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ABSTRACT

Nitric oxide (NO) generation by nitric oxide syn#iga (NOS) is implicated in gamete
interaction and fertilizationln vitro studies were undertaken to assess the abilityuofam
sperm and cumulus cells (surrounding the oocytgetwerate NO, investigate the mechanism
of action of NO, the NO-mediated [€h signalling pathways, the possible interaction of NO
with progesterone (a product of cumulus) and itpant in the regulation of human sperm

functions.

Immunofluorescent staining revealed constitutiveSN® human cumulus. DAF-FM diacetate
staining demonstrated NO production by cumulusceéluman sperm exposure to NO donors
caused mobilization of stored €dy a mechanism not requiring guanylate cyclaseatiin
but mimicked by S-nitrosoglutathione (GSNO; an Besylating agent). Dithiothreitol
application, to reduce protein —SNO groups, rapidiyersed the actions of NO and GSNO on
[Ca?]i. The effects of NO, GSNO and dithiothreitol ontein S-nitrosylation, assessed using
the biotin-switch assay, closely paralleled theitians on [C&'];. Progesterone mobilizes
stored C4&' in human sperm, by a mechanism involving ryanodéeeptor (RyR) activation.
Pre-treatment with NO reduced the amplitude of @#" response to ryanodine (a RyR
agonist), suggesting convergence of the actiond®@fand ryanodine. Sperm pre-treatment
with NO greatly enhanced the progesterone effedCafi’];, causing a prolonged increase in
flagellar excursion. We conclude that NO regulatesbilization of stored Ca in human
sperm by protein (possibly RyRs) S-nitrosylatidmattthis action is synergistic with that of
progesterone and that this synergism is potentlatiyly significant in gamete interactions

leading to fertilization.
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Foreword to Chapter One

This chapter summarises the recent progress tediden made in understanding the complex
series of activities that spermatozoa must perfrrertilize the oocyte. Emphasis is placed

on regulation of these actions by calcium ions?{anitric oxide (NO) and progesterone.



1.1 Semen

Ejaculated spermatozoa are suspended in semindl dhd spermatozoa constitute only a
small part of the semen, from 1% to 5% of the tetdlme (Mortimer, 1994). Seminal fluid

is a mixture of components generated by distinehd$. These components are incompletely
mixed during ejaculation and therefore the iniggculate is not a completely homogeneous
mixture. Approximately 5% of the ejaculate, thesffiportion, is made up of secretions from
the Cowper (bulbourethral) and Littre glands. Theosid portion of the ejaculate, from 15%
to 30% of it, originates from the prostate. Smailhttibutions of the ampulla and epididymis
then follow and, at last, of the seminal vesicleat tcontribute to the remainder and majority
of the ejaculate (Polakoskt al., 1976;Mann and Lutwak-Mann, 198 offey, 1995). The
acid phosphatase, citric acid, inositol,*Cainc and magnesium present in the ejaculate are
mainly contributed by the prostate. The contribuitod the seminal vesicles is rich in fructose,
ascorbic acid, and prostaglandins, whereas thernitoee and neutral alpha-glucosidase
concentrations are indications of epididymal fumicti(WHO Manual, 1999). A minute
portion of the fructose found in the ejaculate desifrom the ampulla of the ductus deferens

(Owen and Katz, 2005).

1.2 Mammalian sper matogenesis

The purpose of spermatogenesis is to establish naaititain the production of totally

differentiated sperm, which in eutherian mammaitgyes from >200 million per ejaculate in
humans to 2-3 billion per ejaculate in bulls (Sstoy and Manandhar, 2006). This huge
sperm production requires the unique architectdr¢he seminiferous epithelium, a self-

contained system, well isolated from the bloodastre permitting only selective uptake of



paracrine factors. Also exclusive to the reprodictsystem and germ line is that it is
relatively quiescent and not fully differentiatedtili the onset of puberty (Sutovsky and
Manandhar, 2006). At birth, the primordial germis&h the seminiferous tubules became the
non-proliferative A-type spermatogonia that areotnglly quiescent until the peri-pubertal
period. The augmented production of gonadotropitniomes then stimulates a huge mitotic
proliferation of A-type spermatogonia, parallelegtbsticular descent and differentiation of
A-type into B-type spermatogonia able to enter msisioSpermatogenic stem cells undergo
perpectual renewal to maintain sperm production.AAtype spermatogonium can commit
either to differentiation or to renewal. Continuamerm production is sustained throughout
the reproductive lifespan of eutherian mammals radailne rate of hundreds of millions per
day. That enormous proliferation and differentiatizeeds a certain level of quality control

that is achieved by programmed cell death or amip{&inha Hikim and Swerdloff, 1999).

The unique architecture of the seminiferous tulaiferds the seminiferous epithelium with
the supply of required nutrients combined with latree autonomy from the body’s immune
defence, maintained by blood-testis barrier. THaulel is effectively divided into basal and
adluminal compartments. The basal compartmentusded on its outer side by the basement
membrane with A-type spermatogonia directly adjacen this membrane and B-type
spermatogonia which may only poorly contact theebsnt membrane. The basal pole of
Sertoli cells extends into this compartment. Thabltestis barrier, formed by intricate cell-
cell junctions between adjacent cytoplasmic prapest of Sertoli cells (Johnson and
Boekelheide, 2002a; b), forms the upper limit ok tbasal compartment. Primary
spermatocytes penetrate this barrier and enteadhaninal compartment where meiosis and

spermiogenesis occur (Sutovsky and Manandhar, 2006)



Continuous differentiation and renewal of male gexalis is required for spermatogenesis.
Renewal is assured by the successive mitotic dissof the spermatogenic stem cells and
spermatogonia, referred to as proliferative phabés implies two different fates for a germ
cell, either it undergoes mitosis to duplicatelftee it enters meiosis to differentiate into a
sperm cell. This later stage is referred to as tirephase. Temporally, these two phases can
either be viewed as concomitant or sequential.i@patthe proliferative phase occurs in the
basal compartment rich in nutrients, whereas tHéerdntiating cells in the adluminal
compartment are protected from immune defence bybtbod-testis barrier (Sutovsky and

Manandhar, 2006).

The haploid phase stands out within the contexdpeirmatogenesis as this is when the germ
cells acquire unique sperm accessory structuregiregtjfor the detachment of these cells
from the seminiferous tubules, acquisition of femithg potential, transit through the female

reproductive tract and oocyte fertilization. Thastl part of spermatogenesis can be divided
into spermiogenesis, during which the haploid spicth generates sperm accessory
structures, and spermiation, a process during wiielremnants of germ cell cytoplasm are
rejected and the totally differentiated sperm detdiom the seminiferous epithelium

(Sutovsky and Manandhar, 2006).

During spermiogenesis, a somatic cell-like, butlbigp round spermatid transforms into a
highly specialized sperm cell capable of acquirimgpgressive motility and fertilizing
potential. Such an extensive remodelling processis the biogenesis of novel, transient or
permanent, accessory structures to be synchromigadthe remodelling, reduction or total
degradation of most spermatid organelles. Thisireguhe transcription, translation and pos-
translational modification of numerous constitutisad germ cell-specific gene products

during the early steps of spermiogenesis (Dadatiaé, 2004; Eddy, 2002; Kleene, 1993).



At the organelle level, formation of sperm accegssiructures includes the derivation of
acrosomal cap/acrosome from the Golgi (Morenal., 2000), the incorporation of spermatid
cytosol into sperm head skeleton, the perinucleeca (Oko, 1995) and the development of
the sperm axoneme with outer dense fibers (ODFd) fdmmous sheath (FS; Oko, 1998).
Shaping of the sperm head and nuclear hypercontiemsae accomplished by removal of
histones, which includes their sequential displaa@mby transitional proteins and
replacement by protamines (Meistriehal., 2003). The spermatid centrosome, composed of
two perpendicularly opposed centrioles and a hélmicrotubule-nucleating pericentriolar
material, is reduced to a single, proximal cengriof a mature sperm cell, embedded in a
dense mass of capitulum (Sutovskyl., 1999a), which is achieved by the degradation ef th
distal centriole once it assists growing the axaaemicrotubule doublets (Manandheiral .,
1998). About a half of spermatid mitochondria aegected during spermiogenesis and the
other half acquire a reinforced outer mitochondrnambrane, the mitochondrial capsule
(Cataldoet al., 1996), being rearranged into a helical mitoch@idheath (MS). The sperm
nuclear envelope is reduced but not totally remogedng spermiogenesis, as its nuclear

pores complexes are removed during elongation@hsatids (Sutovskegt al., 1999b).

Throughout spermiogenesis, the germ cells remaoncested with Sertoli cells by cell-cell

junctions and with each other by cytoplasmic brgdg8permiogenesis is terminated at
spermiation, when totally differentiated sperm dbt&rom each other and from the apical
surface of seminiferous epithelium and go through seminiferous tubule lumen to the rete

testis (Fig. 1.1; Guraya, 1995).
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Fig. 1.1. Schematic representation of mammalian spermatogenes

1.2.1 Regulation of spermatogenesis

Spermatogenesis is regulated by the secretion gbthglamic gonadotropin releasing
hormone (GnRH) that stimulates the pituitary glaiod secrete the follicle stimulating
hormone (FSH) and luteinizing hormone (LH; McLachl2000). LH is believed to be
primarily responsible for stimulating testosteraexretion by Leydig cells localized in the
testicular stroma (Sutovsky and Manandhar, 20@65%. likely that testosterone and FSH are
both required to initiate spermatogenesis (Weinbaua Nieschlag, 1998) and that FSH

stimulates spermatogenesis by interacting withpters present in Sertoli cells (Baird, 1999).



1.3 The sperm cell

Mature sperm are fully differentiated, specializzdl compartmentalized cells (reviewed by
Naz and Rajesh, 2004). The spermatozoon is compoted sperm head and a tail or
flagellum, covered by a plasma membrane (see FR). The rodent sperm head is hook-
shaped, whereas ungulate, carnivore and primatenspeads are spatula-shaped. A major
distinction between ungulate and rodent spermaddtal absence of a sperm centrosome and
centrioles in the rodents, as opposed to a redfoced of centrosome with a single proximal
centriole in the ungulates. All eutherian mammadiare the other general features of the

sperm head and tail, as described below (Sutovs#tyMeanandhar, 2006).

Acrosome A 4

Nucleu

RNE
Droplet — 3.5um

4-5 um

> <

4 Mid-piece

(with mitochondria)

Principal pieC\

> <

50-60 um

Flagellum

v End piece\ i
t 3 um

Fig. 1.2. Sperm cell structure.



From the inside-out, the sperm head is constitligda nucleus, in which the DNA
condensing core and linker histones have beenafiarteplaced during spermiogenesis by
protamines, positively charged DNA proteins thaalda nuclear hypercondensation into a
compact, hydrodynamic shape permissive of spernilim@nd penetration through the egg
vestments (Brewesat al., 2002; Dadoune, 2003). The nucleus is coveredigglaced nuclear
envelope, from which the nuclear pore complexe lmen removed during spermiogenesis,
except for the redundant nuclear envelopes (RN&s)d in some species at the base of the
sperm nucleus (Ho and Suarez, 2003). Sperm nudem®tected by the perinuclear theca,
forming a rigid shell composed of disulfide (SS)nbestabilised structural proteins
amalgamated with various other proteins (Oko, 198pgrm perinuclear theca can be divided
into three segments that mirror three segmenteesperm head and serve unique functions
during fertilization. The subacrosomal layer unigsrlthe acrosomal segment of the sperm
head, and functions to anchor the acrosome, a @eliyed vesicle that forms a cap on the
proximal hemisphere of the sperm head and havegses and receptors needed for sperm
interaction with the oocyte zona pellucida. Theeinand outer acrosomal membranes hold
inside a dense acrosomal matrix containing thostepses that are believed to digest a
fertilization slit in the zona (reviewed by Gert@902; Yoshinaga and Toshimori, 2003). The
equatorial segment is a folded-over complex ofmerlear theca, inner and outer acrosomal
membranes, which carries receptors involved initit&al binding of the sperm to the egg
plasma membrane, once the fertilizing sperm celepates through the zona and reaches the
perivitelline space. The postacrosomal sheath asight to have a complex of signalling
proteins collectively named SOAF, or the sperm bpaoocyte activating factors (reviewed by

Sutovskyet al. (2003)).
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The four major ultrastructural subdivisions of tegellum have been well described (see
Fig.1.3). These are the connecting piece, the nadep the principal piece and the end-piece
(Fawcett, 1975). The connecting piece is the shodst proximal portion of the flagellum
that attaches to the implantation fossa of theeugin the sperm head. From the remnant of
the centriole at this point, the axoneme extendsutfhout the length of all subdivisions of
the sperm flagellum. The axoneme consists of a mfignine microtubule doublets
surrounding a pair of microtubules in the centegion. Inner and outer dynein arms project
from each of the outer doublets, these arms ba&sgansible for generating the motive force
of the flagellum. Nine radial spokes, each derivirogn one of the outer microtubular doublet
pairs, extend inwards towards the central pair inehcal fashion (Clermongt al., 1990;

Fawcett, 1975).

The mid-piece is the next most proximal flagellartn. The mid-piece presents nine ODFs
surrounding each of the nine outer axonemal mitndidoublets, and a MS that encloses the
ODFs and the axoneme. The ODFs extend througheumild-piece and into the principal

piece of the flagellum. The MS is restricted to thigl-piece. The end of the mid-piece and
the start of the next flagellar portion, the prpadi piece, are marked by the annulus (Turner,

2006).

At the start of the principal piece, the MS terni@saand two of the ODFs are replaced by the
two longitudinal columns of the FS. The FS columuns the length of the principal piece and
are stabilised by circumferential ribs that surtime ODFs. The FS is the only structure that
is restricted to the principal piece. The ODFs BBdtaper and eventually end, as the principal
piece nears its termination. The end-piece is bwetderminal portion of the flagellum and

has only the axoneme surrounded by the plasma naembr(Turner, 2006).
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Axonemes are highly conserved in all ciliated dadédllated eukaryotic cells. The ODFs, MS
and FS are accessory structures that are excltsitree mammalian spermatozoa flagellum

(Turner, 2006).
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Fig. 1.3. Sperm flagellum structure.

The sperm nucleus is highly condensed. Spermatamogenerally believed to be devoid of
any major transcriptional and translational acgiviguch that post-translational modification
events are central in regulating sperm functionaz(fdnd Rajesh, 2004). Sperm DNA is
highly packed and consequently not accessible remstription and sperm are generally
considered not to have the necessary equipmemrésein translation (Lucoret al., 2004).
Moreover, sperm undergo alterations in their fioral ability during maturation in the

epididymis, capacitation (see section 1.7) in thendle reproductive tract and fertilization
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(see section 1.6). Those alterations must be achieved by modifications of aready existing
proteins rather than modification in gene expression, and can be regulated by signals from the

sperm environment or may arise spontaneously (Ford, 2004).

However, it has been reported that trandation of nuclear-encoded MmRNAs by the
mitochondrial ribosomes is a phenomenon that occurs in mature sperm, opening up the
possibility for an aternative trandation pathway in other cells. Further research is needed to
understand the cellular mechanisms involved if the trandlation is intramitochondrial. Though,
the possibility for extramitochondrial translation cannot be excluded. A number of articles on
somatic cells and sperm indicate that mitochondrial translation machinery components exist

outside the mitochondria (reviewed by Gur and Breitbart (2008)).

1.4 The oocyte

The ovulated oocyte (Fig. 1.4) is surrounded by a hyaluronic acid-rich layer of cumulus cells.
Though the cumulus is the first egg vestment to be penetrated by the spermatozoon,
remarkably little is known about this process. The cumulus oophorus comprises two distinct
structures, an outer cell layer/mass (cumulus cells) and an inner cell layer (corona radiata),
both of which secrete steroids (Laufer et al., 1984; Osman et al., 1989), and proteins (Tesarik
et al., 1988). The cells of the human corona radiata are contiguous with the zona pellucida and
pass through it. Corona cells have many gap junctions with each other and the oocyte,
allowing propagation of Ca** signals and molecules. These gap junctions are known to be
important in signalling during oocyte growth (Mattioli and Barboni, 2000; Motta et al., 1994,

1995). The links between the oocyte and the cumulus are believed to be reduced or totally lost
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at ovulation (Gregory et al., 1994; Motta et al., 1994; 1995), but the cumulus cells still have
projections running throughout the zona pellucida to near the oolemmal surface (Motta et al.,
1994). It appears likely that passage through the cumulus mediates or prepares sperm for
acrosome reaction (section 1.8; Tesarik et al., 1988). Another function of the cumulus-corona
may be selection or removal of sperm. Corona cells and leukocytes, which are present
throughout the cumulus, appear to phagocytose abnorma and/or supernumerary sperm
(Nottola et al., 1998). Moreover, the cumulus oophorus and follicular fluid have been
demonstrated to influence and maintain the movement characteristics in subpopulations of
human spermatozoa in ways that may be significant for penetration of the cumulus (Mendoza
and Tesarik, 1990; Tesarik et al., 1990). Upon penetration of the cumulus mass, sperm bind to
the zona pellucida, a thick, highly glycosylated protein matrix, secreted during oogenesis,
which surrounds the oocyte. Zona pellucida functions include prevention of polyspermy,
embryo protection prior to implantation, blockade of heterospecific fertilization, and

regulation of endocrine profiles during folliculogenesis (Y anagimachi, 1994a).
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Fig. 1.4. Oaocyte structure.
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1.5 Transport of sperm

Passage of spermatozoa through the female reproductive tract is regulated to maximize the
chance of fertilization and ensure that sperm with vigorous motility and norma morphology

will be the ones to succeed (Suarez and Pacey, 2006).

Oocytes are generaly fertilized within hours of ovulation (Austin, 1957; Harper, 1994). In
some species, spermatozoa may be inseminated days (pigs, cattle and horses) or months
(some bat species) prior to the oocyte arrival. In humans, there is evidence that fertilization
takes place when intercourse occurs up to five days prior to ovulation (Wilcox et al., 1995).
Spermatozoa are exposed to physical stresses during €jaculation and contractions of the
female tract, and they may suffer oxidative damage. Also, since sperm are alogenic to the
female, they may meet the female immune system defences, intended for infectious organisms
(Menge and Edwards, 1993). Sperm must in some way use their restricted resources to
preserve their fertility. Of the millions of spermatozoainseminated at coitusin humans, only a
few thousand reach the Fallopian tubes and, ordinarily, only a single spermatozoon fertilizes

an oocyte (Suarez and Pacey, 2006). For areview see Suarez and Pacey (2006).

In humans, contractions of the uterine muscle may draw spermatozoa from the cervix into the
uterus. Most likely, sperm should pass through the uterine cavity before significant numbers
of leukocytes arrive in order to ensure fertilization (Suarez and Pacey, 2006). Sperm are
apparently stored in the initial segment of the Fallopian tubes, which may serve to prevent
polyspermic fertilization, by allowing only a few sperm at a time to reach the oocyte in the
ampulla (Suarez and Pacey, 2006). Data of human sperm distribution in the Fallopian tubes
have not totally elucidated the events of sperm transport. However, human sperm must be

stored somewhere in the female tract, the Fallopian tubes being strong candidates for storage
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sites, as the human endosalpingeal epithelium prolongs sperm surviva in vitro (Suarez and
Pacey, 2006). It is uncertain whether sperm are stored in the human cervix (Suarez and Pacey,

2006).

1.6 Fertilization

Fertilization is the process of union of the male and female gametes, sperm and egg, initiating
the development of a new individua (Wassarman, 1999). Following release from the
seminiferous epithelium in the testis, spermatozoa are transported through the epididymis,
where other biochemical and functiona modifications take place. Sperm are subsequently
stored in the cauda epididymidis, where they are in a functionaly inactive status, immotile
and unable to interact with eggs (Wassarman and Florman, 1997). Upon deposition into and
migration up the female reproductive tract, spermatozoa undergo capacitation, a process that
enables sperm to bind to the egg and acrosome react (Darszon et al., 1996; Visconti and Kopf,
1998). Hyperactivated motility is characteristic of the swimming patterns of capacitated
sperm and appears to be vital for fertilization in vivo, alowing sperm to reach the oocyte
through the mucus-filled oviduct and helping sperm penetrating the cumulus oophorus and
zona pellucida (Ho and Suarez, 2001a). Once ovulated eggs and spermatozoa are present in
the oviduct, fertilization in mammals includes a series of steps in a mandatory order (Fig.
1.5). Firstly, mammalian spermatozoa may be guided to the egg by a chemoattractant
generated by the cumulus cells that surround the egg, or the oocyte itself. Sperm must then
bind, in a species-specific manner, to the extracellular coat of the egg, the zona pellucida, and
undergo the acrosome reaction, enabling sperm to penetrate the zona pellucida. Upon

reaching the perivitelline space between the egg zona pellucida and the plasmalemma, sperm
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must bind and fuse with the plasma membrane. The fusion of a single spermatozoon with the
egg plasma membrane stops further sperm, which have penetrated the zona pellucida, from
fusing with it. A zygote is formed upon egg fertilization, and sperm become unable to bind

the zona pellucida (Wassarman et al., 2001).

OO O O — 2) Acrosome reaction
3) ZonaPdlucida _

% C@@O@
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oocyte fertilization) 0008% OOOO
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Fig. 1.5. Schematic representation of fertilization.
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1.7 Capacitation

After spermatogenesis and spermiogenesis, mammalian sperm appear to be morphologically
mature but functionally immature, as they have not acquired progressive motility or the
capacity to fertilize an egg. Although signalling pathways mature during sperm transit
through the epididymis, total fertilization ability in vivo is gained only upon residence in the
femal e reproductive tract, a process termed capacitation. Similar observations have been made
using various in vitro assays, suggesting that a series of events, some triggered by
environment cues, give sperm the capacity to fertilize the egg (Travis and Kopf, 2002).
Capacitated spermatozoa have the ability to exhibit hyperactivated motility and to undergo a
physiological acrosome reaction (Y anagimachi, 1994b). Capacitation is associated with
several biochemica events, most notably an increase in protein tyrosine phosphorylation
(Baldi et al., 2000; 2002; Breitbart, 2003; Guraya, 2000; Visconti et al., 1998; Visconti and
Kopf, 1998), but also include an increase in plasma membrane fluidity due to cholesterol
efflux, a redistribution of membrane phospholipid content, changes in intracellular ionic and

metabolic contents and membrane hyperpolarization (Patrat et al., 2000).

Understanding of capacitation mostly derives from in vitro studies, under defined incubation
conditions that initiate capacitation events, including cholesterol removal from the sperm
membranes, mediated by sterol binding proteins (Visconti et al., 1998). Some sperm proteins
are phosphorylated at tyrosine residues, through a cyclic adenosine monophosphate (CAMP)-
dependent pathway (Visconti et al., 1998; 2002). Mammalian sperm express a bicarbonate-
sensitive soluble adenylyl cyclase (SAC; Chen et al., 2000) that may regulate protein tyrosine
phosphorylation (Visconti et al., 2002), and probably also accounts for the need of

extracellular bicarbonate for capacitation to occur (Evans and Florman, 2002). A rise in
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intracellular bicarbonate levesd pH, and the related cCAMP synthesis, may stitaulae
cyclic nucleotide-gated (CNG) channels in the flage, which regulate flagellar motility
(Wiesner et al, 1998) and may contribute to the hyperactivatedilityo exhibited by
capacitated sperm (Ho and Suarez, 2001a). Plasmmdbraee hyperpolarization is caused, at
least partly, by an increased contribution of psitas channels in setting sperm membrane

potential (Flormaret al.,1999).

De Jonge (2005) has recently reviewed the biolbdieesis for human capacitation. The
female genital tract “filters” the sperm cells; ngasperm will not pass into the cervical
mucus. Passage through and into the uterus wily oel possible for those sperm with
vigorous progressive motility, normal morphologydaa plasma membrane functioning
appropriately in response to environmental cond#ioThe uterus acts to further filter
spermatozoa, such that sperm may undergo prematuosome reaction, be affected by the
deleterious effects of reactive oxygen moleculegxperience motility failure. The cells that
enter in the oviducts attach to the oviductal epittm. Some of them may fail to detach,
decreasing even more the number of cells that rdechumulus oocyte complex (COC). The

COC and the zona pellucida are the last “filtei3& Jonge, 2005).

1.8 Acrosome reaction

The acrosome is a large secretory vesicle thatiesehe nucleus in the apical region of the
sperm head (Wassarman, 1999; Yanagimachi, 1994h¢ dcrosomal membrane that
underlies the plasma membrane is called “outerbsmmal membrane and the one that

overlies the nucleus is called “inner” acrosomalmbeane (Wassarman, 2002). The
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mammalian acrosome reaction is the fusion, at plalfpoints, between the outer acrosomal
membrane and the overlying plasma membrane, neguttithe release of acrosomal contents
and exposure of the inner acrosomal membrane {F6g.reviewed by Kirkman-Browet al.
(2002)). The exocytotic process is confined toahterior region of the sperm head and is not
extended beyond the equatorial region. Only acresaacted spermatozoa have the capacity
to pass through the zona pellucida, bind and fule the oocyte. The acrosome reaction
results in the release of hydrolytic and proteolginzymes, which are thought to be necessary
for spermatozoa penetration through the oocyte masts (Yanagimachi, 1994b).
Capacitation is required for sperm to be receptoveocyte vestments, to bind to the zona
pellucida and to acrosome react (Saling and Stdr8y9). Spontaneous acrosome reaction
occurs at an extremely low level (Yanagimachi, 1994nd may be caused by the self
aggregation of sperm receptor for the zona pelu¢®hling, 1989). A different hypothesis is
that sodium (N8 and/or the C& pumping mechanism loose efficiency along timeglileg to

a gradual elevation in intracellular €a&oncentration ([CZ];) and intracellular pH, resulting

in spontaneous acrosome reaction (Yanagimachi, @9®though the fusion of the outer
acrosomal membrane and the overlying plasma membranhuman sperm appears to
progress in a distinct way from that of other mansmntoe final result is the same (Nagzste

al., 1986; Yanagimachi, 1994a). It has been propobkat release of acrosomal enzymes
combined with vigorous sperm motility enable spgremetration through the zona, allowing

binding of the sperm to the oocyte plasma memb(&aakot, 1985).

