + SD. Asterisks indicate signifaifietences
compared with sperm incubated without BSA nor SSZ 0.01, Student'stest) (n =

3).
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Chapter I11

Function and possible participation of SVS3 and SV

In sperm capacitation
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ABSTRACT

Sperm capacitation in the female reproductive tract is essentmlafomalian

fertilization. Chapter | & 1l and our previous studies reported #®hinal vesicle

secretion 2 (SVS2) binds to ganglioside GM1 on the spéaema membrane to inhibit

sterol efflux accompanying sperm capacitation. Furthermore, SVS&gelas putative

cholesterol-binding domains that may be important for preventiregnsdertility

(decapacitation). While mousgvS2SVS6evolved by gene duplication and belong to

same gene family, the effects of SVSs other than SVS2 on sjagracitation have not

been elucidated. In Chapter Ill, | examined the effects of SVS3 ¥6d,Svhich are

highly homologous to SVS2, on capacitation. SVS3 shoavedffinity to spermatozoa

and SVS2 and facilitated the effect of SVS2 on sperm capacit&84 bound to

spermatozoa and inhibited capacitation. However, SVS3 and Sasdd not

decapacitate spermatozoa. Although SVS2 may interact witlestbodl, SVS3 and

SVS4 seem to show weaker affinities to cholesterol than S¥X8&&ordingly, SVS2

seems to be the main regulatorimfvivo capacitation, while other SVSs can also be

involved. The effect of SVSs on sperm capacitation may be deterfoyngebir ability

to interact with spermatozoa and cholesterol.
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INTRODUCTION

The function of mammalian spermatozoa is mediated by variale and
female factors. The seminal vesicle, one of the male reproducoessory glands,
plays an important role in sperm motility and fertility. Tieenoval of seminal vesicles
from mice results in a decline of fecundability (Panal. 1979; Kawancet al, 2014).
In human, the last portion of ejaculated semen is largely commdssetretions from
the seminal vesicle (MacLeod and Hotchkiss, 1942). A semensladig protein from
the seminal vesicle (Lilja and Laurell, 1984) was identifiecs@asenogelin (SEMG)
(Lilja et al, 1989; Lilja and Lundwall, 1992). SEMG suppresses speantility and
capacitation, making it a candidate for a decapacitation factor (d&drmlaet al,
2001). It is a member of a gene family encoding semen-coagufaiteins, and genes
of this family were found in various mammals such as mousadiall, 1996), rat
(Harriset al, 1990), and pig (lwamotet al, 1995).

In mouse, seminal vesicle secretions (SVSs) consist of sevem pmajeins
(Fawell et al, 1987). SVS2-SVS@enes are located on chromosome 2 (Fig. 23) and
belong to the REST (rapidly evolving seminal vesicle-transcribgehe family
(Lundwall and Lazeru, 1995; Lundwall, 1996), which are paralogeugs evolved by

duplication from a proteinase gene ancestor (Clauak 2005).
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SVSsevolve rapidly under selective pressure (Raetnal, 2009), indicating

their adaptability to various reproductive strategies acrossiesp Indeed, SVSs have

many functions in copulation and fertilization. SVS1-SVS3caaoss-linked with each

other by transglutaminase forming the copulatory plug @tiral, 2002). SVS1 is a

putative copper amine oxidase (Lundwetllal, 2003). SVS4 shows immunoregulatory

activity (Romano-Carratelet al, 1995). SVS5 and SVS6 may act as serine proteinase

inhibitors (Claus®t al, 2005). SVS7 enhances sperm motility (lat@l, 2001).

SVS2 is similar to SEMG (Kawano and Yoshida, 2007pwshg 55%

similarity in the 55 amino acids of the N-terminal region comitg a signal peptide.

Both SVS2 and SEMG atgsine-rich (SVS2, 10.4%; SEMG, 8:90.0%), highly basic

proteins (p values: SVS2, 10.68; SEMG, 9-4568). In addition, they inhibit sperm

capacitation, indicating their function as decapacitation factorgohtlusion, there

may be an evolutionary conserved regulatory mechanisgadcitation by seminal

vesicle proteins.

While SVSs are encoded by the same gene family, they havewéuiactions.

It is not known whether SVSs other than SVS2 acts as regutdteperm capacitation.