The egg specific extracellular matrix, the zondywmatia, stimulates acrosomal exocytosis in
mammalian spermatozoam vitro and under physiological conditions (Yanagimaci994b;
Saling, 1989). Progesterone and its analoguex-OH-progesterone, a constituent of the

follicular fluid, have been shown to stimulate tlaerosome reaction in mammalian
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spermatozoa (Meizel, 1995; Garcia and Meizel, 199%manet al, 1989). The acrosome
reaction can also be stimulated by ionophores, lwisicchange extracellular Edons for

other ions like Naand hydrogen (H Florman, 1994).

R ) o ;
Acrosom ®egge, ——— Acrosome
Plasma—""_| reaction
membrane

Fig. 1.6.Schematic representation of the acrosome reaction.

1.8.1 Induction of the acrosome reaction by zona pecida

The complex process of fertilization requires a banof steps in order to be successful. Vital
early events include the binding of spermatozoah® zona pellucida and consequent
stimulation of the acrosome reaction (Lefiewteal, 2004). Experiments, mainly in mouse,
indicated that the zona pellucida is composed ddethproteins (ZP1, ZP2 and ZP3). The

murine zona pellucida is the accepted model foazmellucida structure in higher vertebrates
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and is formed by repeating units of ZP2-ZP3 heteneds organized in filaments cross-linked
by ZP1 dimers (Greve and Wassarman, 1985). Expatsrie mouse revealed that ZP3 was
the primary sperm ligand (Bleil and Wassarman, 398®83) and ZP2 was the secondary
ligand binding to acrosome-reacted spermatozoa emiting important events for the
prevention of polyspermy (Ble#ét al, 1981; Bleil and Wassarman, 1980b). ZP1 is progose
to contribute to the structural integrity of thenaopellucida matrix (Green, 1997; Greve and
Wassarman, 1985; Wassarman, 1999). Recent stualiealed that four glycoproteins (ZP1,
ZP2, ZP3 and ZPB) are expressed and present inutin@n and other zona pellucidae. In the
human zona pellucida glycoproteins, ZPB and ZP3taraght to be required for sperm-zona
pellucida binding. Therefore, although the mouseazpellucida contains three proteins of
which ZP3 is the primary spermatozoa receptor,ay iine inadequate as a model for sperm-

zona interaction in other species (Lefieetal, 2004).

ZP3 receptors are localized over the anterior regiothe sperm head. A number of proteins
have been reported as potential receptors fordha pellucida. Many putative zona pellucida
receptors have already been described (Topferdestet al, 2000). A number of cellular
pathways appear to be involved in the inductioraofosome reaction by zona pellucida.
Sperm-ZP3 binding causes the opening of T-type, lmitage-operated G& channels
(VOCCs; Arnoult et al, 1996a) leading to a transient “anflux and stimulation of
heterotrimeric G proteins, Gand G (Ward et al, 1994). These initial events lead to the
activation of phospholipase C (PLC; Fukaatial, 2001; Roldaret al, 1994; Tome<t al,
1996) and a rise in intracellular pH (Arnoettal, 1996b; Flormaret al, 1989), resulting in a
sustained CA influx that drives exocytosis (Florman, 1994; Flammet al, 1989). The

identity of the channel that mediates the sustai@éd influx induced by ZP3 has recently
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been investigated. ThBrosophila melanogaster transient receptor potdn{iBRP) gene
encodes a light-activated cation channel in photptor cells. The members of the classical
mammalian TRP (TRPC) family are homologues of tfese and are candidate subunits of
PLC-dependent Gaentry channels (Minke and Cook, 2002). The linkagechanisms
between PLC action and the opening of TRPC chararelsstill to be determined. Various
TRPC genes are expressed in the mammalian maleligeridungnickekt al, 2001; Trevino

et al, 2001; Wissenbachkt al, 1998) and TRPC2 has been revealed to be a sutiutiie
sustained Cdentry channel in mouse spermatozoa that is actiiagezP3 (Jungnickest al,
2001). Inositol-1,4,5-triphosphate receptors (hRd) are present in the sperm acrosome
(Walensky and Snyder, 1995) and may contributen&dctivation of TRPC2 channels by
ZP3. TRPC2 is a pseudogene in humans (Vartial, 1999; West al, 1995) and probably

in bovine systems (Wissenbaehal, 1998). Another ion channel must assume this fonct

in ZP3 signal transduction in the sperm of thosecEs. Several soluble N-ethylmaleimide-
sensitive factor-attachment protein receptor (SNARIBteins occur in the acrosomal region
of mammalian and sea urchin sperm (Hetttal, 2002; Michautet al, 2000; Schulzt al,
1997), and these may coupleCinflux to exocytosis (Evans and Florman, 2002). The
acrosome reaction is a vital functional event. Piooexocytosis, capacitated spermatozoa are
able to penetrate the cumulus oophorus and adhaestisely to the zona pellucida
(Cummins and Yanagimachi, 1986) but the acrosoraetian is an essential step to enable

sperm to fuse with the egg plasma membrane (Yaraaim1994b; Flormaat al.,1999).

A neuronal glycine receptor/chloride (Cthannel (GlyR) has been identified on mammalian
sperm plasma membranes, and there is indicatidnatl@alyR has a role in the initial zona

pellucida-evoked response (Llanesal, 2001). The relationship of the GlyR to the model
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involving TRP proteins is uncertain, but a possiiis that the CI efflux mechanism
provided by the channel, leads to depolarizatiahastivation of VOCCs (Garcia and Meizel,

1999).

Also, the zona pellucida could act on sperm acr@soeaction through a tyrosine kinase-
dependent mechanism (Bailey and Storey, 1994). iBlB@ases the phosphorylation on a
tyrosine residue of a 95 kDa protein, which hagrasine kinase activity itself, and this has
been proposed to be involved in the zona pellugidaon on human sperm acrosomal

exocytosis (Brewigt al, 1998; Burkset al, 1995).

1.8.2 Induction of the acrosome reaction by progestone

In mammalian sperm, the steroid hormone progestehms been shown to stimulate’Ca
influx and acrosome reaction (Aitken, 1997; Osnwnal, 1989). This effect is seen at
micromolar doses of progesterone, similar to thosthe cumulus oophorus (Osman al,
1989), and is thus expected to have significanaengufertilization in vivo (Fisheret al,
1998; Garcia and Meizel, 1999). Progesterone-séted|[C&']; signal has been well studied
in human spermatozoa. Application of micromolar edo®f progesterone leads to a rapid
transient rise in [Cd]; (Aitken et al, 1996; Blackmoreet al, 1990; Forestat al, 1993;
Kirkman-Brown et al, 2000; Meizel and Turner, 1991; Plagit al, 1995; Tesariket al,
1996). A role for VOCCs in this effect is uncled@ldckmore and Eisoldt, 1999; Fraire-
Zamora and Gonzalez-Martinez, 2004; Garcia and &leiz999; Kirkman-Brownet al,
2003) though it seems likely that receptor-operabedhanisms and opening of a nonspecific

cation channel are responsible for the majoritthaf initial signal. Recent results suggest that
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mobilization of stored CGa contributes to the later slow component of theidahi[Ca];
transient (Bedu-Addet al, 2007). In addition to the initial transient, ébsaquent sustained
rise in [C&"]; occurs (Baldiet al, 1991; Bonaccorst al, 1995; Kirkman-Browret al, 2000;
Tesarik et al, 1996; Yanget al, 1994). These studies suggested that store-ope€dd
channels (SOCs) may play a role in generating itiflax, but this is still not established
(Blackmore and Eisoldt, 1999; Harpet al, 2004). Progesterone withdrawal results in
immediate abolition of many of the responses; f@meple, if progesterone is removed as the
[Ca®™"]; transient peaks, an almost mirrored reduction ifif ®alow baseline occurs, possibly
due to increased activity of €aremoval systems (Kirkman-Brown and Connolly,

unpublished data).

As a consequence of this [Caincrease, hydrolysis of phosphatidylinositol 4,pHmsphate
(PIP,) to the second messengers inositol-1,4,5-triphatgpfinsB) and diacylglycerol (DAG)
occurs (Thomas and Meizel, 1989). lgs€an subsequently trigger €arelease from
intracellular stores by acting on an IgRP C&" channel (Fukamiet al, 2003). Type 1
InsP;Rs are primarily localized on the outer acrosomainiorane of human sperm (Kuroelia
al., 1999b), thus [CH]; release takes place into the cytoplasmic compaitietween the
acrosomal membrane and the plasma membrane. DAGpfagyvarious roles, including
activation and regulation of plasma membrane cHaragethose of the TRP family (Clapham
et al, 2005). Studies indicate that acrosome reactiqnires emptying of an acrosomal®a
store (De Blast al, 2002; Herricket al, 2005). In murine systems, this will be a respdnse
InsP; generated due to zona binding (Evans and Flor2@02; O'Tooleet al, 2000; Roldan
et al, 1994; Walensky and Snyder, 1995). It is not clehether this operates to generate
progesterone-induced acrosome reaction in humaresnsfrom PLG4" mice exposed to

zona pellucida or progesterone do not show thesuest [C&']; increase, which is essential
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for acrosome reaction (Fukarmei al, 2003). Simultaneous activation of phospholipageisA
also vital to murine acrosome reaction, and is eqpished through mutual G-protein
regulation (Pietroboet al, 2005). Moreover, control results from wild-tygsesm with zona
pellucida or progesterone showed that the ini@zf{]; response initiated from the acrosomal
region for zona pellucida and from the neck redionprogesterone, suggesting acrosome
reaction stimulation via distinct propagation meubkms (Fukamet al, 2003). It is not yet
known whether this also happens in humans and héswibks to the proposed RNE €a

storage site (Correiet al, 2007).

Subsequent signalling processes in human spernsateeem to involve protein kinase C
(PKC)-mediated phosphorylation (Roggeeri al, 2005), guanine triphosphate-binding
proteins and cAMP (Branhamt al, 2006). For more information, see Tonwisal. (2002;

2004).

As in other cells presenting rapid activation irspense to steroids, the identity of the
membrane progesterone receptor (mPR) in sperm dsrtamn. Whether these membrane
receptors correspond to truncated forms of preWouabaracterized classical intracellular
steroid receptors or are a totally novel classeokptors is disputed. Although the nature of
MPR on sperm remains ambiguous, a number of pess@didates have been proposed
(Correiaet al, 2007). Losekt al. (2004) have recently localized the progesterone lonene
receptor component 1 (PGRMC1) to the inner leaffethe plasma membrane of porcine
sperm, with only a minor part of the protein praing to the outside. As a highly lipophilic
molecule, progesterone could access this site. PGRNprogesterone membrane receptor
component 2 (PGRMC2), and the classical nucleaggsterone receptor can be detected in

human spermatozoa (Losalal, 2005).
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A number of laboratories argue for the binding obgesterone to a form of the neuronal
gamma-aminobutyric acid type A (GARAreceptor (Roldaret al, 1994; Shi and Roldan,
1995; Turner and Meizel, 1995; Wistrom and MeiZ&93). Picrotoxin, a blocker of the
GABA/CI channel, significantly reduced the magnitude & @g&" influx, abolished the
Cc&* wave and inhibited the acrosome reaction (Calogeral, 1999; Meizelet al, 1997).
Bicuculline, an antagonist of the GARAeceptor, blocks the acrosome reaction (Calogero
al., 1999). However, not every study strongly suppdhis action of progesterone via a
GABA, receptor. Baldiet al. (1991) reported that bicuculline had no effect dre t
progesterone-induced &anflux or acrosome reaction. The classical GAB#ceptor does
not present a clear binding site for progesterdimes if this is a candidate for the receptor,
then either the binding activity is closely asstamiawith the receptor or a novel form of the

GABA receptor exists in sperm (Corratal, 2007).

A family of G protein-coupled mPRs were identifi@iipned and characterized from humans
and other vertebrates. This was believed to be rnséep forward, with a gene family
comprised of three different groups classified3 andy, with forms throughXenopusand
Funguto human (Zhuet al, 2003). Particularly, mRRwas abundantly found in the testis,
suggesting that it was a sperm progesterone raceftbough it was initially shown that the
humana, B andy mPR had high affinity for progesterone when exgedsnEscherichia coli
recent studies with expression in mammalian cedtesys showed no progesterone-binding
activity. These studies also revealed that mPRsdfdb localize to the membrane, activate
CAMP generation or mitogen-activated protein kindd&PK) as proposed, and had no effect
on [C&"]; mobilization. Opposing data on human myometrialscappear to demonstrate that

mPRy and mPR signal and couple to G proteins (Krietsathal, 2006).
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As there are various candidates for the sperm ptegme receptor and the signalling
pathways reported to be activated by the actioprofesterone are diverse, the presence of
multiple, structurally and functionally discreteegpes of progesterone receptors within or on
spermatozoa can not be excluded. On the contraeypossibility that sperm progesterone
membrane receptors may have attributes of two oerobthe candidate receptors, within a

common molecule or complex should not be exclu@amirgiaet al, 2007).

The most commonly observed effect of progestertinestated C4" influx, the induction of
acrosome reaction, is debatably not an adaptiymrse. Human sperm respond with a rise in
[Ca®]; and acrosome react to doses much lower than tigepdrbol/| that is thought to occur
adjacent to the oocyte (Balét al, 1991; Harperet al, 2003; Osmaret al, 1989). Thus,
many cells should undergo acrosome reaction befloey enter the cumulus, possibly
compromising their capacity to subsequently peteetthe zona pellucida (Harper and

Publicover, 2005).

1.9 Motility

Most mammalian sperm exhibit two forms of physiabad) motility: activated motility as is
observed in ejaculated sperm, and hyperactivatetllityas is observed in most sperm
recovered from the fertilization site (Katz and dgimachi, 1980; Suarez and Osman, 1987).
The flagellum of an activated sperm generates arsmcal, lower-amplitude waveform that
drives spermatozoa in a relatively straight linemoderately non-viscous media, such as
seminal plasma or semen extender. It is probabée #Hctivated motility helps in the

propulsion of the sperm through the female reprbdedract (Turner, 2006).
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Some time after sperm reach the oviduct, the patiethe flagellar beat is altered, becoming
asymmetric and of a higher amplitude. This is chllg/peractivated motility’ and results in a
circular or figure-8 trajectory in spermatozoa smsped in seminal plasma or extender
(Yanagimachi, 1970; 1994b; Ishijimet al, 2002). It was showed that hyperactivated sperm
swim in a relatively straight line when placed lve tmore viscous environment of the oviduct.
The flagellar beat of activated spermatozoa isffitsent to propel the sperm progressively
through the oviduct. It has been suggested thatpthesiological role of hyperactivated
motility is to enable sperm to detach from the oetél epithelium and move progressively
through the oviductal environment to reach theilfeation site. Also, sperm hyperactivated
motility may aid to penetrate the egg vestments 8dd Suarez, 2001a; Stawetsal, 1995;
Suarezet al, 1991). In rodents, and possibly other speciepetactivated sperm motility is
correlated with the sperm capacity to fertilizecawytein vitro (Boatman and Robbins, 1991;
Fraser and Quinn, 1981). The available data suggast normal sperm must be capable to
acquire activated motility in the caudal female rogjuctive tract and uterus, and
hyperactivated motility in the oviduct so that &sha reasonable chance of fertilizing the egg.
Male fertility will be significantly reduced if ths® events do not occur at the proper times and
in the proper places. Hyperactivation is regulasBen in association with the onset of
capacitation, but it has been shown that thesenaath are divergent as hyperactivation and

capacitation can also occur independently (MarguekzSuarez, 2004; Olds-Clarke, 1989).

1.9.1 Mechanism of flagellar bending and energy regqrements

Dyneins are the ‘motor’ proteins that project frahe outer microtubular doublets of the
axoneme. There are several dyneins that are albparprotein family (Holzbaur and Vallee,

1994; Milisav, 1998; Porter and Johnson, 1989).ivation of the dynein ATPase causes
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sliding of adjacent outer axonemal microtubular lWets. Because the doublets slide along

one another, the flagellum bends (Gibbons and R&@&5; Tash and Means, 1982).

In spermatozoa, mitochondria exist only in the M$he mid-piece. As in other cells, sperm
mitochondria generate ATP through aerobic respimatSperm mitochondria have a number
of unique proteins or protein isoforms that are fooind in somatic mitochondria. In mice,
these include sperm-specific isoforms of lactateydeogenase and hexokinase (Buettal,
1998; Burgoset al, 1995; Moriet al, 1998; Traviset al, 1998). Therefore, defects in these
sperm-specific proteins may cause problems ongperm mitochondrial function, rather than

mitochondrial dysfunction in every cell (Turner,a8).

Spermatozoa axonemal dyneins have a high requitefoe®ATP as an energy source for
flagellar motility. Since sperm mitochondria areckesive to the mid-piece while axonemal
motor extends throughout the length of the flage|lunitochondrial ATP would have to
diffuse some distance to effectively supply thd fahgth of the axoneme. Mathematical
models have been developed using the diffusion taohof ATP and a morphometric
estimate of the volume of the mouse sperm flageliDonet al, 1994), and suggest that the
ATP generated in the mid-piece is not enough tluskf efficiently along the length of the tail
to satisfy the energy requirements of the axoneiyaein ATPase (see Turner (2006)). It has
been shown in mice that if mitochondrial oxidatp@osphorylation is defective, fertilization
can still occur, spermatozoa generate ATP, bubaet levels than wild-type sperm, and
motility is present, though reduced (Narisawh al, 2002). These results suggest that
mitochondrial oxidative phosphorylation is not tpencipal ATP source, which supports

flagellar motility (Turner, 2006).
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It seems that glycolysis is accomplished alongehgth of the principal piece and that this is
the most significant source of ATP for the tail. Mdmber of glycolytic enzymes such as
hexokinase, lactate dehydrogenase and glyceraldeByphosphate dehydrogenase have been
identified in the FS/principal piece of an incregshumber of mammalian species (Bradity
al., 1996; Bunchet al, 1998; Moriet al, 1998; Traviset al, 1998; Westhoff and Kamp,
1997). All the glycolytic enzymes downstream ofaglyaldehyde-3-phosphate dehydrogenase
stay attached to the cytoskeleton, even after mamebmremoval, suggesting they are
components of either the FS or the ODFs. Also, maham spermatozoa produce lactate
from glucose under aerobic conditions (Storey amgrie, 1975). ATP production through
glycolysis is needed for hyperactivated sperm ntpt{Hoshi et al, 1991; Urner and Sakkas,
1996). Fertilization is not blocked by inhibitiorf oxidative phosphorylation (Fraser and
Quinn, 1981). Studies of knockout mice demonstrabedimportance of FS/principal piece
glycolysis. Targeted deletion of the sperm-specifiglyceraldehyde-3-phosphate
dehydrogenase, an enzyme that localises to thedtSes male sterility in association with
severe aberrations in sperm motility (Mid al, 2004). Therefore, glycolysis in the principal
piece, but not necessarily oxidative phosphoryfaiio the mid-piece, is needed for normal

mammalian flagellar motility (Turner, 2006).

The dynein ATPase is activated and the hydrolyEi&TdP is converted into force, when the
axonemal dynein arms become phosphorylated (T&88)1The dynein arms subsequently
interact with their adjacent microtubular doublatsd produce a power stroke, causing the
microtubules to slide past one another (Brokaw,219089; Satir, 1968; Shingyogt al,
1977; Summers and Gibbons, 1971). As the axoneroenisected to the base of the sperm

head, the sliding force results in the bendinghef flagellum. Dynein dephosphorylation by
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the calmodulin (CaM)-dependent protein phosphatealeineurin reverses this process.
Dynein generates force in just one direction (Sale Satir, 1977). Therefore, the occurrence
of a normal axonemal bend needs that phosphorgldéphosphorylation and the associated
activation/inactivation of the dynein arms takecglan an asynchronous way both around the
circumference and along the length of the axonéiargo and Smith, 2003). Each dynein
arm interacts with its adjacent doublet, generatssroke to force that doublet to bend, and
subsequently liberates the doublet for the axonmmeturn to its initial position and to bend

again in the opposite direction (Turner, 2006).

1.9.2 Regulation of motility

The cAMP-dependent phosphorylation of flagellartgirts is, at least partly, responsible for
the initiation and maintenance of activated sperotility in mammals (San Agustin and
Witman, 1994; Tash and Means, 1982; 1983). Malertiifity, which is highly correlated with
poor sperm motility, is one of the phenotypes sieemice with a targeted deletion of the
sperm-specific isoform of the catalytic subunit tbe cAMP-dependent serine/threonine
kinase, protein kinase A (PKA; Skalhegg al, 2002). Therefore, it is likely that one
mechanism of cAMP action is to have an effect oerspmotility through PKA activation
(Turner, 2006). PKA may work through multiple patys to regulate flagellar function, but
one likely mechanism of its action is that serimedonine phosphorylation of PKA target
proteins causes activation of downstream, yet umifiled, tyrosine kinase or kinases whose
targets are primarily located in the flagellum (lsomet al, 2008; Lecleret al, 1996; Si and
Olds-Clarke, 2000). Tyrosine phosphorylation opadfic subset of proteins in the flagellum
results in motility. Only a few of the protein tatg for PKA phosphorylation in spermatozoa

have been identified (Tash and Bracho, 1998). Awkntarget is axonemal dynein and its
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phosphorylation seems to be a key regulatory poittte initiation of flagellar motility (Tash,

1989).

cAMP may also activate other signalling pathwayspermatozoa and testes, comprising a
CNG channel and/or cAMP-mediated guanine nucleotixiehange factors (Burtoet al,

1999).

In addition, tyrosine phosphorylation is stronggsaciated with the onset of sperm maotility
(Tash and Bracho, 1998) and is likely to be dovaastr of serine/threonine phosphorylation
in the motility regulation pathway. Various specifiprotein targets of tyrosine
phosphorylation in spermatozoa have been suggesigghosphorylation of these proteins
has been strongly related to the onset of motifitypoovine sperm (Vijayaraghavaet al,

1997; 2000).

Tyrosine phosphorylation and dephosphorylation oftgins in the flagellum has been
respectively related to the onset and ending othagiivated sperm maotility in primates and
rodents (Charet al, 1998; Mahony and Gwathmey, 1999; Si and Okun®919The A-

kinase anchor protein (AKAP) 4 is one of the phadptosine containing proteins (Si, 1999).
The AKAPs form a family of proteins that target PKand other proteins to specific
subcellular locations (Scott al, 2000). These results suggest that alterationaKAP-

mediated protein targeting are involved in the omntf hyperactivated sperm motility

(Turner, 2006).

Extracellular C&' is generally needed for motility in epididymal spesamples and Ga
appears to regulate activated and hyperactivateditmgHo et al, 2002; Lindemann and

Goltz, 1988; Suarezt al, 1987; Tash and Means, 1987; White and Aitken, 9198
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Yanagimachi, 1994b). One mechanism by whiclf*Qs related to flagellar function is
through its control of the sAC, which produces cAMP activate PKA. Sperm motility
requires the sAC, which differs molecularly and dhiemically from the transmembrane
adenylyl cyclases (tmACs), partly because sAC isuely sensitive to bicarbonate and*Ca
(Buck et al, 1999; Cheret al, 2000; Esposit@t al, 2004; Hesst al, 2005b; Jaiswal and

Conti, 2003; Liguoriet al, 2004; Litvinet al, 2003; Wuttkeet al, 2001).

How spermatozoa effect a €aincrease within the flagellum is not totally eldated.
Intracellullar C&" stores may be involved, particularly in hyperadiamotility regulation.
In addition to the acrosome, the RNE of the speeckrhas been implicated as a resource of

intracellullar flagellar C& (Ho and Suarez, 2003).

There is significant evidence to propose that agmottiay in which sperm affect changes in
intracellular C&' levels is the passage of extracellulaf'@hrough one or more channels in
the membrane (Quiket al, 2003; Renret al, 2001; Sakatat al, 2002; Wennemutlet al,
2000; Westenbroek and Babcock, 1999; Wiessgtenl, 1998). A number of VOCG1-
subunits have been identified in spermatozoa (lnew al, 1996; Wennemutlet al, 2000;
Westenbroek and Babcock, 1999) and*@aannel activity has been discovered in late-stage
spermatogenic cells and mature spermatozoa (Arreduél, 1996a; 1998; 1999; Benoff,
1998; Wennemutlet al, 2000). VOCCs are present on the sperm membraireg nvolved

in the control of the acrosome reaction (Evans Blmiman, 2002). Various Gachannel
subunits specifically localise to the principal qgaeof the flagellum, consistent with their
playing roles in the control of sperm motility (Rehal, 2001; Westenbroek and Babcock,

1999).

CNG C&" channels exist on the sperm flagellum and devetpppermatogenic cells. Distinct

subunits of CNG Cd channels exist in distinct spatial and temporalguas in spermatozoa.
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Spermatozoa CNG channels respond to cAMP and cgakmosine monophoshate (cGMP;
Wiesneret al, 1998). Sperm CNG channels seem most sensitig&kdP, but their response
to CAMP suggests that this second messenger cauletlbted to both of the key motility

regulating pathways, PKA and €aignalling (Turner, 2006).

There is other evidence supporting a role for eeftalar C&"in mammalian sperm motility.
Flagellar wave asymmetry in permeabilised sperindeeased by G4, which eventually, at
sufficiently high levels, inhibits motility (Tashnd Means, 1982). The decline in motility is
linked with a decrease in protein phosphorylati@aM and the Cd/CaM-dependent
phosphatase calcineurin mediate this decreaseospplorylation (Taslkt al, 1988; Tash and

Means, 1987).

The CatSperl gated cation channel specifically liees to the principal piece of the
flagellum of mature spermatozoa and is neededAMR-stimulated C#' influx into sperm.
Targeted deletion of th€atSperlgene causes ablation of the cAMP-induced increase i
intracellular C&" and causes male infertility associated with po@rspmotility (Renet al,
2001). CatSper2, a related voltage-gated putati@® ¢hannel has been described in the
sperm flagellum (Quillet al, 2001). Targeted deletion of tl&atSper2gene causes male
infertility associated with an absence of hyperetgd sperm motility (Quilet al, 2003).
Therefore, both forms of motility require channetdiated movement of extracellular €a

into the flagellum (Turner, 2006).

Mice with a targeted deletion of an unrelated \gitalependent Gachannel, C&2.3 (1g),
were fertile but demonstrated abnormalities in spentracellular C& transients and
differences in sperm linearity in comparison withldaype cells, further indicating that

membrane channels are significant in the contrdlbgiellar function (Sakatet al, 2002).
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Interestingly, a progesterone gradient simulathng gtimulus met by the spermatozoa during
approach to the egg stimulated a response difféoeany previously described in human or
other mammalian spermatozoa. Cells responded waitielrand complex changes in [Ca
and flagellar activity, generated by an atypicakchamism. Sperm responded with a {ia
ramp that triggered slow [€%; oscillations (Harperet al, 2004). These studies led to
observations compatible with a role for cyclicairst emptying/refilling in the generation of
[Ca®™"]; oscillations in human sperm, but depending of' @#lux to maintain the minimum
[Ca®™]; needed to refill the store, as is regularly theedassomatic cell [Cd]; oscillations
(Gregory and Barritt, 2003; Shuttleworth and Mign@003). There was no evidence that
InsPRs participate in the generation of f¢Ja oscillations in human spermatozoa, but
pharmacological manipulations that affect ryanodeeeptors (RyRs) were clearly effective.
Although RyRs were not detected in bovine sperm &Hd Suarez, 2001b), RyR 3 has been
detected in mouse spermatozoa and RyR 1 in immatalis (Trevinoet al, 1998).
Immunolocalisation using specific polyclonal antles for RyR 1 and RyR 2 revealed the
presence of these receptors in the neck and matpiegion of human sperm (Lefiévre,
unpublished data). A temporary progesterone stimiduable to switch cells to a prolonged
and apparently irreversible pattern of fJaoscillations, consistent with a model wheréca
induced C&' release (CICR), mediated by RyRs, is enough foetitape store mobilization
resulting in [C&"; oscillations in human spermatozoa (Harper al, 2004). During
spermiogenesis in many species, including humamesr(K991; Westbrookt al, 2001), a
membrane complex named the RNE originates in teevspeck region. The RNE is thought
to function as a Ca store in bovine sperm and to regulate the flagékeat (Ho and Suarez,
2001b; 2003). Both the binding of BODIPY-FL-X-ryafinpe (a membrane-permeant

fluorescein-tagged derivative; Coussinal, 2000; Holzet al, 1999) and [C&]; oscillations
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in human sperm appear to occur primarily in thetgm®some region /mid-piece junction.
[Ca®]; oscillations were not dependent upon mitochond@af® uptake, and thus it is
probable that the RNE functions as a’Cstore in human sperm, contributing to fGa
oscillations. Thesescillations were synchronized with movements ef $perm head driven
by enhancement of flagellar activity during theipes of high [C47];. This study led to the
conclusion that the progesterone-induced’[Cascillations modulate the flagellar beat, an
effect potentially of enormous significance in thenetration of the egg vestments before
fertilization (Harperet al, 2004). Apparently, G re-uptake during oscillations is, at least
partly, dependent on the activity of the secrefmathway C&" ATPase 1 (SPCA1; Harpet

al., 2005).

1.10 Sperm guidance mechanisms

For mammalian fertilization to occur, ejaculatecersp must reach the oocyte, which has
moved from the ovary into the Fallopian tube afieulation. Only tiny numbers of sperm
enter the oviduct (Fallopian tube), attach to thvedwctal epithelium at the isthmus (part
nearer to the uterus), creating there a spermge®ie (Suarez, 2002). At this site, sperm, a
few at a time (Cohen-Dayagt al, 1995; Eisenbach, 1999), are believed to undergo
capacitation, which is to gain the status of reasknto fertilize the oocyte. These few sperm
are released from the storage site and have toulokedyto make the remaining long and
obstructed way to the oocyte (see Eisenbach anl@so(2006) for a recent review). Two
active mechanisms of sperm guidance have beenlegveamammals: chemotaxis, which is
the cell movement up a concentration gradient ehabattractant (for an extensive review see

Eisenbach (2004)), and thermotaxis, the directddro@/ement along a temperature gradient
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(Bahatet al, 2003). Another potential guidance mechanism migghthe pull of sperm by

muscular contractions in the female genital tra¢iidt et al, 1998).

Recent studies indicate that sperm chemoattractaatsecreted both before ovulation within
the follicle and after egg maturation outside thalidle, and that the sources of
chemoattractants are both the mature egg and tmeusding cumulus cells (Suet al,

2005).

The chemoattractant that is secreted from the ggwi known. One chemoattractant that is
secreted by the cumulus cells is possibly progeseerlt is not known whether the cumulus
cells secrete chemoattractants other than progestdEisenbach and Giojalas, 2006). Two
odorants, bourgeonal (Speét al, 2003) and lyral (Fukudat al, 2004), were found to be

chemoattractants for human and mouse spermatozespedatively. Because these
chemoattractants are possibly not secreted inaimale genital tract, it is likely that they are
not the physiological sperm chemoattractants aatttieir cognate receptors identify other,

structurally similar chemoattractants (Eisenbaath Giojalas, 2006).

The finding of olfactory receptors coupled to Gtpms in mammalian sperm (Asat al,
1996; Branscomlet al, 2000; Deferet al, 1998; Gautier-Courteillet al, 1998; Parmentier

et al, 1992; Vanderhaegheeat al, 1993; 1997; Walensket al, 1995; 1998), and their
localisation to the mid-piece of the tail of matserm (Spehet al, 2004; Walenskt al,
1995), raised the possibility that some of thesetgmms might be chemotaxis receptors
(Parmentieret al, 1992; Vanderhaeghest al, 1997). Two olfactory receptors, OR17-4 on
the human sperm flagella (Spediral, 2003), and OR23 in mouse round spermatids (Fukuda
et al, 2004), were identified and their respective ldgrbourgeonal and lyral, were found to
be sperm chemoattractants. Human sperm stimulaitbdbeurgeonal show an intracellular

C&* elevation (Spehet al, 2003), which is initiated in the mid-piece andesxs to the
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sperm head. The discovery of membrane-associatatygtl cyclase (mAC) isoforms on the
sperm flagellum and the observation that a speaifiagonist of this enzyme inhibited the
chemotactic response to bourgeonal raised the Iplitysihat the chemotactic response to

bourgeonal might be mediated by mAC (Spethal, 2004).

Progesterone at doses in the pM range is a cheadatit for human and rabbit sperm
(Teveset al, 2006). One of the progesterone receptors iséddcat the sperm head, but it is
not known whether this is the chemotaxis receptowloether the progesterone chemotaxis
receptor is a distinct protein located on the flage, similar to OR17-4. The signal

transduction pathway that occurs during chemot&xiprogesterone has not been clarified

(Eisenbach and Giojalas, 2006).

The fertilization site in the oviduct has been @ded to be 1-2°C warmer than the storage site
for sperm in rabbits (Davidt al.,1972) and in pigs (Hunter and Nichol, 1986). THougdata

for the temperature in the human Fallopian tubenateavailable. A study in rabbits revealed
that this temperature difference is time dependedtthat the difference increases from 0.8 +
0.2°C prior to ovulation to 1.6 = 0.1°C followingwlation (Bahatet al, 2005). Rabbit and
human sperm sense a temperature difference andnekdp it by thermotaxis, swimming
from the cooler to the warmer temperature (Batal, 2003). The thermotactic response is
as strong at a temperature difference of 0.5°C asd#fference of 2°C, indicating that sperm
can sense very small differences in temperatureuglh, as the distance between the storage
and the fertilization sites is much bigger than tlistance employed in then vitro
thermotaxis assay (Bahat al, 2003), the gradient of temperature that is sebyeshbermn
vivo is possibly shallower. It is still unknown whetheperm can sense as shallow a

temperature gradient as the one that exists intttRict. As for mammalian chemotaxis, only
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capacitated sperm are thermotactically respon&abdtet al, 2003). The sperm thermotaxis

molecular mechanism is still unknown (Eisenbach @rajalas, 2006).

In vivo, thermotaxis may be complementary to chemotasish enechanism being functional
where the other mechanism is not effective. Betwienisthmic sperm reservoir and the
fertilization site, a gradient of temperature exiat ovulation (Bahatt al., 2005) and long-
range chemotaxis may not occur because of a medifegt of the peristaltic movements of
the oviduct. In this region, it is reasonable tthermotaxis is the main guidance mechanism,
because those movements are not expected to dffectemperature gradient. In the
immediate vicinity of the oocyte, including the aitis milieu of the cumulus cells
surrounding the oocyte, the contrary seems to oguneasurable temperature gradient can
not possibly be maintained, and a chemoattractauient appears to be very efficient due to
the relatively small distance and the viscoelastitieu of the cumulus that resists the
movements of the oviduct (Cohen-Dayagal, 1994). Thus, it is sensible thah vivo,
capacitated sperm are guided by thermotaxis froenréservoir to the warmer fertilization
site. The oviductal contractions, which move ligtroim the isthmus to the ampulla (Battalia
and Yanagimachi, 1979), may assist the swimmingrnspeThe guidance is likely
accomplished by chemotaxis at close proximity t® dlocyte and within the cumulus mass

(Bahat and Eisenbach, 2006).

1.11 C4" signalling in sperm

Though there is little doubt that sperm use a rasfgeell messengers, it has been revealed
that [C&"]; also plays a key role in all important sperm fiows that occur following

ejaculation (Jimenez-Gonzale#t al, 2006). Based on some of the data summarized by
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Conneret al. (2007), an intricate model for sperm3haomeostasis involving a number of
types of C&' permeable channels in the plasma membrane andsittieo stores is suitable
(Conneret al, 2007). In addition to a range of VOCCs, which elearly located to sperm
regions, the CatSpers, which are crucial for atitwa of hyperactivated motility, are
specifically expressed in the principal piece of tail, as is the plasma membraneé”’ca
ATPase (PMCA) 4. It seems that the acrosome funstias an InsPreleasable store,
activated by agonists associated with PLC. Redeulies suggest mobilization of acrosomal
Cd"is involved in acrosome reaction activation (DesBital, 2002; Herricket al, 2005). A
distinct store, possibly the RNE, is present ingperm neck region and has a crucial role in
the regulation of flagellar beat mode. However, enarork needs to be done to further

understand the interrelatedness of these mechag@Gomseret al, 2007).

1.11.1 VOCCs

VOCCs, similar to those of somatic cells, have bdmtovered in mature and immature
spermatozoa (Arnoulet al, 1996a; Jimenez-Gonzale# al, 2006). Patch clamping of
immature male germ cells (rodent and human) hasated that these cells exhibit typical
low-voltage activated, fast-inactivating (T-type)rients (Arnoultet al, 1996a; Jagannathan
et al, 2002). Transcripts far 1C [Cavl.2],a 1B [Cav2.2],a 1E [Cav2.3]a 1G [Cav3.1l]o

1H [Cav3.2] and: 11 [Cav3.3] C&' channels are present in motile human sperm (Eask,
2003). Immunostaining experiments using specifttbadies revealed that in human speom,
1H [Cav3.2] is located to the principal piece af flagellum and in the postacrosome region,
and a 1l [Cav3.3] is limited to the mid-piece region €Vino et al, 2004). High voltage
activated channels show similar localization in s@and human spermatozoa (Trewnal,

1998; 2004; Wennemutbt al, 2000; Westenbroek and Babcock, 1999). L-type whisn
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have been detected in every study using reverasdmation-polymerase chain reaction (RT-

PCR) and/or immunostaining techniques (Goodetial, 2000).

1.11.2 SOCs

Mobilization of intracellular C& stores is thought to activate Taermeable ion channels
(SOCs) in the plasma membrane — capacitativé” €atry — in both non-excitable and
excitable cells (Putney, 1990). Pharmacological ifimtiion of stored C& activates C&
influx in non-capacitated human spermatozoa (Blamen1993). This Cainflux generates a
sustained [C4]; elevation that is believed to cause acrosome wraatiboth mammalian and
non-mammalian sperm (Gonzalez-Martinek al, 2001; Hirohashi and Vacquier, 2003;
O'Toole et al, 2000) and regulates chemotaxis in ascidian sg&wshidaet al, 2003). In
mouse sperm, TRP2 may be a required component eofctiannel responsible for the
sustained [CH]; elevation (triggered by ZP3) that causes acrosa@aetion, which could be
regulated either by the depletion of intracellulat" stores (O'Toolet al, 2000) or through

receptor activation (Harteneek al, 2000).

1.11.3 CNG channels and CatSpers

Cyclic nucleotide signalling is very important imetfunctioning of all sperm. In invertebrate
cells, cGMP is of significance in the control of titity and acrosome reaction (Kaugp al,
2003). In mammalian sperm (including humans), cGleNels are a lot lower and cAMP
seems to be of greater significance (&inal, 1999; Lefievreet al, 2000). Manipulation of
cAMP and cGMP levels in mouse sperm, stimulate@mstent [C4T; increase, lasting 20-60

seconds, which was apparently caused b§ @élux through CNG channels (Koboei al,
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2000). A CNG C& permeable channel is expressed in sperm, existitige principal piece
of the flagellum, being more sensitive to cGMP thacAMP (Weyancet al, 1994; Wiesner
et al, 1998). Olfactory receptors, which activate a itynlicleotide-mediated &ainflux and

control chemotactic activity, have been descrilmekduman spermatozoa (Spefral, 2003).

CatSpers form a novel family of ion channels, egpeel solely in spermatozoa. Four distinct
subunits have been identified: CatSper 1 (Real, 2001), CatSper 2 (Quiét al, 2001) and
CatSpers 3 and 4 (Loblest al, 2003). In mature cells, CatSper 2 is locatechéogperm tail
(Quill et al, 2001) and CatSper 1 to the principal piece of t#ie (Ren et al, 2001),
suggesting that these channels may be involvethénrégulation of sperm motility. Initial
studies suggest that the expression of CatSpedisced in human sperm with poor motility
(Nikpoor et al, 2004). CatSper knockout mice studies revealedithanutant sperm lacking
CatSper 1, motility was severely reduced and caresgity, sperm were not able to fertilize
(Renet al, 2001). Moreover, there was no increase in flagé{C&"]; upon addition of cell-
permeant CAMP/cGMP in CatSper 1-/- cells, sugggstivat the channel might be cAMP-
gated. Carlsoet al. (2003) and Quilkt al. (2003) subsequently confirmed the significance of
CatSper 1 and CatSper 2 in sperm motility (moreci§ipally in the hyperactivated motility
needed to penetrate the zona). It was also revé@eCatSper 1 is needed for depolarisation-
evoked C& entry, suggesting that CatSper 1 functions as &®@Jassisted by cyclic

nucleotides) that regulates hyperactivation (Carktaal.,2003).

1.11.4 C&" clearance mechanisms

In most cells, C& clearance is carried out primarily by Na&* exchangers that extrude

Cd* out of the cell or into intracellular &astores, or ATP requiring €apumps (C&-
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ATPases; Michelangekt al, 2005). Analysis of the Gaclearance in mouse spermatozoa
suggests that both €aexchangers and €apumps are important contributors to *Ca
clearance in mammalian sperm, but the relative mapae of each is still to be established
(reviewed by Jimenez-Gonzalez al. (2006)). Three types of ATP requiring gumps
have been identified: the Plasma Membrané'®3Pase (PMCA); the Sarcoplasmic-
Endoplasmic C&-ATPase (SERCA) and the Secretory Pathway'-®dPase (SPCA;

Michelangeliet al, 2005; Toyoshima and Inesi, 2004).

1.11.5 InsRBRRs

The InsB-sensitive C& channel has been well studied in numerous type®lt, including
sperm (Jimenez-Gonzalez al, 2006). A number of studies have revealed thatnsgeom
various mammals, including humans, have proteimg tnoss-react with various Ing®
specific antibodies (Ho and Suarez, 2003; Kuretdal, 1999a; Minelliet al, 2000). The use
of isoform-specific InsgR antibodies revealed that IngH was predominantly located to the
anterior acrosome (Ho and Suarez, 2003; Kureidal, 1999a). The IngfR labelling was
reduced or lost once sperm had acrosome reactdterfuronfirming that the IngRs are
located on the outer acrosomal membrane (Kueida, 1999a). It has been shown that the
posterior region of the head, the mid-piece and gfathe flagellum were specifically labelled
with an InsBR3-specific antibody in human sperm, whereas ts&RR2 was not detected. In
bull sperm, the RNE was stained by an Wi&Rspecific antibody (Ho and Suarez, 2003).
Anti-InsPsR staining also localises to the RNE in approxityatalf of human sperm, but the
strongest staining was localised in the acrosomegion (Naaby-Hansert al, 2001).
Thimerosal, an IngfR activator, has been used to assess whethér fiabilization from

InsRR containing C& stores contribute to regulate sperm function. Thimal induces the
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acrosome reaction, confirming a role for IgRRN sperm physiology (Herrickt al, 2005).
Two InsRR containing C& stores exist within sperm, one in the acrosomethadther a
much smaller Cd store located within the RNE. Studies by Naaby-l¢ams al. (2001) and
by Ho and Suarez (2003) revealed that both regtonsain calreticulin (a low affinity, high
capacity C&" buffering protein) that is always associated WitsP%R containing C# stores
in somatic cells, further supporting the notiontthath of these compartments are reai’Ca
stores. It seems that €atored in the RNE of human sperm is mobilized upmyesterone

stimulation by CICR, in an Ingftndependent way (Harpet al, 2004).

1.11.6 RyRs

Studies employingn situ hybridization methods using ribo-probes specific tfee different
RyR isoforms and immuno-histochemical methods usy® isoform specific antibodies,
provided initial evidence for the presence of RyRspermatozoa. Analysis of mouse testis
sections led to the conclusion that germ cells saschpermatocytes and spermatids expressed
RyR1 and RyR3 but not RyR2 (Gianniet al, 1995). Several later studies revealed that
developing mouse spermatocytes and spermatidsssqutdRyR1 and RyR3 (Chiarebaal,
2004; Trevincet al, 1998). It was also shown that only RyR3 coulddwend in mature sperm
and that similar staining patterns were seen gcirdnd acrosome-reacted sperm, indicating it
was unlikely that RyR3 was localised on the acrasoffirevino et al, 1998). Human
spermatozoa can be specifically labelled with aorfdscence analogue of ryanodine
(BODIPY-FL-X-ryanodine). This labelling appearstkie mostly concentrated to the posterior
head and mid-piece junction, with only low levetdabelling around the acrosome (Harpger
al., 2004), and co-localises with the SPCA1 and wiié [C&"]; oscillations that occur in

response to stimulation with progesterone (Haegpal.,2004; 2005).
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The presence and functionality of RyRs in maturersatozoa have also been indicated by
several pharmacological based studies. A studygusligitonin permeabilised bovine
spermatozoa revealed that caffeine and ryanodiceedsed C& accumulation within the
cells in a similar way to InsPindicating the activation of a €zfflux channel with RyR-like
properties (Minelliet al, 2000). In intact human spermatozoa, the progastestimulated
[Ca®]; oscillations are IngFindependent but could be altered by ryanodineh vhigher
concentrations reducing the frequency of thesellasons and lower concentrations
increasing the frequency. Moreover, tetracaineyR Rhibitor, could abolish these [€a
oscillations at once (Harpet al, 2004). Spermatozoa contain a functional RyR tioatonly
plays an important physiological role in regulatiagonist-stimulated Gachanges but also

in spermatozoa development (Chiareltaal, 2004).

1.12 Reactive oxygen species (ROS)

What is known as the oxygen paradox, the vital irequent of oxygen for life but the
inherent toxicity of oxygen derivatives, the ROSshled to the acquisition of major
knowledge on pathology and the development of nempects of medicine. ROS are known
for their detrimental effects on almost all celiglaissues and have been assigned triggering
or related roles in cancer, vascular problems,ggiiabetes, neuropathy, etc (Halliwell and
Gutteridge, 1999). Only in the 1990s, researchesodered that very low doses of ROS,
generated at the time of cell activation, coulden#ive role of second messengers and thus

have positive roles in signal transduction cascébesge, 2002; Filomenret al, 2005).
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1.12.1 Sources of ROS in semen

ROSrepresent a broad class of molecules includingceddhydroxyl ion, superoxide, nitric
oxide (NO), peroxyl, etc) and non-radical (ozonegket oxygen, lipid peroxide, hydrogen
peroxide) and oxygen derivatives (Agarwal and Pkakan, 2005). Reactive nitrogen species
(RNS; NO, peroxynitrite, nitroxyl ion, etc) are é&aitrogen radicals and considered a ROS

subclass (Darley-Usmat al, 1995; Sikka, 2001).

Nearly every human ejaculate is considered to Inéacainated with potential sources of ROS
(Aitken, 1995). Human semen contains different syp&cells such as immature and mature
sperm, round cells from distinct stages of spergertesis|eukocytes and epithelial cells.

Among these different types of cells, leukocyted aperm have been shown to be the main

sources of ROS (Garridet al, 2004).

The missing link between poor sperm quality anddaased generation of ROS is explained
by the cytoplasmic droplets (excess residual cgsp). The cytoplasmic droplets result from
defective spermiogenesis and are a major sourcBRQf$ (Gomezet al, 1996). Studies

indicate that retention of residual cytoplasm bgrapis positively correlated with generation
of ROS via mechanisms that may be mediated by ytesalic enzyme glucose-6-phosphate

dehydrogenase (Aitken, 1999).

ROS generation by sperm has been proposed to aboomgh two ways: nicotinamide
adenine dinucleotide phosphate (NADPH) oxidaseesysat the sperm plasma membrane
(Aitken et al, 1992) and NADPH-dependent oxidoreductase (dig®rat the mitochondria

(Gavella and Lipovac, 1992).

Leukocytospermia (increased leukocyte infiltratinorsemen) is defined by the World Health

Organization (WHO) as the presence of peroxidas#ipe leukocytes in concentrations of
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>1 million/ml of semen. There is controversy ovehnet clinical significance of
leukocytospermia (Thomaat al, 1997). Sperm parameters such as poor qualityedsed
hyperactivation and defective sperm function (Wolff995) have been attributed to
leukocytospermia. In contrast, no correlation waported between seminal leukocyte
concentrations and impaired sperm quality (Tomimsbd al, 1993) or defective sperm
function (Aitkenet al, 1994). Other studies (Athaye¢ al, 2007; Sharmat al, 2001) led to
the conclusion that oxidative stress occurs evegratients with a very low seminal leukocyte

count and increases with an increase in leukoaytiatc

Peroxidase-positive leukocytasthe human ejaculate include polymorphonuclear leukacyte
and macrophages (Thomeasal, 1997). These cells are derived principally frdra prostate
gland and the seminal vesicles (Wolff, 1995). Lexjites may be activated by inflammation
and infection (Pasqualottet al, 2000), and can generate up to 100-fold higherustsoof

ROS in comparison to non-activated leukocytes (elanal, 1994; Shekarriet al, 1995).

1.12.2 Oxidative stress

Of the many causes of male infertility, oxidativieess has been recognized to affect the
fertility status and therefore, it has been extaigistudied in the recent past. Like any other
aerobic cell, sperm are constantly facing the ‘@ngaradox’ (Sies, 1993). Oxygen is crucial
to maintain life as physiological levels of ROS ae®ded to maintain normal cell function. In
opposition, its breakdown products such as ROShbsanletrimental for cell function and

survival (de Lamirande and Gagnon, 1995b).

Every cellular component including lipids, proteimaicleic acids and sugars are potential

targets of oxidative stress. The level of oxidatsteess-induced damage depends on the
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nature and amount of ROS involved, as well as @ dgktent of exposure to ROS and
extracellular factors like oxygen tension and tbmposition of the surrounding environment,

including ROS scavengers (Agarvedlal, 2008).