SVS3 and SVS2 compose the copulatory plug, and showamgho acid homology

(31%) to each other. Therefore, the effects of SVS3 on sperm capacghbuld be
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examined.SVS3includes SVS3aand SVS3b and the encoded amino acid similarity

between them is 98%. However, since the lysine content 885\9.1%) is the same

as that of SVS2 (9.1%) anglVS2localizes closer t&&VS3bthan to SVS3aon the

chromosome, | studied the effects of SVS3b (hereafter designat8dSs only). In

addition, SVS4 occupies a chromosomal location close to S¥i&®,the homology

between SVS4 and SVS2 is the next highest (21%) after SN&Rrdingly, | also

examined the effects of SVS4 on sperm capacitation.

In this chapter, | investigated inhibitory effects of SVS3 &MS4 on

capacitation and examined the affinity of SVS3 and SVS4 tarsgeroa. Finally, |

discuss the possibility of these proteins' participatian Wivo capacitation.
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MATERIALSAND METHODS

Preparation of Recombinant SVS Proteins

Recombinant SVS2 protein was produced as described in Chapter I.

Preparation of cDNAs encoding SVS3b (NCBI accession No.NM _77)38nd SVS4

(NCBI accession No.NM_009300) and expression of recombipaoteins were

performed as described in Chapter |. Proteins were expressedheitthioredoxin

(Trx)-tag, the Trx-tag itself has no effect on sperm capacitation (saaezh).

The purity of recombinant SVS3 and SVS4 proteins was chdukedestern

blotting with anti-SVS3 and anti-SVS4 antibodies, respebtivRabbit antiserum

against SVS3 was produced by Operon Biotechnologiesy¢ToBapan) by using

peptide antigen (amino acids 75-88 of SVS3b). Anti-SVS3 patl antibody was

purified by affinity column chromatography (HiTrap HNS-activatétP; GE

Healthcare) by using recombinant SVS3 protein as a ligand. Arfg84Sntibody was

generously provided by Dr. N. Kawano. The specificity of &bB3 and anti-SVS4

antibodies was evaluated by western blot analysis of semesatle fluid (SVF).

Electrophoresis of SVF, recombinant SVS3 and SVS4 by Lae8BD®-PAGE using a

10% (SVS3) or 18% (SVF and SVS4) (w/v) polyacrylamide gel, aedfadhowing

western blotting with anti-SVS3 antibody i(8/mL) or anti-SVS4 antibody (10g/mL)
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were carried out as described in Chapter I.

Evaluating Concentrations of SVSs in Ejaculate

Fluid collected from seminal vesicles was dissolved in Laesanhple buffer

(Laemmli, 1970) and boiled for 5 min. Samples were electrophoregdcadmmli

SDS-PAGE by using a 15% (w/v) polyacrylamide gel, with ibevserum albumin

(BSA) as the molecular weight standard. SVSs were densitometripaiytified by a

CS analyzer (ATTO, Tokyo, Japan).

Detection of SVS3 and SVS4 Proteins in the Female Reproddchge

Female mice aged 9-15 weeks (CD-1; Charles River Japan) were mdted wit

9-15-week-old male mice. Females were sacrificed at 1.5 h poss;caitd intratubular

fluids were collected by flushing the following parts of feenale reproductive tract

with PBS: the vagina, the uterine region near the vagina, the eitexgiion near the

oviduct, and the oviduct. Control samples were collected freseminal vesicle, the

copulatory plug and estrus-stage uterine fluid. The fluids wereptageid with acetone

and dissolved in Laemmli sample buffer. Western blottiri awnti-SVS3 or anti-SVS4

antibody was performed as described above.
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Sperm Capacitation Assay

To evaluate the effects of SVSs on sperm capacitationtro, spermatozoa

were isolated from the cauda epididymis of sexually mature male @ixd (9-15

weeks old), suspended in HTF medium containing 5 mg/mlA B®-4503;

Sigma-Aldrich), and incubated at 37°C in a 5%,@@nosphere for 2 h. SVS protein(s)

was added to the medium as indicated. Sperm capacitation whsted based on

acrosomal responsiveness to progesterone and ionomycin as desscGbegbter |.

Binding Assay of SVS3-GM1, SVS4-GM1, and SVS2-SVS3

Interaction between GM1 and SVS3/SVS4 was examined by a fsghéjtive

30-MHz quartz crystal microbalance (QCM; NAPICOS; Nihon Demmugywo Co.,

Tokyo, Japan). One channel of a sensor chip was coatedl Wit pmol SVS3 or

SVS4 dissolved in PBS (pH 7.4). The second channel of ahee sensor chip was

coated with 1,000 pmol Trx dissolved in PBS as a reference.s&hgor chip was

washed three times with PBS, placed into the chamber,sgerfwith PBS until the

frequency was stabilized, and blocked by perfusing twice withgimL Block Ace

(Dainippon Pharmaceutical Co., Osaka, Japan) dissolved $ BBbsequently, the

sensor chip was perfused with GM1 (2.5 nmol for SVS3; 5lifion&sVS4) dissolved in
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PBS, and the change of frequency was recorded. To evaluate tlegbafithity of

GM1 to SVS3/SVS4, the changes in the frequency of cumalaterfusion were

analyzed. All experiments were carried out at 25°C with a floeva&&0ul/min.

Interactions between SVS2 and SVS3 were examined by QCM, asbdds

above. One channel of a sensor chip was coated with 11800 $VS3 dissolved in

PBS. The second channel on the same sensor chip was cottetG@0 pmol Trx

dissolved in PBS as a reference. After washing, perfusion,laecokir, the sensor chip

was perfused with 100 pmol SVS2, and the change in frequessyecorded.

Affinities were evaluated by the Michaelis-Menten equation,féied curves

were obtained by calculating the average of five experiments. \auks dissociation

constantKy) and maximum binding amount&Nlna,) were calculated with NAPICOS

Analysis software (Nihon Dempa Kogyo Co., Tokyo, Japan).

Statistical Analysis

All experiments were repeated at least three times with differemidodls.

Data are expressed as mean = SD. Statistical significance was calculagedhas

Student's-test;P < 0.01 was considered statistically significant.
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RESULTS

Estimating Concentrations of SVSs in Ejaculate

To examine the functions of SVS3 and SVS4 in the female regtigd tract,

their concentrations in the uterus were estimated. The uterine caticeanbf SVS2

was estimated to be 2@V (Kawano and Yoshida, 2007). Providing that secretion

volumes of SVSs are directly proportional to their abundandbenseminal vesicle,

concentrations of SVS3 and SVS4 in ejaculate were estimated A8.5.3M and 30.0

* 6.5uM, respectively (n = 3).

Distribution of SVS3 and SVS4 in the Female Reproductive Tramt @fipulation

After copulation, SVS2 enters the uterus, but is rarely detestdte oviduct
(Chapter II). To examine whether SVS3 and SVS4 enter the female refwedwact
after copulation, | measured the quantities of SVS3 and SVS4 indttents of each
part of the female reproductive tract: the copulatory plug, thamaathe uterine region
near the vagina, the uterine region near the oviduct and thactvidestern blotting
using anti-SVS3 antibody showed no signals in the efeimale reproductive tract (Fig.
24), whereas the anti-SVS4 antibody showed a band oD&3rkthe vagina and uterus,

but not in the oviduct (Fig. 25).
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Effects of SVS3 on Sperm Capacitation

To examine whether SVS3 can regulate sperm capacitation, the effS8S®

on the induced acrosome reaction (AR) rate were evaluated. Erprassi purification

of recombinant SVS3 protein were analyzed using CBBR sta@nd western blotting

with anti-SVS3 antibody (Fig. 26A). As described in Chapteincubation of the

spermatozoa with 5 mg/mL BSA for 2 h increased the indudedsfte significantly

(Fig. 27A). Spermatozoa incubated with BSA and 10430 SVS3 showed no

difference in the induced-AR rates from the spermatozoa treated®&ahalone (Fig.

27A). When spermatozoa were treated with SVS2 after having been cagboitd2SA,

acrosomal responsiveness to progesterone or ionomycin was decreas@addidation

effect). However, SVS3 did not show this decapacitation effedpefmatozoa were

incubated with SVS3 after BSA-treatment, the induced-AR rate aidiecrease (Fig.

27B). These results indicate that SVS3 has neither capacitatibitingh nor

decapacitation effect.

Subsequently, | examined whether SVS3 can influence the eff&{%2 on

sperm capacitation. When sperm capacitation was induced in medintamning 20uM

SVS2 and 2@M SVS3, the reduction of the induced-AR rate was equal to spezozato

incubated with 2QuM SVS2 alone (Fig. 28A). However, while 10 SVS2 showed
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only a minor effect on the induced-AR rate (Fig. 28B) tlates of spermatozoa

incubated with BSA, 1@M SVS2, and 10-2@M SVS3 decreased significantly (Fig.