Lipids exist in the sperm plasma membranes in ¢ fof polyunsaturated fatty acids, fatty
acids containing more than two carbon-carbon dobbleds. These lipids are attacked by
ROS leading to a cascade of chemical reactionsccakroxidation. Malondialdehyde (MDA)
is one of the by-products of lipid peroxidationdanas been used in various biochemical
assays to monitor the level of peroxidative damsgsained by sperm (Aitkest al, 1989;
1994). Data from these assays show an excellerglabon when examining the relationship
between impaired sperm function, discussed in teimsotility, and the capacity for sperm-

oocyte fusion (Aitkeret al, 1993).

Decreased sperm motility has been correlated witiheased ROS levels (Agarwet al,
1994; Armstronget al, 1999; Lenziet al, 1993), though the exact mechanism through which
this occurs is not understood. One hypothesis sigdgieat hydrogen peroxide {B) diffuses
across the membranes into the cells and inhib&sathivity of some crucial enzymes such as
glucose-6-phosphate dehydrogenase. This modifesnthacellular availability of NADPH,
which is subsequently used as a source of elecbprsperm to fuel the production of ROS
by NADPH oxidase (Aitkeret al, 1997). Another hypothesis involves a series tdrnelated
events causing a reduction in axonemal protein gihmylation and sperm immobilization,
both of which are linked to a decrease in membfangity that is required for sperm-oocyte
fusion (de Lamirande and Gagnon, 1992). When seenincubated overnight, the observed
loss of maotility is highly correlated with the lgbiperoxidation status of the sperm (Goneéz

al., 1998). Moreover, antioxidants revive sperm migtiin vivo and in vitro, providing
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evidence that lipid peroxidation is a major causenhotility loss in sperm (Suleimagt al,

1996).

In the male germ line cells, DNA damage is relategoor fertilization rates followingn
vitro fertilization (IVF), defective pre-implantation d&myonic development, high rates of
miscarriage, and morbidity in the offspring. CausdsDNA damage include defective
spermatogenesis, oxidative stress, infection aodtiab apoptosis (Aitkeet al, 2007). DNA
damage is regularly induced by oxidative strestherathan being the outcome of other
processes such as defective apoptosis (Bagbah 2000; Kemal Durwet al, 2000; Kodama

et al, 1997).

Oxidative stress-induce®NA damage may have significamtinical implications in the
context of assisted reproductive techniques (ARBtudies have showed that ROS are
generated at significantly high levels in respaisseepeated cycles of centrifugation involved
in conventional sperm preparation techniques usedRT (Agarwalet al, 1994).A high
percentage of the sperm selected for ART may haweaded DNA as they usually derive

from the environment experiencing oxidative stig&sdamaet al, 1997).

Clinical or subclinical varicocele (Gondet al, 1987) has been revealed to cause male
infertility in approximately 15% of infertile cougd (Schooet al, 2001). These patients have
increased ROS in serum, testes and semen (Kaktsal, 2003). Increased NO has been
demonstrated in the spermatic veins of patienté wéricocele (Mitropoulost al, 1996;

Romeoet al, 2001), which could cause spermatozoal dysfun¢@beket al, 2000).
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1.12.3 Defences against ROS

Oxidative stress occurs when the generation of R@&whelms the antioxidant defence

mechanisms resulting in cellular damage. Spermsantinal plasma are well endowed with

protective antioxidants (Fujet al, 2003; Garrideet al, 2004). Superoxide dismutase (SOD)

and catalase are enzymatic antioxidants which abnle superoxide anion ¢ and HO,

into water and oxygen, causing their inactivati®@D is present in spermatozoa and seminal
plasma (Mennella and Jones, 1980; Zatial, 1993). The final member of the seminal

enzymatic antioxidant triad is glutathione perosielaGlutathione peroxidase forms a family

of antioxidants that are involved in the reductafnhydroperoxides using glutathione as an
electron donor. These enzymes are localized inték8s, prostate, seminal vesicles, vas

deferens, epididymis, seminal plasma and sperne(ued by Verneet al. (2004)).

The non-enzymatic antioxidants present in the seomenprise ascorbic acid (vitamin C),
urate,a-tocopherol (vitamin E), glutathione, albumin, amiacids (taurine and hypotaurine),
carnitine, carotenoids, flavenoids and prostasoifiesse antioxidants mainly act by directly
neutralizing free radical activity chemically. Thajso protect against free radical attack via
two other mechanisms. Albumin can intercept frekcas by becoming oxidized itself, thus
sparing sperm from attack (Twiggt al, 1998). Alternatively, prostasomes secreted by the
prostate have been revealed to fuse with leukodytdbe semen and diminish their free

radical generation (Saet al, 1998; Skibinsket al, 1992).

The seminal plasma antioxidants are clearly helipfreventing sperm oxidative attack after
ejaculation. Though, during spermatogenesis andidgpnal storage, spermatozoa are not in
contact with the seminal plasma antioxidants, andstnrely on epididymal/testicular
antioxidants and their own intrinsic antioxidantliépfor protection. Testicular biopsies from

men with varicocele-related oxidative stress hassealed an increase in oxidative DNA
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damage in spermatogonia and spermatocytes (Ishikdag 2007). Thus, although seminal
plasma antioxidants may assist minimizes ejaculafeerm oxidative stress, they are not
capable of preventing oxidative damage initiatedhat level of the testis and epididymis

(Tremellen, 2008).

1.12.4 NO and spermatozoa

NO is produced from L-arginine by the NO-synthad®§) enzymes (Palmeat al, 1988).
NO synthesis requires various co-factors, spedificAlADPH, flavin mononucleotide
(FMN), flavin adenine dinucleotidé=AD), tetrahydrobiopterinCaM and C&" (Moncada and
Higgs, 1995)Molecular oxygen is used in NO synthesis, whichcpemls via the generation
of the intermediate fNhydroxyarginine and results in the formation ofcitrulline

additionally to NO (reviewed by Herrero and Gag(2001)).

NOS
O, + L-arginine—> N-O+ L-citrulline (reviewed by Herrero and Gagn(001))
Co-factors

Two forms of NOS have been described, the constudand the inducible NOS (iNOS).
Constitutive NOS was initially located in the nemgo system (nNOS) and vascular
endothelium (eNOS), but it is now known to be egpesl in a number of cells in distinct
organs (Knowles and Moncada, 1994). In the vasardatlO induces vasodilatation, inhibits
platelet aggregation and controls programmed ceditld amongst other functions, whereas
NO generated by neurons acts as a neurotransniitteiewed by Herrero and Gagnon

(2001)).
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Constitutive NOS (nNOS and eNOS) are’Eaand CaM- dependent and produce small
quantities of NO that perform an array of physiatagi functions (reviewed by Herrero and
Gagnon (2001)). Although iNOS is €a and CaM-dependent, it is different from the
constitutive NOS as it requires very low level<aaf* to be totally activated, and it appears to
bind CaM very tightly so that CaM forms a constitatsubunit to this isoform (Nathan and
Xie, 1994). Although iNOS was initially thought tbe induced only in pathological
conditions, now it has been also identified in pblggical settings such as ovulation,
pregnancy and labour (Bansatl al, 1997; Buhimschet al, 1996; Shukovski and Tsafriri,
1994). Studies using antibodies against NNOS, eM@® INOS have showed that these
enzymes exist in almost every tissue studied, diotythe reproductive system (Burnett

al., 1995; Mara Suburet al, 1995; Rossellet al, 1996).

Herreroet al. (1996) and Lewit al. (1996) demonstrated that NOS was present in mouse
and human sperm. In mouse, NOS was seen on theoaweoand tail of non-capacitated
sperm. NOS localisation to the head disappeardd tite when sperm were incubated under
capacitating conditions, suggesting that NOS hamdeain capacitation (Herreret al, 1996).

In human sperm, specific labelling with nNOS and>&\was seen on the postacrosomal and
equatorial regions, but not on the flagellum. Spesamples from normozoospermic
individuals showed more intense immunoreactivitieseNOS and nNOS antibodies than
those from asthenozoospermic patients, which hte &r no NOS immunoreactivity (Lewis
et al, 1996). O'Bryanet al. (1998) classified human sperm eNOS immunostaimtg four
patterns: faint postacrosomal and equatorial stginintense postacrosomal and equatorial
staining, diffuse sperm head staining and spermpi@de staining with or without diffuse

head staining. The first two patterns were alwagansin normal sperm, while the last two
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patterns were regularly related with morphologicalbnormal sperm and with a decrease in
sperm motility, suggesting that NO may be assodiatgth normal sperm physiology

(O'Bryanet al.,1998).

The presence of NOS in sperm was confirmed by Westdot analysis. A band
corresponding to a human sperm protein of 145 ksl neognized after immunoblotting with
the eNOS antiserum, under nonreducing conditiorsvélR et al, 1999). Recent studies
provided further evidence for the presence NOSumdmn sperm (Willipinski-Stapelfeldit
al., 2004; Zhanget al, 2006). A 140 kd protein was observed for seainr¢Kuo et al,
2000) and mouse sperm NOS (Herretal, 1997), though it is intriguing that in the mouse,
the three NOS antibodies tested (anti-nNOS, an®8&Mnd anti-INOS) could recognize a
single band. This may be explained by the factstti@mantibodies used were polyclonal and
because there is a high degree of homology betteeneuronal, endothelial and inducible
isoforms (Herreraet al, 1997). Also, it was recently reported that onesbg deletion of the
eNOS, nNOS and iNOS in knockout mice had no visdffect on sperm function and male

fertility (Yang et al, 2005).

1.12.5 Nitroxyl (HNO)

Studies describing potentially important biologieald /or pharmacological activity of HNO
have ignited increased interest in this one-electemluced and protonated congener of NO.
Amongst all regularly studied nitrogen species, HN®Othe most misunderstood and
enigmatic, which is probable due to its high reattiand ephemeral nature (Paoloetial,

2007).
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Recent studies have shown that HNO is a poor gukg>11; Bartbergeret al, 2002;
Shafirovich and Lymar, 2002), suggesting that HNObasically the exclusive species at

physiological pH for all intents and purposes (eswed by Paolocat al. (2007)).
Endogenous production of HNO has yet to be dematestin vivo (Donzelliet al, 2008).

It appears that HNO is very reactive toward th{e&H). Reaction of HNO with a —SH results
in the initial formation of a putativéN-hydroxysulfenamide by attack of a nucleophilic
sulphur atom on the electrophilic nitrogen atomHNO. The N-hydroxysulfenamide can
further react with excess -SH (or a vicinal protest) to provide the corresponding SS and
hydroxylamine (Doyleet al., 1988). The result of the associaton of HNO withd -Bay
depend upon the fate of the intermediate adduthelN-hydroxysulfenamide interacts with a
second -SH, the SS product can be readily conveadte starting —SH under biological
conditions. This pathway would result in a revdesimodification of —SH structure and

function by HNO (Paoloceet al, 2007).

Either directly or together with other reactive gen and nitrogen species, HNO can affect
the oxidation of various biomolecules. HNO is r&adiapable of —SH oxidation, a process

thought to occur without free radical intermedigf@aolocciet al, 2007).

The most well-studied, used and convenient donoHND is sodium trioxodinitrate or
Angeli's salt (ANGS; Na\,Os; Bonner and Ravid, 1975; Bonner and Hughes, 1888gli,
1903). ANGS has been pivotal in the discovery @f ivlogy and pharmacology of HNO.

ANGS spontaneously decomposes to generate 1 eguoivedch of HNO and nitrite ion

(NOy), at pHs above 4. The rate of the thermal decaNES is pH-independent from pH 4-

8 and then successively decreases with increased bl decay profile is very useful as for
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practical purposes, stock solutions of ANGS aratnatly stable at high pH whereas the

release profile is pH insensitive near physiologomanditions (Paolocaet al, 2007).

The potency by which HNO elicits many of its phacwolagical actions and the apparent
selectivity of HNO towards numerous of its estdi®id biological targets would suggest that
the actions of pharmacologically administered HN®tae result of signalling pathways that
already exist to respond to HNO. Also, other nimogoxides are already known to be
generated and used as signalling molecules, suggesiat Nature would also exploit the
distinctive and selective HNO chemistry (Paolo@ti al, 2007). Among the various
pharmacological effects of HNO (reviewed by Paalacal. (2007)), recent findings about
its effects in the cardiovascular system are paeity interestingln vitro experiments have
shown that HNO elicits a rapid Earelease from the sarcoplasmic reticulum in theliear
and skeletal muscle via activation of cardiac RfRgR2) and skeletal Garelease channels
(RyR1), respectively (Tocchettt al.,2005; Cheongt al, 2005). In both circumstances, the
effects were reversible upon addition of dithiottwle(DTT), a —SH reducing agent. HNO
increased the single channel open probability dh lpurified RyR2 (Tocchettet al., 2005)
and RyR1 (Cheonet al, 2005). These effects were also reversed uportiaaldif DTT. It
has been shown that HNO activates RyR2 and stiesilaarcoplasmic reticulum €a
ATPase, increasing €are-uptake into the sarcoplasmic reticulum. It ilely that the
combination of these effects will induce and sumstpositive ionotropy and accelerate
relaxation in murine myocytes (Tocchetti al., 2005). Thus, at the cellular level, the HNO
generated by ANGS enhancesTaycling to increase contractility, which occursacGMP-
and cAMP-independent way. Other data show that HNOalso able of enhancing
myofilament responsiveness to “Gaincreasing myocardial contractility in rat camlia

trabeculae (Daet al., 2005). Dai and coworkers proposed that HNO addhdiy acts as a
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Cd" sensitizing agent, as the increase in force dewsdop with HNO is greater than the rise
in C&* transients. Changing intracellular redox condiionith DTT prevented HNO-
stimulated augmentation in muscle force developmeansistent with the idea of HNO

affinity for strategically localised -SH (Dat al.,2005).

1.12.6 Regulation of sperm functions by ROS

There is substantial evidence to suggest that smadlunts of ROS are required for sperm to
acquire fertilizing abilities (Aitken, 1997; 199&agnonet al, 1991). It has been shown that
low levels of ROS are essential for fertilizati@zrosome reaction, hyperactivation, motility
and capacitation (Agarweak al, 2004; Griveau and Le Lannou, 1997). It has aEnlshown
that co-incubation of sperm with low doses of04 stimulate capacitation, hyperactivation,
acrosome reaction and oocyte fusion (Aitken, 1@@5t amirandest al, 1993; Griveatet al,
1994; Kodamaet al, 1996). ROS such as NO and thg" ®ave also shown to promote
capacitation and the acrosome reaction (Griveiaal, 1995). In addition, ROS have been

implicated in sperm oocyte interaction (Aganeahl.,2007).

Sperm capacitation is dependent on an early inereatracellular cAMP levels and PKA
activation (De Jonge, 2005; de Lamirargteal, 1997; Lefievreet al, 2002; Olds-Clarke,
2003; Yanagimachi, 1994b). This increase in cAMPAPiegulates the phosphorylation of
tyrosine residues, principally of two insoluble p®&teins of 80 and 105 kDa, which are
antigenetically related to AKAPs (Carreztal, 1996; Leclercet al, 1996; 1997; Viscontet

al., 1995). The role of ROS became clear when it wasewed that ROS scavengers and

NOS inhibitors block, and that exogenous additidnR®S promotes capacitation and
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increases protein tyrosine phosphorylation (de kante and Gagnon, 1993a; 1993b; de
Lamirandeet al, 1997; Herrercet al, 2003; Leclercet al, 1997; O'Flahertyet al, 1999;
2004b; 2006a; 2006b; Thundatkil al, 2003). Sperm generate, over hours, the contralted
low amounts of @ (de Lamirande and Gagnon, 1995a) and NO (de Laadrand Gagnon,
1993a; Herrercet al, 2003; Lewiset al, 1996) they require for capacitation. Almost all
inhibitors tested prevented the late tyrosine phosgation of FS proteins (De Jonge, 2005;
de Lamirande and Gagnon, 2002; de Lamiragidal, 1997; Naucet al, 2004; O'Flahertyet

al., 2006a; 2006b; Thundattet al, 2003; Viscontiet al, 1995), but the generation of ROS is
not affected by any of these chemicals and appeamecede all known transduction event of

capacitation (de Lamirande and O’Flaherty, 2008).

In seminal plasma, sperm swim in relatively lineenner, but acquire a very special type of
movement during capacitation when they progregherfemale genital tract and get close to
the oocyte (de Lamirande and Gagnon, 1995b; de raahe et al, 1997; Yanagimachi,
1994b; Gagnon and de Lamirande, 2006). This hyperactivatetllity is non-progressive,
flagellar activity being high amplitude and whighalgke. Hyperactivation is crucial for sperm
to penetrate the zona pellucida viscous environreitsurrounds the oocyte (de Lamirande
et al, 1997; Stauset al, 1995; Suarez and Dai, 1992agnon and de Lamirande, 2006).
Sperm hyperactivated motility is also controlled BPS, being prevented by SOD and
catalase and promoted by exogenous addition of RI@S_.amirande and Gagnon, 1993a;
1993b). The mechanism by which ROS act is curramiknown but could be linked to the
increased phsphorylations of flagellar proteins (denirandeet al, 1997; Harrison, 2004;

Leclercet al, 1997; O'Flahertet al, 2004a; 2005; 2006a; Thundatatlal, 2003).
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The initial reports on sperm motility and NO evabadh the effects of NO-releasing
compounds on sperm motion and viability. It hasnb@emonstrated that low doses of sodium
nitroprosside (SNP), a NO-releasing compound, waseficial to the maintenance of post-
thaw human sperm motility and viability (Hellstroeh al, 1994). A parallel study suggested
that NO could stimulate mouse sperm hyperactivafidarreroet al, 1994). It was also
demonstrated that low doses of SNP enhanced spestilitynin hamsters and teleosts
(Creechet al, 1998; Yeomaret al, 1998). On the contrary, it has been shown thatrsp
motility is decreased in the presence of differdoses of SNP (Tomlinsoat al., 1992;
Herreroet al, 1994; Rossellet al, 1995; Weinberget al, 1995). Sperm motility inhibition
was observed with high doses of the NO-releasingpound and this effect was probably
caused by an inhibition of sperm respiration (Wenget al, 1995). Although some of these
cited reports appear to be contradictory, the dag be totally compatible and the variance
attributable to the dose of NO in the sample amdtitine frame over which the experiments
were performed. Thus, high doses of NO reduce spuotlity while low doses of NO
enhance it (Herrero and Gagnon, 2001). In semdratetl from distinct donors, a negative
correlation between the doses of NO and the peagenbf motile cells was observed,
supporting the debate that low doses of NO enhamatdity (Nobunagaet al, 1996). Also,
Schaackt al.(1996) reported that nNOS activity was inhibitedhoynan seminal plasma. The
inhibitor existent in the seminal plasma was a{s¢able, noncompetitive inhibitor of nNOS,
but the physiological significance of the existerddhis inhibitor in the seminal plasma is
uncertain. It is appealing to think that the fuantiof this inhibitor may be to prevent the
development of hyperactivation and capacitationoomaintain NO at low doses to protect
sperm from toxic damage. Consistent with this higpsis is the fact that high levels of NO

have been found in semen of infertile men with oedusperm motility, and it is in these
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clinical cases that NOS inhibitors have succeedednhancing motility (Nobunaget al,
1996; Pereraet al, 1996; Rossellet al, 1995). SNP addition to sperm of infertile patgent
further decreased motility, possibly reflecting faet that oxidative stress was already high.
Thus, it is plausible that excessive generatioNOf principally by leukocytes, could lead to
spontaneous hyperactivation that impairs spernspran along the lower female reproductive
tract or result in premature capacitation and trausse infertility (Herrero and Gagnon, 2001).
In conclusion, the effect of NO on sperm motilitgdaviability will be determined by its
concentration. This bimodal motility response tiiedent doses of NO-releasing compounds
is not unexpected since the dual nature of NO tagnsduction molecule at low doses and as
a cytotoxic effector at high doses is distinguisthedther systems (Herrero and Gagnon,
2001). Considering that sperm can synthesize Ni9,sénsible to think that endogenous NO
generated by sperm regulates sperm motility. Huraad hamster sperm motility were
depressed by the addition of the NOS inhibitor N@@)o-L-arginine-methyl ester
(L_NAME) to the incubation medium (Donnellgt al, 1997; Yeomanet al, 1998).
Furthermore, concentrations of nitrite generatedspgrm were observed to be lower in
samples from asthenozoospermic men than in those fnormozoospermic donors,
suggesting that the reduction of endogenous NO infAyence sperm motility and therefore

fertilization (Lewiset al, 1996).

The acrosome reaction is also a redox-regulatedepso Catalase, SOD and NOS inhibitors
block, and exogenous addition of any ROS triggérs,acrosome reaction (de Lamirarete
al., 1998; Herrereet al, 2003; O'Flahertet al, 1999; 2004b; Revelkt al, 1999). Moreover,
capacitated sperm induced to acrosome react byserpdo the Cd ionophore A23187 or

lysophosphatidylcholine generate;"O The increase in protein tyrosine phosphorylation
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associated with the acrosome reaction is partiadlyersed by SOD (in the case of
lysophosphatidylcholine and A23187) or catalasett{an case of A23187), and abolished in
the presence of these two antioxidants (de Lameaahdl, 1998). The mechanisms by which
ROS influence the acrosome reaction and linked gitmylations are still unknown, though,
the time courses of these effects and their moduldty kinases suggest that they are distinct

and complex (de Lamirande and O'Flaherty, 2008).

Redox modulation of the —SH / SS pair on protepast{cularly -SH groups that have a lower
pks; Kim et al, 2000) is one of the major mechanisms by which R©Son transduction
elements and pathways (de Lamirande and Gagnoi, 2893; Filomeniet al, 2005; Sen,
2000). This form of modification is reversible, spie, easy and economic (Kiet al, 2000).
The effects of NO were initially thought to be axgively mediated via activation of soluble
guanylyl cyclase (sGC; Murad, 1994a), but recemtliss indicated that NO can also induce
its biological effects via non-cGMP-dependent pathsv (Stamler, 1994; Pfeiffegt al.,
1999). Notably, NO can act via the S-nitrosylatioh -SH, a process which has been
implicated in the regulation of key enzymes, inahgdPKC (Gopalakrishnat al, 1993) and
glyceraldehyde-3-phosphate dehydrogenase (Clanhal, 1994). A further reaction of NO in
biological media is a direct bimolecular reactioithmO,", yielding peroxynitrite (ONOQ
Beckman and Koppenol, 1996). ONO® a potent oxidant and has been shown to redbt wi
nearly all classes of biomoleculgsvitro, such as myeloperoxidase, glutathione peroxidase,

cytochromec, ascorbate, etc (Pryor and Squadritto, 1995).

61



RESEARCH AIMS
To:

Assess the ability of human (and mouse) cumuluks,celhich surround the oocyte, and

human spermatozoa to generate NO.

Investigate the effects of NO on [€Rin capacitated human spermatozoa and elucidate its
target(s) and mechanism of action. Examine theceffef HNO on [C&]; in capacitated

human spermatozoa.

Assess the contribution of NO-induced effects ®rdgulation of human sperm functions.

Evaluate the interaction of NO and progesterongr(uct of the cumulus cells) in the

regulation of [C&]; and consequent effects on human sperm functions.
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2.1 Abstract

Endothelial and neuronal nitric oxide synthase (8\Edid nNOS) were immunolocalised in
human cumulus oophorus, the cellular layer tha¢sts the oocyte. 4-amino-5-methylamino-
2', 7’-difluorofluorescein (DAF-FM) diacetate staiy revealed NO generation in human and
mouse cumulus, which was blocked by cell pre-treatmvith the NOS inhibitor N(G)-nitro-
L-arginine methyl ester (L_NAME). Detectable levelsNO synthesis in human sperm were
not found. The effects of the NO donor N-(2-amihgBtN-(2-hydroxy-2-nitrosohydrazino)-
1,2-ethylenediamine (spermine NONOate) and the HM@or, Angeli’'s salt (ANGS), on
[Ca?]i in capacitated human sperm were determined. NONi@ateased [C4]; in both the
presence or absence of added*Cene low-C&" conditions not altering the NO effects. The
rise in [C&"); was primarily localised to the neck/mid-piece regispreading into the
posterior of the sperm head. The data suggestNBa¢levates [Cd]; by mobilization of an
intracellular store rather than by Canflux at the plasmalemma. NONOate treated cells
showed an abrupt decrease in{Q;aipon NONOate washout, responding subsequently with
a [C&; rise, usually oscillations, in the neck/mid-pieegion, when re-stimulated with the
NO donor. The data indicate that the NO effectsrawersible. ANGS induced a sustained
[Ca®]; increase, under both standard and lo:@anditions. The data suggest that HNO

mobilizes stored CA
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2.2 Introduction

Sperm capacitation, acrosome reaction and motlity essential processes for fertilization
(Baldi et al, 2000; Darszoret al, 2001; Ho and Suarez, 2001a; Viscoetial, 2002).
Changes in the intracellular calcium concentra(f2e’'];) mediate the effects of certain
physiological agonists of these processes (Baidal, 2000; Darszoret al, 2001; Ho and

Suarez, 2001a; Viscordt al, 2002; Wassarmaet al, 2001).