28B). These results indicate that SVS3 enhances the otyilgtfect of SVS2 on sperm

capacitation.

Effects of SVS4 on Sperm Capacitation

| examined whether SVS4 can regulate sperm capacitation. Expressio

purification of recombinant SVS4 protein were analyzed usin@RCBtaining and

western blotting with anti-SVS4 antibody (Fig. 26B). Theluced-AR rate of

spermatozoa incubated with BSA and 20-8M SVS4 decreased significantly

compared to the spermatozoa incubated with BSA alone (Fig. 29éyvever,

capacitated sperm treated with SVS4 did not show a reduced inducedtédRFig.

29B). These results indicate that SVS4 can inhibit sperm d¢apawibut does not have

decapacitation effect.

Interactions of GM1 with SVS3 or SVS4

SVS2 binds to ganglioside GM1 on the sperm plasma meaemabKy = 4.8 +

0.5uM; AMmax=972.2 + 35.1 ng; Kawanet al, 2008). To examine whether SVS3 and
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SVS4 have binding affinity to spermatozoa via GM1, interastibetween GM1 and

SVS3/SVS4 were evaluated by the QCM assay, yielding the folipresultsKy (GM1

to SVS3) = 94.1 + 25.[AM with AMmax= 808.3 + 74.9 ng (Fig. 30K ( GM1 to SVS4)

= 105.1 + 23.2uM with AMpax was 1599.7 £+ 206.8 ng (Fig. 31). In contrast, ke

value of GM1 to Trx was 285.8 + 5581 with AMpyaxwas 527.3 £ 86.5 ng. Thus, some

non-specific binding of GM1 to a negative control Trx was observetiwith much

lower affinity than that observed to SVS3 and SVS4. Thesetseasdlicate that GM1

has lower affinities to SVS3 or SVS4 than to SVS2.

Interactions between SVS2 and SVS3

Since SVS3 facilitated the inhibitory effect of SVS2 on speapacitation,

SVS3 may directly interact with SVS2. Thus, the interactionsédxst SVS2 and SVS3

were analyzed by the QCM assay, yieldingqsavalue (SVS2 to SVS3) of 1.4 + OudM

with AMpmaxwas 2395.9 + 646.5 ng (Fig. 32), tigvalue of SVS2 to Trx was 9.9 + 3.3

uM with AMpmaxwas 536.4 = 145.2 ng. As SVS3's affinity to SVSRigher than that to

GM1, SVS3 seems to interact more tightly with SVS2 than whth sperm plasma

membrane.
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DISCUSSION

SVS2 interacts with GM1 on spermatozoa to inhibit sperm capaaoitat

(Kawano and Yoshida, 2007; Kawaabal, 2008). In this chapter, | showed that SVS3

exhibits affinity to spermatozoa and SVS2 and facilitates thieitnty effect of SVS2

on sperm capacitatioin vitro. Intriguingly, SVS4 bound to spermatozoa and inhibited

capacitationin vitro, while it could not decapacitate them. Accordingly, SVSs can

regulate sperm capacitation in different manners.

Previous reports showed that SVS3 has a transglutaminase ckaosg-Bite

(Lin et al, 2002) and forms oligomers, including SVS1 and S\8agner and Kistler,

1987). While SVS3 has some similarities with SVS2 (Tab)eth® effect of SVS3 on

sperm capacitation was not known. In this study, | showatdSKWS3 directly interacts

with SVS2, apparently enhancing the inhibitory effect of SW8Xperm capacitation.

SVS4 was shown to suppress immune responses to cellutayeren in rat

(Romano-Carratellet al, 1995). My study revealed that SVS4 has a certain ioinybit

effect on sperm capacitation, indicating that SVS4 is partly waeblin protecting

spermatozoa from spontaneous capacitation in the uterus.

A decapacitation factor has two effects on sperm capacitation, yatnel

inhibition of capacitation and the elimination of fertility (d@acitation). The results
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indicate that these two inhibitory effects are caused by sepaatespes (Fig. 33).
Capacitation is inhibited by binding of the factor to the spg¢ozpa to inhibit sterol
efflux, decapacitation is attained by the factor interacting witlh spermatozoa and
sterols, resulting in intercalation of sterols into the sperm@Easembrane.

While SVS2 has seven cholesterol recognition/interaction damgtpand,
2006; Scolariet al, 2010), SVS3 merely has two cholesterol-recognizing domains
(Table. 4). This suggests that the affinity of SVS3 to chetekis lower than that of
SVS2. As my results show that SVS3 interacts with S\S&ams plausible that SVS3
exhibits its effects not by interacting with sterols directly lpiinteracting with SVS2.
SVS2 may inhibit sperm capacitation by binding to the spelasnm membrane,
reducing lipid rafts fluidity. This effect might be enhanced W8S, intensifying the
interaction between SVS2 and spermatozoa.

SVS4 has no cholesterol recognition/interaction domain (Tdplesuggesting
that SVS4 cannot interact with sterols. Accordingly, SV3ghimot have decapacitated
spermatozoa due to its incapability of retrieving sterolfiéosperm plasma membrane.
The concentration of SVS4 in seminal vesicle fluid is theesamthat of SVS2, and
SVS4 is detected in the uterus after copulation. These resultstedhat SVS4 is a

complementary factor to SVS2, which may participate in the regolatf in vivo
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capacitation.

Since SVS3 and SVS4 had considerably lower affinity to GMfh 8VS2, it is
possible that they have weak interactions with the sperrmplasembrane mediated by
GM1. While SVS2 has a positive charge, which seems to be conderir@éracting
with GM1, the isoelectric point of SVS4 is lower than thia®¥S2. Thus, SVSs may be
able to bind to molecules other than GM1 on the spermatozoagidate sperm
capacitation. Comprehensive interaction between SVSs and the speEransiould be
evaluated in the future.

The results of the present study suggest that sperm capecisainhibited not
only by SVS2, but that other SVSs, at least SVS3 and4)\&/ a role in the process.
Since SVSZ mice show male infertility (Kawan@t al, 2014), the main factor
regulatingin vivo capacitation may be SVS2, but it seems possible that oigs S
support this regulation. In human, semenogelin (SEMGpragses sperm motility and
capacitation (de Lamirandet al, 2001). Although mouse SVS2 shows considerable
homology with SEMG, SVS2 does not inhibit sperm nigtil(data not shown).
Interestingly, the chromosomal region occupiedSEMGin human is substituted for by
SVS2SVSan mouse (Fig. 23; Clausg al, 2005), suggesting that SVSs substitute for

the function of SEMG. Therefore, the roles of other SVSs inreégalation of sperm
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function including capacitation should be elucidated.

While | showed roles of SVS3 and SVS4 on sperm capacitatitims study,

the male reproductive tract and seminal plasma may contain other ciestagafactors.

Although it is unknown whether all factors functionvivo, spermatozoa have to shut

their effects down to acquire fertilizing ability eventually. | aantigularly interested in

the mechanism guaranteeing reliable capacitation, which witidslite a mystery of

mammalian fertilization and contribute to assisted reproductivadémiies.
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Figure 23. Schematic illustration of SVSloci in mouse and SEMG loci in human.
Arrows show approximate locations and transcriptional oriemsitiof genes.
SVS2-SVSére located on chromosome 2, belonging to the same geng. fAEWUGis
located on chromosome 20, containBEMGlandSEMG2 The figure was based on

Clausset al., 2005.
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Figure 24. Detection of SVS3in the female reproductive tract after copulation.

After copulation, intratubular fluids were collected from the vadip the uterine
region near the vagina (Uv), the uterine region near the dv{tie, and the oviduct
(O). Samples were also collected from the seminal vesicle (S\&}apulatory plug
(CP), and the uterine fluid of virgin females in estrus to $exwas controls (NC). The
distribution of SVS3 was analyzed by immunohistochemisith anti-SVS3 antibody.
SVS3 was detected in SVF and CP (arrow head), while no siyea¢sobtained in the

entire female reproductive tract.
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Figure 25. Detection of SV$4in the female reproductive tract after copulation.

After copulation, intratubular fluids were collected from the vadivip the uterine

region near the vagina (Uv), the uterine region near the dv{tie, and the oviduct

(O). Samples were also collected from the seminal vesicle (S\&}apulatory plug

(CP), and the uterine fluid of virgin females in estrus to ke wontrols (NC). The

distribution of SVS4 was analyzed by immunohistochemisith anti-SVS4 antibody.