NO, produced by nitric oxide synthases (endothetiauronal and inducible types; eNOS,
NNOS and iINOS), acts as a rapid paracrine (andilppsautocrine) cellular messenger,
usually by activation of soluble guanylate cycl4s&C; Ahernet al, 2002; Arnoldet al,
1977; Braughleet al, 1979; Mikiet al, 1977). The action of NO is of particular relevanmac
the cardiovascular tissue (where it was originabyned endothelium derived relaxing factor
[EDRF]) and in nervous system (Calabreseal, 2007; Li and Moore, 2007; Rastaldbal,
2007) but it is clear that NO exerts effects in trissue and cell types (Moncada and Higgs,

1991).

Mammalian sperm (including human) undergo extensadox regulated signalling (Baker
and Aitken, 2004; Ford, 2004) and many studies &nvn a significant positive effect of
exogenous NO on sperm function (Herretcal, 2003; Herrero and Gagnon, 2001; Rosselli
et al, 1998). Generation of NO endogenously and/or bis c& the female tract may
contribute to capacitation, inducing tyrosine pHasplation by mechanisms involving and/or
independent of the cyclic adenosine monophosphe#MP)-protein kinase A (PKA)

pathway (Funahashi, 2002; O'Flahedl al, 2004a; 2005; 2006b; Roy and Atreja, 2008;
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Thundathil et al, 2003). Moreover, NO stimulates or contributesstonulation of the
acrosome reaction (Funahashi, 2002; Heregral, 2003; O'Flahertget al, 2004b; Revellet

al., 2001; Yanget al, 2005). With regard to effects of NO on motilitfroammalian sperm, a
number of studies have revealed that applicatidN@in vitro has functional effects, but the
data here are complex. Treatment with high conagatrs of NO donors, or prolonged
exposure to NO, suppresses motility, possibly o#ifig cytotoxic effects that may occur in
the testis or in spermatozoa held in semen (Cadab2001; Herreret al, 1994; Jocet al,
1999; Weinberget al, 1995; Wuet al, 2004; Zhang and Zheng, 1996). Low doses of NO and
short-term exposure may stimulate motility (Calalere2001; Herreret al, 1994; Zhang and

Zheng, 1996).

Recently, there has been augmented interest irorikeelectron reduction product of NO,
nitroxyl (HNO; Mirandaet al, 2003). The physiological effects of HNO donorggest
potential use as a new treatment for cardiac filuaising the significance of better
understanding its molecular and cellular mechaniddaset al, 2007). HNO donors enhance
myocardial contractility in normal (Paolocet al, 2001) and failing hearts (Paolocst al,
2003). HNO potentially induces release of Clrom ryanodine receptors (RyRs) in skeletal
(Cheonget al, 2005) and cardiac muscles (Cheata@l, 2005; Tocchettet al, 2007). HNO
also increases sarcoplasmic reticulaf’Gaptake to maintain the net diastolic calcium low.
These effects seem to occur independently of bgthccguanosine monophosphate (cGMP)-

and cAMP-coupled signalling (Tocchetti al, 2007).
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The aim of this study was to assess the abilifyushan and mouse cumulus cells and human
sperm to synthesise NO, and to examine the eftédt¥D and HNO on [C&]; in capacitated
human spermatozoa, using the NO donor N-(2-amiyHethr(2-hydroxy-2-
nitrosohydrazino)-1,2-ethylenediamine (spermine NIake) and the HNO donor Angeli’s

salt (ANGS).

Part of this work has been published in the joutBalvelopment”.
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2.3 Materials and methods

2.3.1 Materials

Primary antibodies (rabbit polyclonal anti-eNOS ati-nNOS) and secondary antibody
(donkey anti-rabbit Texas red) were purchased frSamta Cruz Biotechnologies Inc,
(California, USA). SYTOX Green was obtained from Ietular Probes, Oregon, USA.
DakoCytomation fluorescence mounting medium wasplsegh by Dako UK Ltd. (Ely,
Cambridgeshire, UK). Salts used to prepare suppitadeEarle’s balanced salt solution
(sEBSS) and Cafree SEBSS (CFSEBSS), chemicals used to prepaygeBi, Whitten and
Whittingham (BWW) medium (see Appendix | for desil pluronic F-127, dimethyl
sulfoxide (DMSO), phosphate buffered saline (PBS{(G)-nitro-L-arginine methyl ester
(L_NAME) and Triton-X-100 were purchased from SigrA&lrich (Poole, Dorset, UK).
Fatty-acid free bovine serum albumin (BSA) was pased from SAFC Biosciences (Lenexa,
KS, USA). Oregon Green 488 BAPTA 1-acetoxymethylGE1AM) and 4-amino-5-
methylamino-2’,7’-difluorofluorescein (DAF-FM) diatate were obtained from Invitrogen
Molecular Probes (Paisley, UK). Poly-D-lysine (PDlas acquired from BD Biosciences
(Oxford, UK). Spermine NONOate and ANGS were ol#didfrom Merck Chemicals Ltd.

(Beeston, Nottingham, UK). All chemicals were arllture-tested grade where available.

2.3.2 Detection of NO synthesis in human and mousamulus cells

Surplus human cumulus cells were obtained duriti@dégtoplasmic sperm injection (ICSI)
cycles carried out at The Assisted Conception WBirthingham Women’s Hospital [Human
Fertilization and Embriology Authority (HFEA) Cert0199]. Human cumulus masses were

washed in SEBSS and subsequently incubated indHeat 37°C and 6% CQwith 5 uM
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DAF-FM diacetate for 30 minutes. Excess DAF-FM diate was eliminated by three washes
in SEBSS. The cumulus was then transferred to mooee slides under a coverslip supported
on vaccum grease spots to gently compress it. Tilesswere observed under a Nikon
inverted fluorescence microscope (488 nm excitatid® nm emission). Control incubations
were performed with 1 mM L_NAME present since thartsof the incubation, using similar

exposures to those in the absence of L_ NAME.

Immature female mice (Balb-c) were superovulatedirpgction of pregnant mares with
serum gonadotrophin (10 iu) and human chorioniagotrophin (hCG; 10 iu) approximately
36 hours later. Mice were killed by cervical disition 12 to 16 hours after hCG was injected.
The oviducts were removed and ruptured under BWWiume to liberate the cumulus
masses. The cumulus masses were washed in thregeshaf BWW medium and

subsequently processed as for human, but in BWWhahdEBSS, and at room temperature.

2.3.3 Detection of NOS in human cumulus cells

Loose human cumulus from oocyte retrieval was dtoie PBS at 4°C. Cells were
subsequently smeared onto standard microscopes skitedried and then fixed with 100%
methanol (-20°C, 6 minutes). The slides were expt3&0% (v/v) methanol in PBS (20°C, 5
minutes), washed three times in 0.1% (v/v) Tritori00 in PBS and then re-hydrated with
PBS (20°C, 15 minutes). Slides were blocked in &#%)(BSA and 5% (v/v) goat serum in
PBS (30 minutes, 37°C in 5% @@ air), and then incubated with rabbit polyclomati-

eNOS or anti-nNOS (1:50 dilution in 1% (w/v) BSA BBS, 37°C in 5% Cg£in air, 60

minutes). Slides were washed with PBS and thersélcendary antibody (donkey anti-rabbit
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Texas red — 1:200 dilution in 1% (w/v) BSA in PB&s applied (37°C in 5% Gan air, 60
minutes). Slides were washed with PBS to elimireateess of secondary antibody prior to
incubation with SYTOX Green (1:30 dilution in 1%/ BSA in PBS; 20°C, 15 minutes).
Slides were then washed and coverslips were mowdied) DakoCytomation fluorescence
mounting medium. Finally, slides were observed unde Zeiss 410 Axiovert 100
microsystems LSM confocal microscope and imageswaken using MrGrab 1.0 (Carl

Zeiss Vision GmbH, Germany).

2.3.4 Spermatozoa preparation and capacitation

Donors were recruited at the Birmingham Women’s pgitat (HFEA Centre 0119), in
accordance with the Human Embriology Authority Coolle Practice. All donors gave
informed consent. Semen was donated by healthy rdobp masturbation. After semen
liquefaction for approximately 30 minutes, motilpesm were harvested by swim-up
(Mortimer, 1994). 1 ml of SEBSS + 0.3% BSA, pH atad to 7.3-7.4, was underlayered with
0.3 ml of liquefied sample in polystyrene Falcomund-bottom tubes (Becton Dickinson,
USA). After 1 hour incubation at 37°C, 5% g&nd at an angle of 45°, the top layer of each
tube, containing the motile cells, was collecte ia 15 ml polystyrene Falcon tube (Becton
Dickinson, USA). Sperm concentration was determingidg a Neubauer counting chamber,
in accordance with the World Health Organisatiorthods (WHO, 1999) and adjusted to 6
million cells/ ml with sSEBSS + 0.3% BSA (Kirkman-@w~n et al.,2000). Sperm suspension

was incubated for approximately 6 hours, at 37°€ ¥ CQ, for imaging experiments.
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2.3.5 Single cell imaging

Sperm density was reduced to 4 million cells/ nding the same medium, immediately
before cell labelling and chamber preparation. g08liquots of cells were then loaded with
12 uM OGB-1AM (0.6% DMSO, 0.12% pluronic F-127) for 40inutes, after which the
entire aliquot was transferred to a perfusable intagchamber (18Qul volume) for 20
minutes,at 37°C and 5% C£ The chamber lower surface was a 1% PDL coatedrshyp,
allowing cells to adhere. The imaging chamber wasnected to the imaging system and
fresh medium (25°C) was washed through to eliminaikeess dye and unattached
spermatozoa. All experiments were performed at 26+in a constant flow of medium, with
a perfusion rate of approximately 0.4 ml/minutellCaere imaged with a Nikon TE200
inverted fluorescence microscope, fitted with a r@ai75W xenon source and an
epifluorescence accessory (excitation=485 DF 15is#on=535 DF 35). Images were
captured every 10 seconds using a X 40 objectivk aailamamatsu Orca 1 cooled CCD

camera controlled by iQ software (Andor Technoldgglifast, UK).

In all experiments, OGB-1AM loaded sperm were siysexd with SEBSS (or CFSEBSS) +

0.3% BSA for an initial control period.

Sperm were then superfused with spermine NONOab® (M) dissolved in the same

medium.

Spermine NONOate washout experiments were alsaedawut. The initial NONOate
stimulation in complete SEBSS was followed by NOMOa&ashout, using the same saline,

and reintroduction of the drug at the same conagatr to the recording chamber.

Cells were also exposed to ANGS (60 puM) in SEBSE(sEBSS) + 0.3% BSA.
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Control experiments consisted in cell superfusidtee with SEBSS + 0.3% BSA or
CFSEBSS + 0.3% BSA, in which case cells were ss&hil in low-C&" saline before
recording. It is noteworthy that, it has been afitad to start recording in standard saline and
then superfuse with low-Gasaline before stimulating cells with NONOate ini€a"
medium. However, cells tended to become stronglstaiilised when changing media,
compromising the possibility to obtain clear resulfo overcome this obstacle and to avoid
excessive cell illumination (Morgan and Thomas, &0Gperm capacitation in standard
medium was followed by superfusion with low“Caaline for enough time to allow sperm to

stabilise in it, the recording being performeddmwiC&* medium.

2.3.6 Imaging Data Processing

Data were processed offline using iQ software asm@ed previously by Kirkman-Browet

al. (2000). A lasso was drawn around the posteriororegif the head of each cell in the
selected field, considering as many cells as ptesddach cell was directly observed to ensure
that only cells, where the region of interest ramdi inside the lasso, were used in the
analysis. The average fluorescence intensity withen selected area in each spermatozoon
was acquired for every image. Raw intensity valwese imported into Microsoft Excel and

normalised to pre-stimulus values with the equation
R =[ (F — Fest) / Frest] X 100%

whereR is normalised fluorescence intensiyis fluorescence intensity at a timandF e is
the mean of at least 10 determination$ @cquired during the control period. Cell responses

were observed from time-fluorescence intensityslot
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2.3.7 Imaging Data Statistical Analysis

For each cell, Microsoft Excel was used to caleutae mean and 95% confidence interval of
fluorescence intensity for 14 images during thetmdrperiod (Con + con) 14 images from
minute 3 after treatmerfA = a) and, 14 images from minute 6 after treatm@tt b). An

increase in fluorescence was considered signifisaeach sampling group of points if

X -x >Con + con

A decrease in fluorescence was considered signtfataeach sampling group of points if
X +x <Con-con

where'’X’ and’x’ are the mean and 95% confidence interval for #mepding group of points
and‘Con’ and‘con’ are the mean and 95% confidence interval for therol period. Cells
were categorized as non responders when fluoresaencained stable. In experiments with
two or more treatments, the same procedure wagwiell, by defining additional ‘control’
periods. Cells were sorted into those showing emeedecrease or no change in fluorescence
after treatment. Observation of fluorescence-tinagésgor the sorted cells confirmed that this
procedure provided an accurate sorting of cell aesps. More complex [€3; responses
(such as oscillations) were quantifified by diregamination of time-fluorescence intensity
plots only. Data from each type of experiment waseled to calculate the frequency of each
type of response, which is stated in the text aanmie SEM. Microsoft Excel was used to

perform t-tests for unpaired data. Statistical giggince was set at P<0.05.

Often, the number of experimental replicates careid to calculate the frequency of
responses, does not coincide with the number oéraxental replicates to perform further
statistical analysis, for the same experimentsughaall experiments of a certain type clearly

show the same patterns of response, only the oitbsstable control periods and steady
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responses were considered for further statisticalyais. Moreover, in some of these cases,

experiments are not long enough to perform statiséinalysis at a certain point in time.

2.3.8 Evaluation of [C&"]; oscillations

Spermatozoa were categorized as oscillators inrdanoe with Harpeet al. (2004); sperm
cells displaying [C&]; oscillations were directly identified from timeifirescence intensity

plots (Harpeet al.,2004).
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2.4 Results

2.4.1 Expression of NOS and NO synthesis by cumuluaslls

To confirm that human spermatozoa encounter ineckablO concentrations upon
approaching the oocyte, the expression of NOSalated fragments of human cumulus was
assessed. Antibodies for eNOS revealed the pres#rbes isoform in almost every cell of
human cumulus fragments (Fig. 2.1). Similar resulése obtained with antibodies specific
for nNOS (data not shownJ.o investigate whether human cumulus fragmentshegnted
NO, cells were loaded with the NO probe DAF-FM diate (5 pM). A rapid increase in
fluorescence was observed upon cell loading, itiseaof NO synthesis (Fig. 2.1.D). Cell
incubation with L_ NAME (1 mM) completely blockedehncrease in fluorescence (data not
shown). Human sperm incubation with DAF-FM diacetaid not generate a detectable
fluorescent signal (data not shown), indicatingt tN®S activity in spermatozoa is much
lower than in the cumulus. Loading of mouse cumwith DAF-FM diacetate also revealed
NO synthesis by the cumulus cells, although onh1%% of cells became stained (data not
shown). The immunocytochemistry and DAF-FM diaeetthining reactions were performed

by Dr. L. Lefievre and Dr. C. Ford.
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Fig. 2.1. NOS detection and NO synthesis in human cumulus. &l Staining of human cumulus
fragments sample for eNOS8. Staining of same sample with SYTOX Green to readlatumulus
cells.C. Phase image of same cumulus sampldDAF-FM diacetate staining (green fluorescence) of
human cumulus.

2.4.2 NO effects on [Ca®"]; in human sperm

Expression of active NOS in human cumulus cellscetes that spermatozoa will encounter
NO as they approach the oocyte. To investigat@dssible effects of this stimulus on f(a

in capacitated human sperm, the NO donor spermi@N®ate was applied to sperm
previously loaded with OGB-1AM. Spermine NONOaté{1:M) induced a [C&]; increase
(Fig. 2.2) in 73+5% of cells (8 experiments). Afteratment with spermine NONOate, fQa
tended to gradually rise (Fig. 2.2). The latencyhs# rise was 0-2 minutes and fluorescence
typically stabilised at approximately 20% abovetocolnlevels after 10 minutes (Fig. 2.2 and
2.4.A). In 19% of cells, oscillations were superomspd on the NO-stimulated [€h increase
(Fig. 2.2; yellow trace). Controls in which untredtsperm were continuously superfused with

SEBSS, showed a small
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upward drift in [CA"]; (Fig. 2.2 insert) in most cells (5 experiments)pfiescence increasing
by approximately 3% during the 10 minutes equiviatenthe period of NONOate exposure
(Fig. 2.2 insert and 2.4.B). NONOate-induced {Garise in sperm bathed in SEBSS was
significantly greater (P<0.001; unpaired-t) thaattbeen in untreated sperm bathed in SEBSS.
To establish whether the spermine NONOate-indusextase in [Cd]; was primarily due to
cd" influx at the plasma membrane, the same expersneete repeated in medium to which
no C&" had been added (CFSEBSS), where?{feds <5 uM (Harperet al., 2004). Under
low-C&* conditions, spermine NONOate (100 pM) stimulatefCa’"]; rise (Fig. 2.3) in
64+12% of cells (4 experiments). The latency of tise was 0-2 minutes and fluorescence
tended to stabilise at approximately 24% aboverobigvels after 10 minutes (Fig. 2.3 and
2.4.A). [C&"; oscillations were rarely observed (Fig. 2.3). bmiols in which untreated
sperm were continuously superfused with CFSEBS& JGended to remain approximately
at baseline levels in most cells (Fig. 2.3 insed a.4.B; 3 experiments; P<0.001, compared
to SEBSS controls). Thus, NONOate induced a highgpificant [C&"]; rise under low-C&
conditions (P<0.001; unpaired-t). Spermine NONGsit@ulated rise in fluorescence under
low-C&* conditions was significantly (P<0.05; unpaired-tigher than the NONOate-
stimulated increase in fluorescence under normal Ganditions (Fig. 2.4.A). These results
indicate that NO increases [€R in human sperm by mobilization of an intracellusaore
rather than by Ca influx at the plasmalemma. The [ rise in both the presence and
absence of added €awas localised primarily to the neck/mid-piece oegispreading into

the posterior region of the sperm head (Fig. 2.4.C)
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Spermine NONOate washout experiments were perfortoeidvestigate whether the NO
effects were reversible. Spermine NONOate (M) induced [C&']; rise was followed by
an abrupt decrease in [ER(71+9% of cells; 3 experiments), reaching leveighsly above
those seen before treatment. Many cells then shasubntaneous [€%; elevation during
the washout period. Upon reintroduction of spernii@NOate (100uM) to the imaging
chamber, most cells again responded (51+6% of;c&lexperiments) with a marked [€h

rise, regularly occurring as a series of oscillagiin the neck/mid-piece region (Fig. 2.5).
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Fig. 2.2.The effects of spermine NONOate on fGain capacitated human sperm bathed in SEBSS.
Sperm were incubated in sEBSS for 6 hours, supsifugith SEBSS for 4 minutes, and then
superfused with 100 pM spermine NONOate in the sar@dium. Traces represent 4 individual cell
responsednsert: Control in which sperm prepared as for the NON@aggeriment were superfused
with SEBSS in the absence of any treatment. Trslcew 4 single cell responses.
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Fig. 2.3. The effects of spermine NONOate on {Gain capacitated human sperm bathed in

CFSEBSS. Sperm were incubated in SEBSS for 6 heurgerfused with CFSEBSS for 5 minutes

(after being stabilised in CFSEBSS), and then duped with 100 uM spermine NONOate in the

same medium. Traces show 7 single cell respoirsseyt: Control in which sperm prepared as for the

NONOate experiment were superfused with CFSEBSBedrabsence of any treatment. Traces show 4
single cell responses.
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Fig. 2.4.A. Mean NONOate-induced [&% increase in standard SEBSS and in CFSEBSS in
capacitated human sperm. Bar chart shows the nmamafised increase in fluorescence 10 minutes
after NONOate was added to sperm (sEBSS = 271; c@HSEBSS = 214 cells). The error bars
represent the SEM, and the number of experimeepdicates is indicated in each bar. Asterisks show
differences in significance (P<0.0B. Drift of [Ca™"]; (fluorescence) in control cells bathed in SEBSS
and CFsEBSS. Bar chart shows the mean normaliseebise in fluorescence over a 10 minute period
measured as in the experimental protocol (SEBS$5=clls; CFSEBSS = 169 cells). The error bars
represent the SEM, and the number of experimeeapdicates is indicated in each bar. Asterisks show
differences in significance (P<0.00€) Pseudocolour image series (warm colours show Gghf)
shows spermine NONOate-stimulated increase if'JCia sperm neck/mid-piece region. Numbers
represent time in minutes following exposure to 00 spermine NONOate.
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Fig. 2.5.A.The effects of spermine NONOate washout in cap&cithuman sperm bathed in SEBSS.

Sperm were incubated in sEBSS for 6 hours, supsafugth SEBSS for 4 minutes, then superfused
with 100 pM NONOate, which was washed out and fnBIONOate was re-applied, at the same

dose. Traces show 4 single cell responBed?seudocolour image series (warm colours show high
[Ca’];) of a single [C&]; oscillation. Numbers show time in seconds.
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2.4.3 HNO effects on [C4]; in human sperm

Having examined the effects of NO on fJa the effects of the NO redox sibling HNO on
[Ca®™]; in capacitated human sperm were also determifieel. HNO donor ANGS was used
to study these effects. ANGS (60 pM) stimulatecC &) elevation (Fig. 2.6) in 71+10% of
cells (5 experiments). OGB-1AM loaded cells exposedNGS tended to show a slow rise
in [C&"]i. The latency of the [G4; elevation was 0-5 minutes and there was a tendfmcy
the fluorescence continuously to rise while stiswas present (Fig. 2.6). In 16% of cells,
oscillations were superimposed on the HNO-indud@d]; increase (Fig. 2.6; pink trace).
Controls in which untreated sperm were continuosajyerfused with SEBSS, showed a small
upward drift in [C&"]; (Fig. 2.6 insert) in most cells, fluorescence iasiag by
approximately 3% during the 10 minutes equivalenthe period of ANGS exposure (5
experiments; Fig. 2.6 insert and 2.8.B). ANGS-iretldC&']; elevation in SEBSS was
significantly greater (P<0.001; unpaired-t) thamttlobserved in controls. To determine
whether the increase in [Eh was primarily due to CGaAinflux at the plasma membrane, the
same experiments were repeated in saline to whiclC&* had been added (CFSEBSS),
where [C&'], is < 5uM (Harperet al., 2004). ANGS induced a [€%; rise under low-C&
conditions (Fig. 2.7) in 64+11% of cells (4 expesems). Although some cells responded
similarly as in standard medium, the general tengemas for fluorescence to stabilise at
approximately 20%, 5 minutes after ANGS was added, the latency of the [€%; rise was
0-5 minutes (Fig. 2.7 and 2.8.A). In 8% of cells¢idlations were superimposed on the HNO-
induced [C4']; elevation under low-CGa conditions. In controls in which untreated sperm
were continuously superfused with CFSEBSS, fluaese remained at baseline levels in
most cells (Fig. 2.7 insert and 2.8.B; 3 experimgntherefore, ANGS stimulated a highly

significant [C&"]; rise under low-C& conditions (P<0.001; unpaired-t). ANGS-induced
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increase in fluorescence under low?Ca&onditions was significantly greater (P<0.001;
unpaired-t) than that occurred under normat*@anditions, 10 minutes after the drug was

added to the cells (Fig. 2.8.A).
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Fig. 2.6. The effects of HNO on [C4; in capacitated human sperm bathed in SEBSS. Gelts
incubated in SEBSS for 6 hours, superfused with&EBor 5 minutes and then superfused with 60
pM ANGS in sEBSS. Traces show 5 individual cell wsges.Insert: Control in which sperm
prepared as for the ANGS experiment were superfusedsEBSS in the absence of any treatment.
Traces show 4 single cell responses.
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Fig. 2.7.The effects of HNO on [G§; in capacitated human sperm bathed in CFSEBSSs Gelle
incubated in SEBSS for 6 hours, superfused withEBSS for 6 minutes (after being stabilised in
low-Ca* saline) and then superfused with 60 uM ANGS in EBSS. Traces show 4 single cell
responseslinsert: Control in which sperm prepared as for the ANGPeeixnent were superfused
with CFSEBSS in the absence of any treatment. $ralaew 4 single cell responses.
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Fig. 2.8.A.Mean ANGS-induced [C¥); increase in standard SEBSS and in CFSEBSS in itaieat
human sperm. Bar chart shows the mean normalisedase in fluorescence 10 minutes after 60 uM
ANGS was added to sperm (SEBSS = 288 cells; CFsEBS& cells). The error bars represent the
SEM, and the number of experimental replicatesd&ated in each bar. Asterisks indicate difference
in significance (P<0.001)B. Drift of [Ca?"]; (fluorescence) in control cells bathed in SEBS8 an
CFsEBSS. Bar chart shows the mean normalised iserigafluorescence over a 10 minute period
measured as in the experimental protocol (SEBS$5=c2lls; CFSEBSS = 169 cells). The error bars
represent the SEM, and the number of experimeepdicates is indicated in each bar. Asterisks show
differences in significance (P<0.001).
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2.5 Discussion

The expression of NOS has been revealed in cellth@fmale and female mammalian
reproductive tracts and also in gametes of vertebrand invertebrates, suggesting that NO
may play important physiological roles in fertilin (Creechet al., 1998; Kimet al., 2004;
Rosselliet al., 1998; Thaler and Epel, 2003). It has been reddtiat NOS is present in the
mammalian oviduct (Rossekt al., 1996; Ekerhovctt al., 1999; Lapointeet al., 2006) and
also in the oocyte and in the cumulus and corofia tteat surround it (Hattort al., 2001;
Reyeset al., 2004; Taoet al., 2004). Numerous cell types in the mammalian femal
reproductive tract, including oviductal cells, dyegise significant levels of NO (Rossedi

al., 1998).