SVS4 was detected in SVF, CP, V, and the uterus (arrow hetddbin the oviduct.
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Figure 26. Wester n blotting of recombinant SVS3 and SV $4 proteins.

Seminal vesicle fluid (SVF), purified recombinant SVS3 (A), &8MS4 (B) were
analyzed by SDS-PAGE and western blotting with anti-SVSB qAanti-SVS4 (B)
antibody. Proteins were also stained with CBBR. (A) SVS3Vik &nd recombinant
SVS3 protein were detected at 35 and 50 kDa, respectively (ciosmaheads). (B)
SVS4 in SVF and recombinant SVS4 protein were detected aanti4 35 kDa,

respectively (open arrowheads).
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Figure 27. Effects of SV S3 on sperm capacitation induced by BSA.

Acrosome reaction (AR) rate induced by progesterone (gray bars)amnyom (white

bars). (A) Sperm capacitation induced by BSA in medium cantaib0-30uM SVS3.

(B) Effect of 20uM SVS3 on capacitated spermatozoa. Data are shown as mean + SD.
Asterisks indicate significant differences compared with the spermaiozahated

without BSA and SVS3R < 0.01, Student'stest) (n = 3).
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Figure 28. Cooper ative effects of SV S2 and SV S3 on sperm capacitation.

Acrosome reaction (AR) rate induced by progesterone (gray bars)amnyom (white
bars). (A) Sperm capacitation by BSA was induced in mediurtaitong 20uM SVS2

and 20uM SVS3. (B) Sperm capacitation induced by BSA in medium coinigil0

uM SVS2 and 10-2@M SVS3. Data are shown as mean + SD. Asterisks indicate
significant differences compared with the spermatozoa incubated wBSA, SVS2,

and SVS3P < 0.01, Student'stest) (n = 3).
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Figure 29. Effects of SV$4 on sperm capacitation induced by BSA.

Acrosome reaction (AR) rate induced by progesterone (gray bamshamycin (white
bars) was evaluated. (A) Sperm capacitation induced by BSA in mechataining
10-30 uM SVS4. (B) Effect of 20uM SVS4 on capacitated spermatozoa. Data are
shown as mean * SD. Asterisks indicate significant differences compattedhe

sperm incubated without BSA and SV3< 0.01, Student'stest) (n = 3).
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Figure 30. Theinteraction between GM1 and SV S3.

GM1 was continuously added to quartz-immobilized SVS3 édosircles) or

thioredoxin (Trx; open circles), and their interaction was evaluadbgd the

Michaelis-Menten equation. Fitted curves (solid, SVS3; dashieg were obtained

from five experiments. The affinity of GM1 to SVS3 is signifitarifferent from that

to Trx.
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Figure 31. Theinteraction between GM1 and SV34.

GM1 was continuously added to the quartz-immobilized SV8dséd circles) or
thioredoxin (Trx; open circles), and their interaction was evaluadbgd the
Michaelis-Menten equation. Fitted curves (solid, SVS4; dashieg were obtained
from five experiments. The affinity of GM1 to SVS4 is signifitarifferent from that

to Trx.
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Figure 32. Theinteraction between SVS2 and SV S3.

SVS2 was continuously added to the quartz-immobilized SWE%€d circles) or

thioredoxin (Trx; opened circles), and their interaction was uatetl by the

Michaelis-Menten equation. Fitted curves (solid, SVS3; dashieg were obtained

from five experiments. The affinity of SVS2 to SVS3 is sigmifitly different from that

to Trx.
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Protein SV§S1 SVS2 SVS3a SVS3b
Chromosomal location Chré Chr2 Chr2 Chr2
Amino acids (bps) 820 375 265 265
Molecular weight (kDa) 93.5 40.9 29.9 30.0
Lysine content 10.4% 91% 71% 9.1%
pl 8.98 9.89 9.39 9.37
Amino acids similarity against SVS2 11% — 31% 31%
Forming copulatory plug Yes Yes Yes Yes
REST gene family No Yes Yes Yes
No. of cholesterol binding domain 7 7 1 2
Putative function  Cu amine oxidase Decapacitation factor
Protein Svs4 SVS5 SVS6 Svs7
Chromosomal location Chr2 Chr2 Chr2 Chr9
Amino acids (bps) 113 122 99 99
Molecular weight (kDa) 12.5 13.0 11.5 111
Lysine content 7.1% 5.7% 10.1% 10.1%
pl 8.03 9.52 5.54 8.93
Amino acids similarity against SVS2 21% 18% 16% 10%
Forming copulatory plug No No No No
REST gene family Yes Yes Yes No
No. of cholesterol binding domain 0 0 1 2

Putative function

Immune regulation

Serine proteinase inhibitors

Enhancing sperm motility
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Figure 33. Interaction between spermatozoa, SVSs, and cholesterol in sperm

capacitation.

SVSs show two-way interactions in sperm capacitation. The fagtisvan interaction

with the sperm plasma membrane via GM1, which may be pedsable for the

inhibition of sperm capacitation. The second way is an interagtith cholesterol via

cholesterol-interacting domains, which may be required for decapacitaw@? shows

both interactions. SVS3 shows a stronger interaction with23%&n with spermatozoa

and cholesterol, exerting a facilitating effect on SVS2. SVS4 cme interact with

cholesterol but interacts with spermatozoa, providing arbiidm of capacitation but

no decapacitation.
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Table 4. Putative cholesterol recognition/interaction domainsin SVSs.

Name  Position Sequence

SVS&1 124 VEAQ
250
415
999
655 LD
725
797 LQP
SVS2 30
138
196
212
240
264
340

SVS3a 123

SVS3b 123
156

SVS4 —
SVS5 -
SVS6 49

SVS7 59 \
79
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CONCLUSIONS and PERSPECTIVES

In the present thesis, | studied the role of SVSs proteispanm capacitation
in mice. | have shown here that SVS2 maintains the steveld in the sperm plasma
membrane to keep the spermatozoa in an incapacitated statesf@noatozoa without
SVS2 undergo ectopic sterol efflux vivo, SVS2 must be a key factor that maintains
sperm sterols and their fertilizing ability. | have also shdvat §VS2 is prevented from
entering the oviduct where sperm capacitation occurs. Thus, my sididgtes that
SVS2 is not only an inhibitor but also a regulator of speapacitation. Although SVS2
seems to be the main player in sperm capacitation, SVS3 a8d &ypear to be also
partly involved in the process.

Interestingly, removal of the seminal vesicles causes complete ityfeviihile
SVSZ mice show a decrease in litter size (Kawaetoal, 2014). Furthermore,
spermatozoa treated with SVSs have thicker coatings than speoadteated with
SVS2, which may contribute to protection against utemrsred cytotoxic factors
(Kawanoet al, 2014). Previous reports have shown Be62SVS6are derived from
one ancestor gene (Clauss al, 2005) and evolved rapidly to adapt to various
reproductive strategies (Ramen al, 2009). Thus, while | showed roles of SVS3 and

SVS4 on sperm capacitation in this study, SVSs other th& 3vay have some roles
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in sperm fertility and protection. Comprehensive functional arsabfsSVSs will make
us understand the significance of SVSs.

Several proteins suppressing sperm capacitation have beeifigdeint the
epididymis and the seminal vesicles (Yoshétlal, 2008). Some of those proteins also
prevent cholesterol efflux from the spermatozoa. For example, dglineS, a
glycoprotein secreted from the seminal vesicles, inhibits thecitapan of the human
spermatozoa by reducing the efflux of cholesterol and down-reguldis adenylyl
cyclase/protein kinase A/tyrosine kinase signaling pathway u(@ti al, 2005).
Moreover, SERPINEZ2, a serine protease inhibitor, is expressbé seminal vesicles
(Vassalliet al, 1993) and it inhibits cholesterol efflux in the muripesnatozoa (Let
al., 2011). InterestinghSERPINEZ mice show loss of SVS2 and yield male infertility,
suggesting that SVS2 is degraded by a prot@aseer et al, 2001). Sincé&SVSZ mice
showed the same phenotype as $ERPINEZ mice, SVS2 can be said to play an
important role in sperm fertility Although it is not known whether all potential
decapacitation factors functiom vivo, the induction of sperm capacitation may require
the decontrol of multiple decapacitation factors. These nhellsipstems that guarantee
reliable sperm capacitation are my areas of interest.