Immunocytochemistry revealed that constitutive N@8IOS and nNOS) are expressed in
human cumulus cells. Comparison of NOS staining 8MdOX showed that nearly every
cell in the human cumulus samples used stainediygifor constitutive NOS, and DAF-
FM diacetate staining showed that the majority wanethesising NO (Fig. 2.1). Although
cumulus invested-mouse oocytes were also generdtihgonly 10-15% of the cumulus cells
strongly stained by DAF-FM diacetate (data not spwevertheless, a radius of influence
of up to 200 um for each individual cell (LancastE997) may be enough to avoid a ‘patchy’
distribution of NO within the cumulus. eNOS and nBl@re expressed in human sperm
(Herreroet al., 1996; Lewiset al., 1996; O'Bryaret al., 1998; Revellet al., 1999; Sengoket

al., 1998; Willipinski-Stapelfeldiet al., 2004; Zhanget al., 2006). NOS inhibitors reduce
synthesis of NO in human sperm suspensions (Donetedll., 1997; Revelliet al., 1999), at

concentrations that are reported to decrease spaotiity (Lewis et al., 1996), serine-
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threonine and tyrosine phosphorylation (Herretoal., 1999; O'Flahertyet al., 2004a),
acrosome reaction (Herrerg al., 1999; Revelliet al., 1999) and sperm-oocyte fusion
(Francavillaet al., 2000). Although evidence has been found that NM® ke produced by
human sperm, endogenous generation of NO was neictdble under the incubation
conditions in our assay. This finding is consisterth that of Ziniet al. (1995) whose data
showed that human spermatozoa do not have detedtd$ activity. The assay we used is
not as sensitive as other assays used in diffeabatatories (Revelkt al., 1999), which may
explain the failure to detect NOS activity in humsperm. Thus, although there is evidence
that sperm synthesise NO, it is not clear whethir gynthesis is physiologically significant
(Lefievreet al., 2007). Therefore, autocrine effects of NO gereerdty sperm are likely to be
modest compared to NO doses generated by sourti@s tie female tract. Potential sources
of NO within the female tract include endothelialls, smooth muscle and leukocytes. As the
action of NO on C# signalling is reversible, the modulation effecttbfs action will be

dynamic, being turned on and off as ‘required’e@spgonse to sources of NO.

Treatment of capacitated human sperm with sperid@blOate (100 uM) caused a clear rise
in [C&;i in the neck/mid-piece region of most cells, regylapreading into the posterior of
the sperm head (Fig. 2.2, 2.3 and 2.4.C). Thiscetdé NO was not altered by omission of
Cc&”* from the salinex 1000-fold reduction in [Cd],; Fig. 2.3 and 2.4.A), showing that the
effect of NO primarily reflects store mobilizatiomterestingly, the [C&]; elevation that
occurred under low-G4 conditions was significantly (P<0.05%) higher thhat occurred
under normal Cd conditions (Fig. 2.4.A), possibly because thé*Gaobilizing effects of
NO are enhanced by the low levels of Cia the extracellular medium. In a number of cell

types (e.g. macrophages, gut interstitial cellscpeaticp-cells), NO raises [C4];, via the
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activation of a ryanodine receptor (RyR), mobilgimositol-1,4,5-triphosphate (IngP
insensitive C& pools (Willmottet al., 1996). The distinct rise in [€3 seen under control
conditions (SEBSS but not CFSEBSS; Fig. 2.2 inge#,insert and 2.4.B), is consistent with
the report that long-wavelength laser irradiatidmmuse sperm stimulates a rise in {ga
and consequently the ability to fertilize, both mteebeing abrogated by the absence &f @a
the incubation medium during irradiation. The effet the irradiation may be mediated by

the generation of hydrogen peroxide@d) by sperm (Cohest al., 1998).

A subset of responsive cells presented’{[zascillations, superimposed on the NONOate-
stimulated [C&]; rise (Fig. 2.2; yellow trace), resembling thosensiiated by progesterone
(Harper et al., 2004; Kirkman-Brownet al., 2004). Washout of NONOate induced an
immediate decrease in [€h, reaching levels similar to those seen prior to NTRte

exposure. Most cells then showed a slow ?[;arise and spontaneous resumption of

oscillation (Fig. 2.5), once more resembling the&fof progesterone (Harpetral., 2004).

Although studies have recently been carried outniderstand the potential effects of the NO
redox sibling HNO, the participation of HNO in th@dulation of sperm functions has not
yet been investigated. Exposure of capacitated husparm to ANGS led to a progressive
rise in [C&"); (Fig. 2.6). This effect of ANGS was not modified dmission of C& from the
saline (Fig. 2.7), indicating that the effect of BNmay also reveal primarily store
mobilization. Moreover, the HNO-induced [€R rise under low-C& conditions occurred
faster (then fluorescence tended to stabilise) ihastandard Cd conditions, which may
explain the difference in significance (P<0.001)ewlcomparing the variation in OGB-1AM
fluorescence 10 minutes after applying ANGS und#h lzonditions (Fig. 2.8.A). The low

levels of C&" in the extracellular medium may lead to the fa€ef” mobilizing ability of
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HNO under these conditions. These findings are istarg with the previous reports that
HNO potentially stimulate G4 release from RyRs in skeletal (Cheoetgal., 2005) and
cardiac muscles (Cheong al., 2005; Tocchettiet al., 2007), suggesting that store

mobilization via activation of RyRs could undertiar observations.

The data presented in this study show that NOnegded in the cumulus cells that surround
the oocyte. The results indicate that the abilftju® and that of HNO to raise [€% reflect

primarily intracellular store mobilization, and thhe NO effects on [G4); are reversible.

89



CHAPTER THREE

NITRIC OXIDE (NO) ACTS THROUGH AN ALTERNATIVE

PATHWAY TO THE SOLUBLE GUANYLATE CYCLASE (sGQC) IN

CAPACITATED HUMAN SPERMATOZOA
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3.1 Abstract

The potential significance of sGC and generatiooyofic guanosine monophosphate (cGMP)
in the action of NO on [C4]; in capacitated human spermatozoa was investig&ed.
bromoguanosine-3’-5’-cyclophosphate sodium saltr@no cGMP) caused a sustained
elevation of [C&]i (mean increase in fluorescence >11%). This effext greatly reduced
low-C&* conditions. These results demonstrate that, urlieeNO effects on [C4];, cGMP
exerts its effects mainly through €anflux at the plasma membrane. Inhibition of sGithw
saturating doses of 1H-[1,2,4]oxadiazolo[4,3-a]guedin-1-one (ODQ), a sGC inhibitor, did
not modify the amplitude of the response to N-(Zraathyl)-N-(2-hydroxy-2-
nitrosohydrazino)-1,2-ethylenediamine (spermine NI2ke). The data show that NO acts

through an alternative pathway to the sGC-cGMPum#in spermatozoa.
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3.2 Introduction

Cyclic nucleotide signalling is fundamental in fnactioning of all sperm (Jimenez-Gonzalez
et al., 2006). CNG (cyclic nucleotide-gated) channels dneectly activated by cyclic
adenosine monophosphate (cCAMP) and cyclic guanasioeophosphate (cGMP) and are
permeable to CGA (Finn et al., 1996; Kaupp, 1995). Due to their high?Cpermeability
(Fringset al., 1995), CNG channels are the principal candidftesnediating C&' influx in
sperm that is regulated by cyclic nucleotides (\Weest al., 1998). In invertebrate cells,
cGMP regulates motility and the acrosome reactigaupp et al., 2003). In mammalian
sperm, cGMP levels are very low and cAMP seemsai lgreater significance (At al.,
1999; Lefiévreet al., 2000). Cyclic nucleotides stimulate CCantry in mouse spermatozoa
(Kobori et al., 2000). A CNG channel, of the type found in verédd photoreceptors and
olfactory neurons, was cloned from bovine testisefdhdet al., 1994). The channel is
expressed in sperm, occurs in the principal pidctne® flagellum, and is more sensitive to
cGMP than cAMP (Weyandt al., 1994; Wiesnekt al., 1998). Olfactory receptors, which
activate cyclic nucleotide-mediated Cinflux and regulate chemotaxis, have been desgribe

in human spermatozoa (Spehal., 2003).

It is well established that a number of NO actionssmooth muscle cells, endothelial cells
and platelets involve activation of sGC and proauciof cGMP (Murad, 1994b), but the
mechanisms by which NO influences sperm functiensitl to be elucidated (Revekt al.,
2001). sGC stimulation by NO and the significanéecGMP signalling in the sperm of
marine invertebrates are well established (Revetli al., 2002). However, cGMP

concentration and cGMP-specific phosphodiesteragee (5) and protein kinase G (PKG)
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actions are low or undetectable in human spermédlefet al., 2000; Willipinski-Stapelfeldt

et al., 2004). Stimulation of the acrosome reaction s phimary role of cGMP in human
sperm (Bielfeldet al., 1994; Revelliet al., 2002). Furthermore, studies on capacitation have
demonstrated that NO alters activities of otherakeas. Addition of exogenous NO is
associated with a rise in CAMP levels, causinggyre phosphorylation (Belen Herrezal .,
2000) and contributes to the activation of protekira cellular signal regulated kinases
(ERKs; O'Flahertyet al., 2006b; Thundathilet al., 2003). It has been observed that
intracellular cGMP increases during NO-dependemhugation of acrosome reaction in
capacitated bull sperm (Zamet al., 1995). A cGMP-independent action of NO is the
covalent modification of proteins via S-nitrosytatj the creation of S-NO bond by cysteine

thiol (-SH) nitrosylation to create a nitrosoth{blesset al., 2005a; Stamlegt al., 1992).

The aim of this study was to elucidate whetherdB€ transduction pathway is involved in
the NO-induced increase in [€R in human sperm, using the sGC inhibitor 1H-
[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) aheé cGMP analogue 8-bromoguanosine-

3’-5’-cyclophosphate sodium salt (8-bromo cGMP).

Part of this work has been published in the journdDevelopment”.
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3.3 Materials and methods

3.3.1 Materials

Salts used to prepare supplemented Earle’s balasakdsolution (SEBSS) and Edree

SEBSS (CFsEBSS,; see Appendix | for details), plarénl27, dimethyl sulfoxide (DMSO),
ODQ, 8-bromo cGMP were all from Sigma-Aldrich (PeoDorset, UK). Fatty-acid free
bovine serum albumin (BSA) was purchased from SAt@sciences (Lenexa, KS, USA).
Oregon Green 488 BAPTA 1l-acetoxymethyl (OGB-1AM)swabtained from Invitrogen
Molecular Probes (Paisley, UK). Poly-D-lysine (PDlas acquired from BD Biosciences
(Oxford, UK). N-(2-aminoethyl)-N-(2-hydroxy-2-nitsohydrazino)-1,2-ethylenediamine
(spermine NONOate) was purchased from Merck Chdmidd. (Beeston, Nottingham, UK).

All chemicals were cell-culture-tested grade wharailable.

3.3.2 Spermatozoa preparation and capacitation

As in Chapter Two, page 70.

3.3.3 Single cell imaging

As described in Chapter Two, page 71, with theofelhg specifications to this chapter:
OGB-1AM loaded sperm were superfused with sSEBSSCEsEBSS) + 0.3% BSA for an
initial control period, then stimulated with 8-bronaGMP (100uM) dissolved in the same

medium. In control experiments, cells were contumslp superfused either with SEBSS (or

CFsEBSS) + 0.3% BSA, in the absence of any tredtnterexperiments using CFSEBSS,
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cells were stabilised in low-Gasaline before start recording, the recording bgiegormed

in CFSEBSS.

Additional experiments were performed using SEBS8.3% BSA. After an initial control
period in which sperm were bathed with standardiomedcells were exposed to ODQ (10 or
100 uM) for approximately 10 minutes. Spermine NONOdi@0uM) was then added in the

continuous presence of ODQ.

3.3.4 Imaging Data Processing

As in Chapter Two, page 72.

3.3.5 Imaging Data Statistical Analysis

As in Chapter Two, page 73.

3.3.6 Evaluation of [C&"]; oscillations

As in Chapter Two, page 74.
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3.4 Results

3.4.1 Effects of cGMP and sGC inhibition on the NOrduced [C&]; signall

sGC is the ‘classic target’ for NO in its role asmassenger. Although cGMP (and thus sGC
activity) seems to be low in mammalian spermatozbare is evidence that effects on
acrosome reaction and probably other sperm furstieme exerted through this pathway
(Herreroet al., 1998; Revellet al., 2001). The membrane-permeant analogue 8-bromoReGM
was used to investigate whether generation of c@ktdunts for the NO-stimulated [€h
rise. 100 uM 8-bromo cGMP caused a rapid f(Ja elevation (77+9% of cells; 4
experiments), reaching a plateau after 2-3 min(Res 3.1.A) and fluorescence stabilised 5-
20% above control levels (meanl11%,; Fig. 3.1). Controls in which untreated spevere
continuously superfused with SEBSS, showed a somdlard drift in [CA]; (Fig. 3.1.A
insert). The [C&]; elevation induced by 8-bromo cGMP was significamgteater (P<0.001;
unpaired-t) than the small drift seen under contmoiditions (Fig. 3.1). 8-bromo cGMP also
increased [CE]; under low-C&" conditions (Fig. 3.2.A; 63+9% of cells; 3 experms. The
[C&a®"]; rise stimulated by 8-bromo cGMP under low2Caonditions, though significantly
greater (P<0.001; unpaired-t) than the negligilvi# dbserved in control cells (Fig. 3.2), was
much smaller and developed more slowly than untierdsrd conditions (Fig. 3.1, 3.2 and
3.3; P<0.001, unpaired-t). Therefore, unlike NOMi&raises [C&]; in human spermatozoa

by increased Cainflux rather than by mobilization of intracellulstores.

To ensure that the response to NO was not due t© a@ivation, experiments were
performed using the sGC inhibitor ODQ. 10 minutes-fpeatment with 1uM ODQ, a

concentration in excess of that required to inat&\sGC (Garthwaitet al., 1995; Schrammel
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et al., 1996), did not affect the amplitude of the spaenNONOate (100 uM) stimulated
increase in [C4]; (P>0.05; unpaired-t; Fig. 3.4 and 3.5.B). 61% of @pPre-treated cells
showed a [CH]; increase in response to NONOate (P>0.05; unpajredspared with
NONOate without ODQ pre-treatment) and >27% of scefiresented superimposed
oscillations on the NONOate-induced elevation of[§ (Fig. 3.4; blue, yellow and green
traces). The experiments with ODQ were repeatetgusd0 pM of the inhibitor, more than
five times the saturating concentration for bloakaflsGC. 79% of cells showed a fQarise

in response to spermine NONOate (P>0.05; unpajredripared to NONOate without and
with 10 uM ODQ pre-treatment) and 36% of cells sedwuperimposed oscillations on the
NONOate-induced [Gd]; rise (Fig. 3.5.A; blue and brown traces). Althoufgh amplitude of
the increase in fluorescence recorded 10 minutes application of NONOate was reduced
in the presence of 100 uM ODQ (by >40%; P<0.00Jaired-t; compared to NONOate
without and with 10 uM ODQ), a response to NONQueas still clearly visible. Furthermore,
in many cells the response to NONOate was more apaler these conditions, occurring as a

peak 1-2 minutes after NONOate application (Fi§./).

The doses of ODQ used in the 18 and 100uM experiments resulted in addition of DMSO
(vehicle) at 0.04% and 0.07%, respectively. Cost(6104% DMSO) showed an upward drift
of fluorescence (9+1%, 10 minutes after additiorDMSO). ODQ also stimulated a [€h

drift (7£1%, 10 minutes after addition of ODQ) biit was not significant (P>0.05%)
compared to that seen in solvent control experigestiggesting that the small rise in
fluorescence observed during sperm pre-treatmett ®WDQ may be due primarily to

presence of the solvent.
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Fig. 3.1.A. The effects of 8-bromo cGMP on [€R in capacitated human sperm bathed in
sSEBSS. Sperm incubated in SEBSS for 6 hours, thperBised with sEBSS for 5 minutes and
stimulated with 100 pM 8-bromo cGMP in the same ionmed Traces show 6 individual cell
responsednsert: Control in which sperm prepared as for the 8-bra@GdMP experiment were
superfused with sEBSS in the absence of any tresffitaces show 4 single cell respondgs.
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fluorescence) occurring under control conditiorBRSS) and 8-bromo cGMP-induced [Qarise in

capacitated human sperm bathed in sEBSS. Bar dhanvs the mean normalised increase in
fluorescence 10 minutes after adding 8-bromo cGMBperm bathed in SEBSS (72 cells) and over a
10 minute period measured as in the experimentibpol (215 cells). The error bars represent the
SEM, and the number of experimental replicateadicated in each bar. Asterisks show differences in

significance (P<0.001).
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Fig. 3.2.A.The effects of 8-bromo cGMP on [€hin capacitated human sperm bathed in CFSEBSS.
Sperm were incubated in SEBSS for 6 hours, thearfuged with CFSEBSS for 3 minutes (after being
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stabilised in CFSEBSS) and stimulated with 100 pMr&@no cGMP in the same saline. Traces
represent 4 single cell responskesert; Control in which sperm prepared as for the 8-bra@dP
experiment were superfused with CFSEBSS in thenalesef any treatment. Traces show 4 cell
responsesB. Mean drift in [C&"]; (fluorescence) occurring under control conditigB§sEBSS) and
8-bromo cGMP-induced [C§; rise in capacitated human sperm bathed in CFSEB&Schart shows
the mean normalised increase in fluorescence 1Qtesrafter adding 8-bromo cGMP to sperm bathed
in CFSEBSS (122 cells) and over a 10 minute pemedsured as in the experimental protocol (169
cells). The error bars represent the SEM, and tieber of experimental replicates is indicated in
each bar. Asterisks show differences in signifieafie<0.001).
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Fig. 3.3.Mean [C&"]; rise induced by 8-bromo cGMP in capacitated husgsm bathed in SEBSS or
CFsEBSS. Bar chart shows the mean normalised ser@afluorescence 2 and 10 minutes after 100
UM 8-bromo cGMP was added to sperm (SEBSS = 73;08FsSEBSS = 122 cells). The error bars

represent the SEM, and the number of experimeepdicates is indicated in each bar. Asterisks show
differences in significance (P<0.001).
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NONOate, in the presence of ODQ. Traces show @esiteyl response®. Differences between the
spermine NONOate-induced [€R increase in the absence or presence of ODQ ircitafeal human
sperm bathed in SEBSS. Bar chart shows the meanatieed increase in fluorescence 10 minutes
after adding 100 M spermine NONOate to sperm (SEBR71 cells; 10 uM ODQ in sEBSS = 208
cells; 100 uM ODQ in sEBSS = 137 cells). The elvars represent the SEM, and the number of
experimental replicates is indicated in each batefAsks show differences in significance (P<0.001)
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3.5 Discussion

Although data regarding the effects of NO on hursperm function have been accumulating
in the recent past, the intracellular mechanisme/high NO exerts these effects have not yet
been clarified (Revellet al., 2001). The primary actions of NO in target tissuedude
activation of sGC, causing an increase in cGMP eotration and actions mediated through
PKG or through direct action on CNG channels, aineictimodulation of protein function by
S-nitrosylation of exposed cysteine residues (Atetral., 2002; Daviset al., 2001). It has
been suggested that NO is a chemoattractant forahuspermatozoa, acting through
stimulation of sGC (Miragliat al., 2007), and when we exposed human sperm to cGMP we
observed a sustained rise in fGasimilar to that observed with NO (Fig. 3.1.A). Hoxee,
this effect was clearly dependent on {da (Fig. 3.2 and 3.3), consistent with generation
primarily by C&" influx rather than store mobilization. These firginare consistent with
those of Koboriet al. (2000) whose data showed that manipulation of cGiiB cAMP
levels in mouse sperm induced a transient elevatibfiCa'];, which was significantly
reduced in low-C& medium or in the presence of Gahannel blockers, cGMP being more
effective than cAMP in rising [G&;. Moreover, sperm treatment with saturating
concentrations of ODQ (10 uM), an effective intebibf sGC, did not modify the response to
NO (Fig. 3.4 and 3.5.B). Sperm treatment with ekigher doses of the inhibitor (100 uM),
more than five times the saturating dose for bldekaf sGC, still did not prevent sperm
responding to NO, although the increment in flucesge recorded 10 minutes after
application of NO was significantly smaller than dgontrol experiments (Fig. 3.5.B). Two
factors may have contributed to this. Firstly, therease in resting [¢§; due to pre-
treatment with this very high dose (100 uM ) of O®@s such that a similar increment in

[Ca®]; would produce a smaller percentage change in fiwerece. Secondly, the kinetics of
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the response to NONOate under these conditions aviéegent, fluorescence rising rapidly to
a peak and then falling during the first 2-3 mirsuédter application of NONOate. Thus, it is
concluded that NO-induced mobilization of?Cahows little, if any sensitivity to ODQ even
at 100uM. In contrast, stimulation of acrosome reactionN®y was significantly blocked by

10 uM ODQ (Ford, W. C., unpublished data).

It has been reported that NO mobilizesT@eom intracellular stores in the sea urchin egg vi
a pathway involving cGMP, activating the cyclic aoe dinucleotide phosphate ribose
(cADPR)-sensitive C& release mechanism (Willmogt al., 1996). Willmottet al. (1996)

proposed that NO accounts for cADPR synthesis &8 P-dependent mechanism. cADPR
binds to its receptor (Walset al., 1993), opening a ryanodine receptor (RyR)-liké*Ca
channel in the endoplasmic reticulum (Gali@hal., 1991), elevating [Ga]; (Willmott et al.,

1996). Conversely, it has been found that high siladecADPR are present in human sperm
and that these cells generate the molecule, bdbés not appear to contribute to the
regulation of the sperm themselves (Billinge&ral., 2006). This mechanism of action of NO

does not appear to underlie our observations.

It has been recently shown that NO, at doses usdtis study, causes S-nitrosylation of
numerous sperm proteins (Lefiewvateal., 2007), suggesting that this alternative effecNGf

could underlie our observations.

The results of this study indicate that the NO-iretlincrease in [G4]; via mobilization of

intracellular C4" stores in capacitated human sperm does not ingbéractivation of sGC.
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4.1 Abstract

The —SH reducing agent dithiothreitol (DTT) was usedtestigate the reversibility of the
effects of NO on [CH]; by -SH group reduction. DTT reversed N-(2-aminogthiA(2-
hydroxy-2-nitrosohydrazino)-1,2-ethylenediamineefspine NONOate)-induced elevation in
[Ca®]i. To determine whether reduction of mitochondriaH -§roups, leading to enhanced
Cc&* accumulation, might account for the effects of DTH MONOate-induced increase of
[Ca®'];, NONOate treated cells were exposed to carborghice m-chlorophenylhydrazone
(CCCP), to disrupt mitochondrial membrane potentiid inhibit C&" uptake by
mitochondria, prior to treatment with DTT. DTT was effee in decreasing [G§;in CCCP
treated cells. The data indicate that the mitochiarahe not involved in Ga uptake induced
by -SH reducing agents. The effects of the protemti®sylating agent S-nitrosoglutathione
(GSNO) on [C4'; in capacitated human sperm were assessed. GSN@&esefC4');, its
effects being rapid in comparison to those of speenNONOate (see Chapter Two). DTT
and glutathione (GSH) were used to study the réhiéitg of the effects of GSNO on [C§;

by -SH group reduction or by prevention of prot8hmitrosylation, respectively. Both DTT
and GSH reversed GSNO-induced elevation of'{fzaThese results show that reversal or
impediment of protein S-nitrosylation reverses Nitnslated elevation of [Cd]; and
indicate that NO acts through S-nitrosylation oftpm -SH groups. GSNO-induced protein
S-nitrosylation in human sperm was reversed by DTTsiarply by removal of the S-
nitrosylating agent. The effect of DTT on Angeli's tséANGS)-treated cells was also
investigated. ANGS-induced elevation of fJawas reversed by DTT. This result shows that

the effect of HNO on [Cd]; is reversed by -SH reducing agents.
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4.2 Introduction

The mature mammalian spermatozoon is a ‘minimatstl, specialised for its exclusive
function of delivering the haploid nucleus and \aating factors to the female gamete. To
achieve this purpose, ‘surplus’ cytoplasm, inclgdail endoplasmic reticulum is jettisoned
during the last stage of differentiation, spermiuggs. Though Gur and Breitbart (2008) have
recently outlined reported findings that suggeat firotein translation in mature spermatozoa
may occur, differentiated sperm lack much of thpamptus which enables somatic cells to
perform DNA transcription and protein expressionffddentiated sperm must undergo
functional modifications during maturation in thpididymis and upon interaction with the
female reproductive tract (Suarez and Pacey, 20D8¢se events, which are crucial for
fertilization to occur, depend primarily on posafislational modification of proteins (e.g.

tyrosine phosphorylation; Ficarsbal., 2003) in mature cells (Lefievet al., 2007).