Since sperm capacitation is a complex phenomenon in whialg signaling
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pathways are intricately intertwined, the molecular mechanismsestilin elusive. My
study showed than vivo sperm capacitation is regulated by the dynamic changes of
sterol levels in the sperm plasma membrane, which is mediate@M82 and
capacitation-inducing factor(s). Hitherto, factors inducing sperm cagiacithave been
intensely investigated. However, considering that capacitataurcing factor(s) seem

to exist in the entire female reproductive tract (ChaptemiNjvo capacitation seems to

be triggered not by the induction with inducing factor(s)t by suppressing the
function of decapacitation factors. Therefore, SVS2 is the key faetprdating the
sperm's fertilizing ability as it is able to control the intidm and the induction of sperm
capacitatiorin vivo.

Considering the current scientific knowledge, | propose the follpwodel of
in vivo sperm capacitation (Fig. 34): after mating, mouse spermatozoaabathigh
sterol levels enter the uterus. The ejaculated semen contains &\53VS2 attaches
to the postacrosomal region of the spermatozoa via GM1 (Kawano ahtdap2007;
Kawano et al, 2008). While there are some capacitation-inducing factach as
albumin in the uterus, the sterol levels in the sperm plasm#na@e are maintained by
SVS2. When sterol is released from the sperm plasma memdithae spontaneously

or through the function of capacitation-inducing factors, Sx52eves free cholesterol,
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resulting in maintaining spermatozoa in an incapacitated $tten spermatozoa enter
the oviduct, both GM1 and SVS2 are detached from the spermateadiang to the
capacitation of oviductal spermatozoa by the capacitation-inducing fdatathis
process, there are two indispensable steps for the accomplishmemnturofe
fertilization: (1) the inhibition of capacitation in inappropeaites, which is mediated
by decapacitation factors, (2) the induction of capacitatiorebyoving decapacitation
factors and GM1, a possible wedge of lipid rafts. There must beamisais assuring
the precise occurrence of both events and their elucidation wallug more insight into
the mammalian fertilization process.

In the present thesis, | focused on sterol liberators ssctalbumin and
methyl{$-cyclodextrin which seem to be needed for sperm capacitation. lowev
factors other than sterol liberators are also required for capacitéiorexample,
bicarbonate is essential for sperm capacitation (Boatman and RoOD%).
Bicarbonate induces tyrosine phosphorylation of sperm proteins trigger
hyperactivation accompanied by sperm capacitation (Visainél, 1999b), and the
oviductal fluid has a high concentration of bicarbonate (Okaeuab, 1985; Foley and
Williams, 1991). Thus, the effect of bicarbonate on the regulaiicsperm capacitation

should be elucidated in the future.
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Since | studied the function of secretory proteins from thensgmesicles in
mice, | am interested in whether these findings can be appliether species. Some
reports have shown a relationship between the seminal vesidédsrglity in humans.
An insufficient volume of ejaculate, caused by an abnormafithe seminal vesicles,
may be related to infertility (Lotet al, 2012). While ejaculated spermatozoa of normal
healthy men have little semenogelin (SEMG), ejaculated spezoeatoof
asthenozoospermic patients have more SEMG, suggesting ithatldated to infertility
(Teraiet al, 2010). Thus, the seminal vesicles in humans may hawsilar relation to
fertility as in mice. Interestingly, a number of carnivores suctaés and dogs have no
seminal vesicles. In dogs, sperm capacitation is induced ylmpsgiminoglycans that
exist in the uterine and oviductal fluid (Kawakagtial, 2000), suggesting that sperm
capacitation in dogs may be regulated by factors other than SV@&mprarherefore,
elaborate studies should be done to understand the regulatechanisms of
capacitation in different species.

My study showed that proteins secreted from the seminal @ssieulate
sperm capacitation actively and coordinately, which can accourtdaignificance of
seminal vesicles and their secretions in mammals. | hopestindly contributes to the

understanding of the beginning of our life-mammalian fertilization
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Figure 34. Working hypothesisfor in vivo sperm capacitation regulated by SV S2.

In the uterus, SVS2 attaches to spermatozoa via GM1 andesspp efflux of sterols
such as cholesterol (Ch) to inhibit sperm capacitation. Whaols are occasionally
released from spermatozoa, SVS2 retrieves them to the sperm pi@snimane. In the
oviduct, SVS2 and GM1 are detached from spermatozoa. Thisaadsterol efflux,

resulting in sperm capacitation.
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