NO can act independently of cyclic guanosine monsphate (cGMP), via protein S-
nitrosylation, the creation of S-NO bond by cysee#8H nitrosylation to create a nitrosothiol
(Hesset al., 2005a; Stamleet al., 1992). S-nitrosylation is a regulated post-tratishal
protein modification that controls physiological llaar signalling similarly to
phosphorylation and acetylation (Foster and Stagn2@94; Hesst al., 2005a). More than
120 proteins from animal and plant cells have lreported to undergo S-nitrosylation (Greco
et al., 2006; Hacet al., 2006; Hest al., 2005a; Rheet al., 2005; Wanggt al., 2006) and a
growing number have been revealed to be functipmatjulated by S-nitrosylation, including
the estrogen receptor (Garbetral., 2005), connexin 43 hemichannels (Retaetal., 2006)
and dynamin (Wanet al., 2006). S-nitrosylation is still unexplored in spatozoa (Lefievre

et al., 2007).
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In biological systems, NO participates in a equilim with S-nitrosothiols (RSNO), HNO

and also metal complexes that can liberate nitiosor('NO; Hughes, 1999). NO and its

donors oxidize -SH through S-nitrosylation and HN@Qnhverts -SH to unstable S-derived
hydroxylamines that interact with another -SH tornfoa disulfide (SS) bond and

hydroxylamine (Arnelle and Stamler, 1995; Doyleakt 1988). It is sensible to predict that
activation of ryanodine receptors (RyRs) by HNOuwscvia an oxidation reaction through
the formation of SS bonds (Cheorgal., 2005). Low molecular weight RSNO, like S-
nitrosoglutathione (GSNO), S-nitrosocysteine (CSN@nd S-nitrosohomocysteine are
thought to be signalling molecules that regulate dlation of -SH-containing enzymes via
trans-S-nitrosylation (Stamlegt al., 2001). An example of such modification is the S-
nitrosylation of RyR types 1 and 2 (Stoyanovskyl., 1997). RSNO have been thought to
have a role in many NO-mediated biological effebtg,the mechanisms underlying RSNO or

their S-nitroso groups’ uptake into cells are ppafined (Zhang and Hogg, 2004).

The purposes of this study were to assess the gfiéciitrosylating conditions on [€% and
sperm proteins using the nitrosylating agents GSi#@ CSNO, and the subsequent -SH
reducing agent (dithiothreitol or DTT) and S-nitragidn blocking agent (glutathione or
GSH) effects in those cells to determine the rebidity of the nitrosylating effects on [GF;

and proteins by reversal or prevention of protemt&sylation. The same approach was used
in cells exposed to the NO donor N-(2-aminoethyj2\hydroxy-2-nitrosohydrazino)-1,2-
ethylenediamine (spermine NONOate), and upon expotuthe mitochondria uncoupling
agent carbonyl cyanide m-chlorophenylhydrazone (ECto determine whether the

reduction of mitochondrial -SH groups accounts floe effects of DTT on NO-induced
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elevation of [C4"];. The reducing agent DTT was also used to evaluateetresibility of

HNO (donated by the HNO donor Angeli’s salt (ANG8}fects on [C&]..

Part of this work has been published in the journdDevelopment”.
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4.3 Materials and methods

4.3.1 Materials

Salts used to prepare supplemented Earle’s balaseedsolution (SEBSS) and Edree
SEBSS (CFsEBSS; see Appendix | for details), plurénll27, dimethyl sulfoxide (DMSO),
phosphate buffered saline (PBS), Percoll, sodiundedg sulphate (SDS), methyl
methanethiosulfonate (MMTS), L-cysteine to prepar8NO and exhausted CSNO and
chemicals to prepare M medium, lysis buffer, HEN med TBS and sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SD&PBAlIoading buffer (see Appendix | for
details) were all from Sigma-Aldrich (Poole, DorselK). Fatty-acid free bovine serum
albumin (BSA) was purchased from SAFC Biosciendenéxa, KS, USA). Oregon Green
488 BAPTA 1l-acetoxymethyl (OGB-1AM) was supplied myvitrogen Molecular Probes
(Paisley, UK). Poly-D-lysine (PDL) was acquired rfroBD Biosciences (Oxford, UK).
Spermine NONOate, ANGS, DTT, GSH, CCCP and GSNO werrehased from Merck
Chemicals Ltd. (Beeston, Nottingham, UK). Proteashibitor cocktail tablets were
purchased from Roche Diagnostics Ltd. (Lewes, Eassék, UK). EZ-Link Biotin-N-[6-
(biotinamido)hexyl]-3-(2-pyridyldithio)propionamid€EZ-Link Biotin-HPDP) was obtained
from Perbio Science UK Ltd. (Cramlington, Northumbed, UK). Nitrocellulose membrane
was supplied by GE Healthcare UK Ltd. (St. Gilescl&y UK). IgG fraction monoclonal
mouse antibiotin and secondary antibody conjugatétth horseradish peroxidase were
purchased from Jackson ImmunoResearch Laboratof$tgatech Scientific, Soham,
Cambridgeshire, UK). Lumi-GLO, an enhanced chemihescence kit, was purchased from
Insight Biotechnology Ltd. (Wembley, Middlesex, UKljhe Silver Stain Plus was supplied
by Bio-Rad Laboratories Ltd. (Hempstead, HertfondshUK). All chemicals were cell-

culture-tested grade where available.
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4.3.2 Spermatozoa preparation and capacitation

As in Chapter Two, page 70, with the following sfieations to this chapter:

To perform the biotin-switch assay, semen was lalyeker 1 ml fractions of 45% and 90%
Percoll (made isotonic with M medium; see Appentifor details). Samples were then
centrifuged at 2000 g for 20 minutes. Concentratbspermatozoa was calculated using an
improved Neubauer haemocytometer and at least dif®were scored (Kvist and Bjérndahl,
2002). Percoll-washed sperm were further washeld RBS to eliminate Percoll. Cells were

then diluted and incubated in PBS.

4.3.3 Single cell imaging

As in Chapter Two, page 71, with the following sfieations to this chapter:

All experiments were carried out using SEBSS + 0B%A. Initial control periods were

obtained using the same medium.

Spermatozoa were stimulated with spermine NONOH® (M) after which DTT (1 mM)

was applied to the cells, in the continued presentee NONOate.

Additionally, upon sperm treatment with spermine N@ate (100 uM), CCCP (1,0M) was
applied in the presence of NONOate. DTT (1 mM) wasntimtroduced to the imaging

chamber, in the continuous presence of NONOateC&aP.

Cells were also stimulated with GSNO (10®1), after which either DTT (1 mM) or GSH

(100uM) was added to the perfusing tube in the contiquedence of GSNO.

Also, cells were superfused with standard mediung then exposed to DTT (1 mM)

dissolved in the same saline.
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Finally, cells were superfused with ANGS (60 uMYI'D(1 mM) was subsequently added in

the continued presence of ANGS.

4.3.4 Imaging Data Processing

As in Chapter Two, page 72.

4.3.5 Imaging Data Statistical Analysis

Categorization and quantification of different tgpef responses were performed using the

statistical logics described in Chapter Two, page 73

A scattergram was plotted to show the level ofeation between the size of the response to
spermine NONOate and the size of the response to iAear regression line and
coefficient of determination @ values were considered to further evaluate threetadion

between those responses.

4.3.6 Biotin-switch assay and immunodetection of pteins by Western blotting

The biotin-switch assay was used to detect S-nit@bsy proteins in human sperm, in
accordance with Lefievret al. (2007). Briefly intact sperm, at 50 million cettd] were

incubated with the nitrosylating agents GSNO amgittesocysteine (CSNO), alone or in the
presence of ImM DTT, the control compounds GSH arested CSNO, or no treatment,
at 37°C for up to 60 minutes. Sperm were then ifegad at 2000 g for 5 minutes and the
supernatant was removed unless stated otherwisen Ugntrifugation, sperm were

resupended in lysis buffer (see Appendix | for d€taand treated with protease inhibitors.
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Alternatively after supernatant removal, cells wesashed twice with 500 ul PBS,
immediately centrifuged at 2000 g for 5 minutes &ndlly resuspended in the lysis buffer.
Sperm were incubated for 5-15 minutes at room teatpee and centrifuged at 2000 g for 5
minutes. Protein concentration was determined &ed tdjusted to < 0.5 mg/ml. Proteins
were precipitated using four volumes of ice-coldtane at -20°C for 20 minutes, centrifuged
at 2000 g for 5 minutes at 4°C, washed twice wiiPo7acetone and finally dried. Protein
precipitate was resuspended in HEN medium (see Afppdrfor details) containing 2.5%
SDS. Blockage of free -SH was performed using MM28 (M), a rapidly -SH-reactive
agent, for 30 minutes at 50°C. Following free -Sbckage, extracts were precipitated with
acetone as described above, to eliminate MMTS, hed tesuspended in HEN medium
containing 1% SDS. Biotinylation was achieved fallog 1 hour incubation with 1 mM
biotin-HPDP and 1 mM ascorbate, at 25°C. Sample® iigther acetone precipitated as
described above. Pellets were resuspended in 1xP3XIEE loading buffer (see Appendix |
for details) in the absence of reducing agentstaadsamples were resolved by SDS-PAGE
(10%) and transferred for biotin immunoblotting.l Alxperimental steps preceding SDS-
PAGE were performed in the dark. A single ejacueds used each time and different donors

were used on each occasion.

Proteins were separated by electrophoresis on SEEE=R10%) gels and electrotransferred
onto nitrocellulose membrane. Non-specific bindgigs on membranes were blocked with
5% wi/v dry skimmed milk in TBS supplemented with %.ITween-20 (TTBS) for the

detection of biotinylated proteins. The membranesevigcubated at room temperature for 1
hour with the antibiotin antibody (1/10000). The rogellulose membranes were then

extensively washed with TTBS, incubated with the sdeoy antibody conjugated with
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horseradish peroxidase for 1 hour and again washd#éd TTBS. Positive immunoreactive
bands were detected by chemiluminescence using -Blfdl, in accordance to the
manufacturer’s instructions. Silver staining of fireteins transferred on the membranes was
carried out following the detection to confirm efjpeotein loading for all samples (Jacobson

and Karsnas, 1990).
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4.4 Results

4.4.1 The effects of -SH reduction and protein S-mosylation blockage on NO-induced
[Ca®"]; signal

As detailed in Chapter Three, the effects of NO®&']; in human sperm are not mediated
by the activation of soluble guanylate cyclase (s&%®l production of cGMP. An alternative
biological action of NO is directly to alter pratefunction by S-nitrosylation of -SH in
specific target motifs (Hesat al., 2005a; Stamleet al., 1992), an action of NO that we
recently detected in human sperm (Lefieweal., 2007). DTT is a cell-permeant -SH
reducing agent which, even at low concentrationsm(¥), reverses biological effects
stimulated by protein S-nitrosylation (Stoyanovsityal., 1997). The effects of DTT on
spermine NONOate-induced [€h rise in capacitated human sperm were thus detednine
DTT (1 mM) caused an abrupt decrease irf{[;&78+7% of cells; 5 experiments), sometimes
preceded by a brief elevation in [Cl(possibly reflecting non-specific effects of DTT), in
cells where spermine NONOate (1Q0M) effects were well established (Fig. 4.1.A).
Fluorescence reached approximately 3% above cdetrels and fell, in some cells, to levels
observed before NONOate treatment. Many cells sHdw#&0% fluorescence recovery during
the following 10 minutes (Fig. 4.1.A). The amplitudethe spermine NONOate-stimulated
rise in fluorescence was correlated with the sikze¢he drop in fluorescence upon DTT

treatment (Fig. 4.1.B).

Oxidation of protein -SH can lead to Tanobilization from mitochondria, an effect that is
reversed by DTT (Halestragt al., 1997; Parienteet al., 2001; McStayet al., 2002), and

might therefore contribute to the observed {Gaesponses. In order to determine whether
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reduction of mitochondria -SH groups account fog #ffects of DTT on NO-stimulated
elevation of [C4T;, spermine NONOate (100M) treated cells were stimulated with CCCP
(10 uM), prior to DTT (1 mM) exposure, to collapse thetanhondrial inner membrane
potential and mobilize mitochondrial €aKonji et al., 1985). Most cells showed a rise in
[Ca®™"]; after CCCP addition, consistent with mitochondraticipation in [C&'; buffering
(Wennemuthet al., 2003), this mobilization of mitochondrial €aactivating [C&'];
oscillations in many cells (Fig. 4.2, red tracegll€ were then exposed to DTT, responding
with a clear drop in [Cd]; (96+3% of cells; 4 experimentsilespite the inability of
mitochondria to accumulate €a Fluorescence reached approximately 5% above aontr
levels, returning, in some cells, to levels obsériaefore application of NONOate.

Fluorescence recovered approximately 10% overat@aing 5 minutes (Fig. 4.2).

GSNO, a membrane-impermeant protein S-nitrosylatiggnt (Jiet al., 1999; Zamaret al.,
2006) can act at intracellular targets, probablydgeneration of the membrane permeant
product cys-NO (Zhang and Hogg, 2004). The effe€t&8NO on [C&]; in capacitated
human sperm were thus investigated. GSNO (@) induced a [C&]; rise (Fig. 4.3.A) in
70+5% of cells (7 experiments). GSNO-induced insee [C4']; was rapid in comparison
to the action of spermine NONOate (140d), reaching a plateau in approximately 3 minutes
in most cells (Fig. 4.3.A). Fluorescence tendestabilise at approximately 12% (Fig. 4.3.B).
In 18% of cells, oscillations were superimposedtiom GSNO-induced rise in [€%. In
control experiments, fluorescence increased by cqmately 3% during the period
corresponding to the application of GSNO (Fig. A.&sert and 4.3.B). GSNO-induced
[Ca®™]; increase in cells bathed in SEBSS was significagrater (P<0.001; unpaired-t) than

the [C&"]; rise observed under control conditions (Fig. 4)3.B
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DTT (1 mM) generated a rapid fall in fluorescencenstimes preceded by a brief rise in
[C&®"];, in sperm previously exposed to GSNO (108; 86+8% of cells; 4 experiments; Fig.
4.4). Levels of fluorescence fell to approximat@¥% above control levels (Fig. 4.4 and

4.5.B), returning, in some cells, to levels obsdrliefore exposure to GSNO (Fig. 4.4).

Decomposition of GSNO can lead to release of NQgl$ét al., 1996). To test the possibility
that GSNO was acting as an NO donor rather the&+aitrosylating agent, we co-applied 100
UM GSH. Decomposition of GSNO to generate NO iskrated in the presence of an equal
dose of GSH (Singlet al., 1996), but formation of membrane permeant proaystNO,
leading to direct S-nitrosylation of intracellularoteins is suppressed (Zhang and Hogg,
2004). GSNO (100uM) treated cells responded with a decrease in’JGasometimes
preceded by a small rise, when GSH (1) was introduced to the recording chamber, in
the continued presence of GSNO (Lod; 81+14% of cells; 3 experiments; Fig. 4.5.A).
Fluorescence levels reached approximately 4% betowrol levels and tended to stabilise at
a lower level of fluorescence (Fig. 4.5) althougime cells showed fluorescence recovery of
approximately 5% over the following 5 minutes. Fksgcence levels observed upon
application of GSH to sperm exposed to GSNO wegaifstantly (P<0.001; unpaired-t)
lower than those seen upon application of DTT to GSid@ted cells (Fig. 4.5.B). These data
indicate that mobilization of G& by GSNO is by a “direct” action to nitrosylate dgat

proteins in spermatozoa.
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As DTT strongly promoted Ghuptake, further investigation was carried out &edmine

whether DTT affected the [€3; in NO untreated spermatozoa. DTT caused a reduition
[Ca®™]; in the majority of control cells (3 experimentsg.F4.6). However, the amplitude of
the DTT effect was small, mean fluorescence levalshiag only approximately 3% below
control levels. In most of these cells, there wanta slight recovery of fluorescene%)

over the following 5 minutes (Fig. 4.6). The ampliguof the rise in fluorescence occurred
during the control period was correlated with thee ©f the drop in fluorescence following

DTT treatment.
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A 60 - 100UM spermine NONOate (SEBSS)

1 mM DTT ( SEBSS)

A Fluorescence (%)

30

-20 - Time (min)
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Fig. 4.1.A. Theeffects of DTT on spermine NONOate-induced {ancrease in capacitated human
sperm bathed in SEBSS. Spermatozoa were incubateiBSS for 6 hours, superfused with SEBSS
for 3 minutes then exposed to 100 uM spermine NQR@ad finally 1 mM DTT, in the presence of
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NONOate. Traces show 5 single cell respon&sScattergram shows the negative correlation
between the spermine NONOate-induced rise in femsece and the following DTT-stimulated
decrease in fluorescence. A linear regressioni$imgotted with the correspondent equation afd R
Scattergram shows results of one experiment anepigesentative of five repeats. Each black square
represents a cell.

80 100 puM spermine NONOate (SEBSS)
| 10 pM CCCP (SEBSS)

1 mM DTT (sEBSS)

A Fluorescence (%)

-20 -

Time (min)

Fig. 4.2. The effects of DTT on spermine NONOate-induced {;ancrease in capacitated human

sperm pre-treated with CCCP. Cells were incubatesEBSS for 6 hours, superfused with SEBSS for
3 minutes, then sequentially exposed to 100 uMnsiper NONOate, spermine NONOate and 10 uM
CCCP and finally spermine NONOate, CCCP and 1 mMr D the same saline. Traces show 5
single cell responses.
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Fig. 4.3.A.The effects of GSNO on [€% in capacitated human sperm bathed in SEBSS. Sperm
incubated in SEBSS for 6 hours, superfused with&EBor 4 minutes and then exposed to 100 uM
GSNO in the same saline. Traces represent 6 soallaesponsednsert: Control in which sperm
prepared as for the GSNO experiment were superfusigldl SEBSS in the absence of any
treatment.Traces show 4 single cell respondgs.Differences between the drift in [€h
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(fluorescence) occurring under control conditiorsERSS) and GSNO-induced [ rise in
capacitated human sperm bathed in sEBSS. Bar obartsents the mean normalised increase in
fluorescence 10 minutes after application of GSNG@germ bathed in SEBSS (464lls) and over a
10 minute period measured as in the experimentibpol (215 cells). The error bars represent the
SEM, and the number of experimental replicatesdicated in each bar. Asterisks show differences in
significance (P<0.001).

60 - 100uM GSNO (SEBSS) |

1 mM DTT (SEBSS)
40 -

A Fluorescence (%)

-20 -
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Fig. 4.4.Theeffects of DTT on GSNO-induced [€} increase in capacitated human sperm bathed in
SEBSS. Sperm were incubated in SEBSS for 6 houpgrused with SEBSS for 4 minutes, exposed to
100 uM GSNO and then 1 mM DTT, in the presence NG, in the same saline. Traces show 5

individual cell responses.
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Fig. 4.5.A. The effects of GSH on GSNO-induced [(Jarise in capacitated human sperm bathed in
SEBSS. Sperm were incubated in sEBSS for 6 hourgriised with sEBSS for 3 minutes then
exposed to 100 pM GSNO and finally 100 uM GSH, hie presence of GSNO. Traces show 5
individual cell response&. Theeffects of GSH and DTT on [€3 in GSNO treated and capacitated
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human sperm bathed in SEB3®ft panel: Bar chart represents the mean normalised fluonescat
the lowest point over 5 minutes immediately aft&Hsor DTT was added to GSNO treated sperm
bathed in sEBSS (GSH = 187 cells; DTT = 214 cell$)e error bars represent the SEM, and the
number of experimental replicates is indicateddnhebar. Asterisks show differences in significance
(P<0.001).Right panel: Schematic representation of the sperm respons&sStd or DTT after
exposure to GSNO. Black circles indicate the lovilestrescence values over 5 minutes immediately
after GSH or DTT were applied to sperm.
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Fig. 4.6.The effects of DTT on [C4]; in untreated and capacitated human sperm bathsEBSS.
Sperm were incubated in sEBSS for 6 hours, supsdfugith sEBSS for 6.5 minutes, and then
exposed to 1 mM DTT in the same saline. Traces ghimdividual cell responses.
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4.4.2 Protein S-nitrosylation and its reversibility by -SH reducing agents and S-

nitrosylation blocking agents

GSNO effects on [Cd]; were rapid £ 3 minutes for peak elevation of fluorescence; Fig.
4.3.A), and were rapidly reversed in the preserideTd (fig. 4.4) and GSH (Fig. 4.5). The
[Ca®]i reduction observed upon washout of spermine NOBI(s¢e Chapter Two, Fig.
2.5.A) and upon application of DTT to NONOate-treatetls (Fig. 4.1.A) were similarly
rapid. The kinetics and reversibility of S-nitrosyda of sperm proteins after stimulation with
GSNO were therefore assessed. Immediately aftéregplosure to GSNO (50 puMs 5
minutes for preliminary centrifugation; see methdds details) sperm were lysed and
processed for the biotin-switch assay. At this etagrotein S-nitrosylation had already
reached its steady-state level, and prolonged st (up to 60 minutes) had a very small
effect (Fig. 4.7). Moreover, after 60 minutes ofubation under S-nitrosylating conditions,
subsequent washing with PBS was sufficient to @rotein S-nitrosylation almost totally,
within minutes (Fig. 4.8). Treatment with 1 mM DTT fbrminutes, after 60 minutes of
stimulation with GSNO (1 mM), completely reversede t GSNO-induced protein S-
nitrosylation (Fig. 4.9). The biotin-switch assaydammunodetection of proteins by Western

blotting were performed by Dr. L. Lefievre.
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Fig. 4.7.GSNO and protein S-nitrosylation. Cells were expoge50 utM GSNO and processed for
the biotin-switch assay. Lane 1 shows backgroungldeof S-nitrosylation in sperm processed
immediately for the assay (indicated by *). Lansh®ws levels of S-nitrosylation after 60 minutes of
incubation of sperm in SEBSS. Lanes 3, 4, 5, 6/astdow increased protein S-nitrosylation in sperm
processed for the assay immediately after treatmétit GSNO (*) and in sperm incubated with

GSNO for 5, 10, 30 and 60 minutes respectively.
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Fig. 4.8. Reversibility of GSNO-induced protein S-nitrosytati Left panel shows protein S-
nitrosylation levels in untreated sperm incubatdl0 minutes (lane 1), in GSNO and CSNO-treated
sperm (lanes 2 and 4 respectively) and in GSH ahdiested CSNO-treated sperm (lanes 3 and 5

respectively; controls). Right panel presents sam@@tments in sperm washed in PBS immediately
before processing for the biotin-switch assay.
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Fig. 4.9.Reversibility of GSNO-induced protein S-nitrosytati Lane 1 shows endogenous levels of
protein S-nitrosylation in sperm incubated in SEB8S60 minutes. Lanes 2 and 3 show protein S-
nitrosylation levels in GSH (1 mM) treated celloiftrol) and in GSNO (1 mM) treated cells,
respectively. Lane 4 shows protein S-nitrosylatiorcells incubated as for lane 3 but cells were
exposed to 1 mM DTT 5 minutes before processinghferassay.

4.4.3 The effects of -SH reducing agents on HNO-inded [C&]; signal

Recent studies have revealed the redox nature eofHINO effects in the cardiovascular
system (Cheongt al., 2005; Daiet al., 2007; Tocchettet al., 2007). The effects of -SH
reducing agents on the HNO-induced {Giaise in human sperm were therefore evaluated.
When ANGS (60 uM) treated spermatozoa were expts&I T (1 mM), there was a rapid
decrease in fluorescence (66+x15% of cells; 3 ewrparts), sometimes preceded by a short

elevation in fluorescence (Fig. 4.100. most cells, fluorescence returned to levelshslyg
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above £ 4%) those seen during the control period, and tieeovered approximately 10%

over the following 5 minutes (Fig. 4.10).
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Fig. 4.10.Theeffects of DTT on HNO-induced [€% increase in capacitated human sperm bathed in
SEBSS. Sperm were incubated in sEBSS for 6 houperfised with sEBSS for 2.5 minutes then
exposed to 60 uM ANGS and finally 1 mM DTT was #lin the presence of ANGS. Traces show
4 individual cell responses.
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4.5 Discussion

The action of NO was rapidly reversed by exposure noM DTT (Fig. 4.1.A), an effect that
was not sensitive to pre-treatment with CCCP (#i8), and thus not a reflection of effects on
mitochondrial C&" accumulation. The relationship between NO-induced” @obilization
(increase in OGB-1AM fluorescence) and the reduciio [C&']; caused by subsequent
exposure to DTT (decrease in OGB-1AM fluorescencef garticular significance. In every
case (5 experiments) there was a negative coosléig. 4.1.B). The characteristics of non-
ratiometric fluorescence [3 measurements are such that, as*{[;aises, the change in
fluorescence for a given increment in fds reduced. If the action of DTT on [€3 was

by a mechanism separate to reversal of the actidd(y the DTT-stimulated decrease in
absolute fluorescence would be smaller in thosks eglich had presented the greatest NO-
stimulated elevation in [G4;. A positive correlation would result instead o€ thbserved
negative correlation. We therefore conclude that Ddvierses the action of NO and that NO-
induced mobilization of stored &areflects direct modulation of protein function 8¢
nitrosylation. It is relevant that, when spermin®@MNODate was washed off and reintroduced
after 5-10 minutes, the effect of NO was appareetiganced, particularly the generation of
[Ca®™"]; oscillations (see Chapter Two, Fig. 2.5). Proteinit®sylation reverses rapidly upon
washout of NONOate, so this persistence of effeay meflect increased &aleak at the
plasma membrane (and consequent filling of th&" Gtore), perhaps due to an increase in
cGMP concentration. Furthermore, sperm exposuréG8NO, which can cause direct
transnitrosylation independent of generation of MGted similarly to NO but more rapidly
(Fig. 4.3.A), consistent with a direct action (ogylation by NO is believed to require a
number of intermediate reactions and thereforestasger kinetics (Ahermt al., 2002)). The

effects of GSNO must be carefully interpreted as dompound can decay to liberate NO,
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which is far more effective in crossing biologicakmbranes. However, direct measurement
of NO liberation by GSNO demonstrates that this poomd is a very poor generator of NO
(Jarboeet al., 2008). Moreover, the effect of GSNO on fGawas reversed by co-application
of GSH (Fig. 4.5.A). Previous reports indicate t8H enhances breakdown of GSNO to
liberate NO (Singtet al., 1996) but will inhibit generation of membrane mpeant cys-NO,
which is required for protein S-nitrosylation by S in intact cells (Zhang and Hogg,
2004). A mechanism for RSNO uptake into cells haenb proposed and involves
transnitrosation reaction between GSNO and L-cystéd form L-CysNO, which is taken up
into the cell via an amino acid transport systemmc@®inside the cell, CysNO undergo
transnitrosation reactions with cellular -SH to nfroGSNO and S-nitrosated proteins.
Reactions between -SH and RSNO may contributeadas of extracellular RSNO (Zhang
and Hogg, 2004). GSNO-induced fGarise was also reversed by the -SH reducing agent
DTT (Fig. 4.4). Donors of NO or RSNO mobilize #rom skeletal and cardiac microsomes,
an effect that is reversed by —SH reducing agedtisyanovskyet al., 1997). Interestingly,
when GSH was added to GSNO-treated spernt.J@anded to stabilise at a reduced level,
whereas upon DTT addition it often showed a pargabvery (Fig. 4.5.B). These data are
consistent with the inability of GSNO to furtheansnitrosylate proteins (Eachannels) as
GSH blocks the formation of CysNO, abrogating farttC&* mobilization, whereas DTT
reverses protein S-nitrosylation, leading to chémtosure and CGA uptake, but does not
prevent further nitrosylation and consequent‘Gaobilization by NO. Evaluation of sperm
protein S-nitrosylation, using the biotin-switch timed (Foster and Stamler, 2004; Lefieete
al., 2007) showed that, similar to the effect of GSBIO[C&'];, GSNO-stimulated protein S-
nitrosylation was rapid, occurring #b minutes (the minimum period that could be assesse

using the assay; Fig. 4.7) and was immediatelyrsexkby washout of GSNO (Fig. 4.8) or
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co-application of DTT (Fig. 4.9). These data demautstthe redox nature of these processes
and are consistent with the recent report thatrgel@mumber of human sperm proteins are
potential targets for S-nitrosylation (Lefieveeal., 2007). Lefiévreet al. (2007) identified
260 proteins present in sperm from normozoospem@n, which became S-nitrosylated at
cysteine residues in the presence of NO donors.padeson with the only publicly available
human sperm proteome found only 30 proteins (12%@ommon (Martinez-Herediet al.,
2006). A previous study provided an estimationtdeast 1760 proteins in the human sperm
proteome (Johnstoat al., 2005). These findings indicate that protein Sesiytation upon
exposure to NO is not a ubiquitous process, a argbiaracteristic of a modification if it is to
exert specific downstream effects (Lefieeeaal., 2007). Functional analysis of the identified
proteins showed that proteins associated with noésab, energy production and cell
movement were abundant (18%), suggesting thatr8sglation has a role in sperm motility.
Proteins involved in signal transduction were dsond to be abundant (10%), suggesting
that S-nitrosylation has a role in the modulatidrsperm function (Lefievret al., 2007).
Therefore, these results demonstrate the potengaifisance of protein S-nitrosylation,

regarding the regulation of human sperm functions.

DTT decreased [G4; in untreated cells (Fig. 4.6) and in all theseegipents there was a
negative correlation between the elevation in’{{;4increase in OGB-1AM fluorescence)
observed during the control period and the follmyvilrop in [C&]; (decrease in OGB-1AM
fluorescence) upon application of DTT. These obsermatisuggest that the rise in resting

[Ca?']; which occurs in some cells may be related to cesiim protein -SH status.
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This study also showed that the action of HNO on*{cawas rapidly reversed upon
application of DTT (Fig. 4.10), again suggesting tbeox nature of the process. It has been
reported that HNO produced by ANGS leads td*Galease from skeletal and cardiac
sarcoplasmic reticulum vesicles, potentially vidivation of RyRs, an effect that is reversed
by the -SH reducing agent DTT, causing re-uptake @f By the sarcoplasmic reticulum
vesicles (Cheonet al., 2005). Similarly, HNO-induced Garelease from murine myocytes

sarcoplasmic reticulum vesicles is also completeWyersed by DTT (Tocchett al., 2007).

In summary, these data indicate that mobilizatibetored C&" by NO or GSNO occurs via
modulation of protein function by S-nitrosylationdathat mitochondria are not the stores
targeted by NO for it to exert its effects. Moreguwhese results suggest that mobilization of

stored C&" by HNO occurs via S-oxidation of proteins.
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5.1 Abstract

Human sperm exhibit ryanodine receptors (RyRs) anilyin the posterior region of the head
/mid-piece junction. RyRs contain thiol (-SH) greupwhich are prone to undergo S-
nitrosylation, and are therefore potential targis nitric oxide (NO). The effects of
ryanodine and 4-CmC, agonists of RyRs, on spernfJCaere therefore investigated.
Ryanodine and 4-CmC stimulated a rise inlGaut the kinetics of responses were distinct.
Ryanodine elicited a [G§; plateau whereas 4-CmC typically induced a?[Garansient.
Although 4-CmC increased [€% even in low-C&" conditions, the amplitude of the
responses was reduced. 4-CmC effects orf'JCaere abolished when experiments were
performed in SEBSS-ethylene glycol-big-gmino-ethylether)-N,N,N’'N’-tetraacetic acid
(EGTA) medium. These data suggest that these agon@ttiize C&* from an intracellular
store, via activation of RyRs, although 4-CmC dfeppear to be partially dependent on a
pathway mediated by Eainflux in sperm and the store may be very rapidiypleted upon
exposure to EGTA. N-(2-aminoethyl)-N-(2-hydroxy-2raogohydrazino)-1,2-ethylenediamine
(spermine NONOate) pre-treated cells respondecréiftly to ryanodine in the continued
presence of NONOate, as the amplitude of théJCeesponses became smaller and a small
[Ca®]; peak was often discernible. These data suggeseogence of the NO and ryanodine

actions.
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5.2 Introduction

Ryanodine receptors (RyRs) are intracellulaf‘@hannels that play a crucial role in f(Ja
signalling, principally amplification of signal b@&*-induced C& release (CICR). These
proteins have a large number of sulthydryl (-SH)ugis and are therefore prone to be S-
nitrosylated (Otswet al., 1990; Takeshimat al., 1989). RyRs are believed to be activated by
alterations in [C&], the putative second messenger cydaitenosine diphosphate-ribose
(cADPR) and also via conformational coupling witsaciated proteins (Zucchi and Ronca-
Testoni, 1997). Pharmacological modulators of RyBsmrise caffeine and low doses of
ryanodine as activators and local anaesthetidsenuim red and high doses of ryanodine that
close the C4 channel (Zucchi and Ronca-Testoni, 1997). The tlsefeims of the RyRs are
designated as RyR 1, originally identified in skallenuscle; RyR 2, originally identified in
cardiac muscle and RyR 3, identified in brain bithva wider tissue distribution in general
(Brini, 2004). Analysis of mouse testis sectiongeaded that cells believed to be germ cells,
like spermatocytes and spermatids expressed Ryl RgR 3 but not RyR 2 (Giannigi al.,
1995). Mouse developing spermatocytes and spersnaxipress RyR 1 and RyR 3 (Chiarella
et al., 2004; Trevincet al., 1998). Moreover, Trevinet al. (1998) demonstrated that RyR 3
was present in mature fully developed spermatoaod,that RyR 3 localisation was unlikely
to be on the acrosome. Human sperm can be spdlgif@belled with a fluorescent analogue
of ryanodine (BODIPY-FL-X-ryanodine), binding primig to the posterior region of the
head and mid-piece (Harpetral., 2004). Immunolocalisation studies confirmed thespnce

of RyR 1 and RyR 2 in the neck and mid-piece regibrhuman sperm (Lefiévret al.,
unpublished data). RyRs are present in human sperithe low incidence of detection
indicates that these receptors may be presentiralundance (Lefiévret al., 2007), which

is consistent with their restricted cellular losalion (Harperet al., 2004) and may be
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expected for the presence of a high conductancech@mnel in cells with such a small
cytoplasmic volume (Lefievreet al., 2007). Pharmacological-based studies have also
suggested the presence of the RyR in mature baspeen (Minelliet al., 2000). In later
studies, RyRs were not detected in bovine spermatbSuarez, 2001b). Furthermore, high
concentrations of ryanodine reduced spermatog@nadiferation and increased cell meiosis,
stressing that sperm have functional RyRs thabnbt play a physiological role in regulating

agonist-induced G changes but also in sperm development (Chiagelif, 2004).

4-CmC is a potent agonist of RyR 1 and RyR 2 (Gheisal., 1999; Matyastet al., 2002;
Zorzatoet al., 1993), but is a poor activator of the RyR 3 (Eesenet al., 2000). 4-CmC
comprises a single benzene ring with hydroxyl, rylethnd chloro groups at the 1, 3 and 4
positions. The 1-hydroxyl group is required to aaté/RyR 1 and the hydrophobic groups at
the 3- and/or 4-positions improve activity (Jacabetoal., 2006). 4-CmC activates RyR 1 via

modulation of the CA sensitivity of the channel (Herrmann-Fragtlal., 1996).

Recently it has been reported that exposure of hisparmatozoa to nitric oxide (NO) results
in S-nitrosylation of RyRs (Lefievret al., 2007). The aim of this study was therefore to
assess whether treatment of human sperm with ryamoahd 4-CmC interacts with (or

occludes) the ability of NO to elevate fCa
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5.3 Materials and methods

5.3.1 Materials

Salts used to prepare supplemented Earle’s balasatedolution (SEBSS), Gafree SEBSS
(CFSEBSS) and sEBSS- Ethylene glycol-fisa(nino-ethylether)-N,N,N’N’-tetraacetic acid
(EGTA,; see Appendix | for details), pluronic F-121mdthyl sulfoxide (DMSO), EGTA and
4-CmC were purchased from Sigma-Aldrich (Poole, d8gr UK). Fatty-acid free bovine
serum albumin (BSA) was obtained from SAFC Bioscéan(Lenexa, KS, USA). Oregon
Green 488 BAPTA 1-acetoxymethyl (OGB-1AM) was acegdifrom Invitrogen Molecular
Probes (Paisley, UK). Poly-D-lysine (PDL) was pwashd from BD Biosciences (Oxford,
UK). N-(2-aminoethyl)-N-(2-hydroxy-2-nitrosohydram)-1,2-ethylenediamine (spermine
NONOate) was obtained from Merck Chemicals Ltd. e, Nottingham, UK). Ryanodine
was acquired from Biomol International, L.P. (ExetdK). All chemicals were cell-culture-

tested grade where available.

5.3.2 Spermatozoa preparation and capacitation

As in Chapter Two, page 70.

5.3.3 Single cell imaging

As described in Chapter Two, page 71, with the failhg specifications to this chapter:

OGB-1AM loaded sperm were superfused with SEBSS3%0BSA for an initial control
period. Sperm were then stimulated with ryanodik@ M) dissolved in the same medium.

In addition, and upon an initial control period which sperm were bathed with standard
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SEBSS + 0.3% BSA, cells were pre-treated with spsenmilONOate (10QuM), during
sufficient time for the NO effects to become weditablished, and then stimulated with
ryanodine (10QuM) in the continued presence of NONOate, the dhegag dissolved in the

same saline.

In a different set of experiments, cells were sfysed with SEBSS (or CFSEBSS) + 0.3%
BSA for an initial control period and then exposedt-CmC (1 mM) dissolved in the same
saline. These experiments were repeated in SEBSS-HEHBSS containing 6 mM EGTA
and 5 mM C&), in which case cells were superfused with stahd#BSS for an initial
control period and then briefly superfused with sSEHSSTA prior to application of 4-CmC

dissolved in SEBSS-EGTA.

5.3.4 Imaging Data Processing

As in Chapter Two, page 72.

5.3.5 Imaging Data Statistical Analysis

As in Chapter Two, page 73.

5.3.6 Evaluation of [C&"]; oscillations

As in Chapter Two, page 74.
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5.4 Results

5.4.1 The effects of ryanodine and 4-CmC on [G§;

Upon treatment with ryanodine (100 uM), human speesponded with a rise in [€%
(83+x5% of cells; 3 experiments). Fluorescence Bsaloi approximately 1 minute after
application of ryanodine (mean increas®%; Fig. 5.1). In 12% of cells, oscillations were
superimposed on the ryanodine-induced elevatiofCef']i. In controls in which untreated
sperm were continuously superfused with sEBSS, ésm@nce tended to remain at baseline
levels over this period (Fig. 5.1.A insert and B)1. Therefore, ryanodine induced increase in

fluorescence was very highly significant (P<0.00dpaired-t).

4-CmC (1 mM) induced an increase in fGan 89% ofcells. The typical response to 4-CmC
was a C& transient (peak: 12% in fluorescence), followed by a sustainedGdevation
(Fig. 5.2). 9% of cells presented [Claspikes or oscillations during the sustained elenanf
[Ca™];i (Fig. 5.2; brown trace). Controls in which untregtells were continuously superfused
with SEBSS, showed a negligible drift in [Cin most cells (5 experiments; Fig. 5.2 insert
and 5.5.B). Thus, 4-CmC stimulated a very highlynsigant (P<0.001; unpaired-t) [€%
rise in sperm bathed in SEBSS. To establish whelige41CmC-induced [G4; elevation was
due to C&' influx at the plasma membrane, the same expersneete repeated in medium to
which no C&" had been added (CFSEBSS), where?{Jeds < 5uM (Harperet al., 2004).
Most cells (94%)responded to 4-CmC under low®aonditions. The amplitude of cell
responses was reduced by > 50% (Fig. 5.3 and 5.bBud)the effect was very highly
significant (P<0.001; unpaired-t) compared to aolstrcontinuously superfused with

CFSEBSS, which showed a negligible {Gadrift (Fig. 5.3 insert and 5.5.B). Oscillations

141



were very rarely observed after treatment with 4&Comder low-C& conditions (< 2% of
cells). However, when cells were stimulated witlC#C in EGTA buffered SEBSS,
responses to 4-CmC were abolished (Fig. 5.4). Undetrol conditions, in which untreated
sperm were superfused with sEBSS for an initial rmdrpperiod and then superfused with
SEBSS-EGTA, there was an immediate drop irf{l;@hen SEBSS-EGTA was introduced to
the imaging chamber followed (in most cells) buslaw, further decay (Fig. 5.4 insert).
Application of 4-CmC during this period had littlé,any effect and cell responses were not
significantly (P>0.05; unpaired-t) different to #® observed in control cells continuously
superfused with SEBSS-EGTA. Thus, 4-CmC effects ofi'JQander normal C4 conditions
were significantly greater (P<0.001; unpaired-@rthts effects on [G4]; under low-C&'
conditions or in EGTA buffered sEBSS (Fig. 5.5.A). &lg-CmC effects on [G; in low-
Cd* saline were significantly (P<0.001; unpaired-tffatient than its effects in EGTA
buffered sEBSS (Fig. 5.5.A). These results sugdest, in human spermatozoa, 4-CmC
mobilizes C4" from an intracellular store, via activation of RyPbut also that a Gainflux
pathway is important for it to exert its effectsdaat exposure to EGTA may very rapidly

empty the store.
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Fig. 5.1.A. The effects of ryanodine on [€} in capacitated human sperm bathed in SEBSS. Sperm
were incubated in SEBSS for 6 hours, superfuseld sEBSS for 3.5 minutes, and then superfused
with 100 pM ryanodine in the same medium. Tracgsesent 5 individual cell responséssert:
Control in which sperm prepared as for the ryanedirperiment were superfused with SEBSS in the
absence of any treatment Traces show 4 singleasgbnsesB. Comparison between the increase in
[Ca’]; (fluorescence) occurring after application of rydime and the levels of [E% (fluorescence)
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under control conditions (SEBSS) in capacitated dmsperm bathed in SEBSS. Bar chart shows the
mean normalised fluorescence 1 minute after agmitaof ryanodine and over a 1 minute period
measured as in the experimental protocol (SEBS$5=c2lls; ryanodine = 113 cells). The error bars
represent the SEM, and the number of experimeefalicates is indicated in each bar. Asterisks
indicate P<0.001.
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Fig. 5.2. The effects of 4-CmC on [€%; in capacitated human sperm bathed in SEBSS. Spenm
incubated in SEBSS for 6 hours, superfused with&%Bor 3 minutes, and then superfused with 1
mM 4-CmC in the same saline. Traces represent @esicell responsednsert: Control in which
sperm prepared as for the 4-CmC experiment wererfiged with SEBSS in the absence of any
treatment Traces show 4 single cell responses.

144



60 60
40

20

inN
o
|

A Fluorescence (%)

-20

N
o
|

CFsSEBSS

|

0 oAy RSO
0

A Fluorescence (%)

-20 -

MO an G 4“ 5

CFsEBSS

oy A e P b

o
15

20 25

Wi
AT e

5 10

Time (min)

1 mM4-CmC
(CFsEBSS

@%”&W

\;Mﬂf/ |

\FG’W

14

Time (min)

Fig. 5.3. The effects of 4-CmC on [€% in capacitated human sperm bathed in CFSEBSSnSper
were incubated in SEBSS for 6 hours, superfuseld @GHSEBSS for 4 minutes (after being stabilised
in CFSEBSS), and then superfused with 1 mM 4-CmCHsEBSS. Traces show 5 individual cell
responseslinsert: Control in which sperm prepared as for the 4-Cm@eement were superfused
with CFSEBSS in the absence of any treatment Trslves 4 single cell responses.

145



60, & 601
Y 40
= SEBSS | SEBSS-EGTA
S 20 -
g 0 - hedagieani T T T )
078 00 25
T 20 4 5
;\5\ < -40 Time (min)
@ 20
s 1 mM 4-CmC
o SEBSS
2 A < Time (min)
S 0 S ﬁ?‘ - ]
L D 4 16
< e
-20
.40 - | SEBSS-EGTA

Fig. 5.4.Theeffects of 4-CmC on [C3); in capacitated human sperm bathed in SEBSS-EGP&:nS
were incubated in SEBSS for 6 hours, superfused si#BSS for 4 minutes, then superfused with
SEBSS-EGTA for 2 minutes, and finally exposed tmi¥ 4-CmC in sEBSS-EGTA. Traces show 7
single cell responsesnsert: Control in which sperm prepared as for the 4-Cm@eement were
superfused with sSEBSS-EGTA in the absence of apgtriment Traces show 4 individual cell
responses.

146



A 25 - B 25
O sEBSS
B CFsEBSS
20 - 20 - B SEBSS-EGTA
c ====77 I —_
é *kk E
- —
15 15 -
@ *-A!* I I /CS;)\
S 2
Y 10 8 10-
c [y
o) (O]
o O
3 a
o T L 5
S > £ E
[ LL
4 expts 2 expts Zerepts 5expts 3 expts
0 I T J_ 1 O N = 1exp
On O 0w~
Y, (SN cun <
o o gEm GSof
7 W L 7 w O
5- s w» Qw < u W -5 -

Fig. 5.5.A.Mean normalised increase in [CJa(fluorescence) 1 minute after application of 1 MM
CmC to capacitated human sperm bathed in stan888S, CFSEBSS or SEBSS-EGTA (SEBSS = 67
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CFSEBSS or sEBSS-EGTA. Bar chart represents the meanalised drift in fluorescence over a 1
minute period measured as in the experimental pobiGEBSS = 215 cells; CFSEBSS = 169 cells;
SEBSS-EGTA = 92 cells). The error bars represeat $iEM, and the number of experimental
replicates is indicated in each bar.
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5.4.2 The effects of NO on ryanodine-induced [G§; signal

To assess whether the effects of ryanodine ofi'JOaere modified by or interacted with
those of NO, spermine NONOate pre-treated cell®wgposed to ryanodine in the continued
presence of the NO donor. There was an immediatedse in fluorescence upon application
of ryanodine (Fig. 5.6.A) in 62% of cells. 27% dalls showed a transient [€3 rise that
then decayed to levels only 2-3% above those pmegedimulation. 22% of cells generated
oscillations during this period (Fig. 5.6.A, brovamd red traces). The amplitude of the
ryanodine-induced [G4); rise in NO pre-treated cells was significantly QF84; unpaired-t)
lower than the [C4]; rise observed in non-pre-treated cells (Fig. 5.6Mus, sperm pre-

treatment with NONOate partially occluded and tated the sperm responses to ryanodine.
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Fig. 5.6.A. The effects of spermine NONOate pre-treatment amadine-induced [C4; rise in
capacitated human sperm bathed in SEBSS. Spermimereated in SEBSS for 6 hours, superfused
with sEBSS for 5 minutes, pre-treated with 100 pyddrsnine NONOate and then exposed to 100 uM
ryanodine in the continued presence of NONOatecégashow 5 individual cell responsds.
Differences between the [€} elevation induced by ryanodine under control ctods (SEBSS) and
ryanodine-induced [C; elevation in spermine NONOate pre-treated andaitggad human sperm
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bathed in SEBSS. Bar chart represents the meanatised increase in fluorescence 1 minute after
ryanodine was applied to cells (sSEBSS = 113 cBl3NOate pre-treated cells bathed in SEBSS = 129
cells). The error bars represent the SEM, and thmber of experimental replicates is indicated in
each bar. Asterisks show differences in signifieafie<0.01).
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5.5 Discussion

Application of 100 uM ryanodine to capacitated hansperm resulted in a rise in [€h
(Fig. 5.1.A). This finding is consistent with theepence of RyRs in human sperm, which has
previously been suggested by Harpeal. (2004) whose data showed human sperm staining
with BODIPY-FL-X-ryanodine, a fluorescent analogoferyanodine, in the posterior region
of the head and mid-piece. This observation has bmmfirmed by Lefievreet al.
(unpublished data) whose data shows that RyR 1Rafil2 antibodies bind to the neck and

mid-piece region of human sperm.

Some studies have previously demonstrated thatazdriesol is a powerful activator of RyRs.
4-CmC releases €afrom a ruthenium red/caffeine-sensitive’Caelease channel in terminal
cisternae (Zorzateet al., 1993). Chlorocresol also releases®'Crom an inositol-1,4,5-
triphosphate (Insff-insensitive store in cerebellar microsomes. laqamomocytoma cell line
(PC12), chlorocresol releases’C#&om a caffeine and thapsigargin-sensitive intilate
store (Zorzatet al., 1993). In our study, a [¢5; transienfollowed by a sustained [€3; rise
occurred upon sperm exposure to 4-CmC (Fig. 5.8). édbservations may therefore reflect
mobilization of stored Ga by 4-CmC via activation of RyRs. However, spernpoeses to
4-CmC were greatly reduced in low“¢aEBSS (Fig. 5.3). Furthermore, 4-CmC application
2 minutes after sperm exposure to EGTA did not geéaenay detectable responses (Fig. 5.4).
Zorzatoet al. (1993) reported that chlorocresols induce a teamsiC&']; rise in C&'-free
medium with EGTA in PC12 cells. Moreover, 4-CmC geated a transient followed by a
sustained [CH]; rise in cultivated mouse myotubes, and replacemgaktracellular C& by

EGTA and use of channel blockers revealed that thesgonses reflected €amobilization
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from intracellular stores (Gschweetal., 1999). However, G4 stores in mammalian sperm
may be particularly labile and sensitive to EGTA-buéd medium. Exposure to EGTA
results in an immediate drop in cytoplasmic {Tand rapidly depletes intracellular €a

stores in human sperm (Bedu-Adéal., 2007; Harpekt al., 2004). Therefore, our findings
suggest that, in human sperm, 4-CmC effects orf'JQaflect an action on the RyRs to
mobilize stored C& but C&" influx may also be required as part of the respdns4-CmcC.

The absence of cell responses to 4-CmC in EGTA buffelE8BSS may reflect store depletion

due to its sensitivity to EGTA.

NO or NO-related proteins modulate the activitfRyR 1 and RyR 2 (Suet al., 2001; 2003;

Xu et al., 1998; Zahradnikovet al., 1997). Critical thiol (-SH) groups have been iifead in

the RyR 1 (Aracena-Parla al., 2006; Suret al., 2001) and donors of NO mobilize €a
from skeletal and cardiac microsomes, via activatib RyRs, an effect that is reversed by -
SH reducing agents (Stoyanovsétyal., 1997). Treatment of human sperm with NO leads to
S-nitrosylation of RyR 2 (Lefiévreet al., 2007). Our present study revealed that sperm
responses to 100 uM ryanodine were greatly reducélde presence of NO (Fig. 5.6). This
observation indicates that NO and ryanodine coreveirg their effects on sperm €a
signalling. Whether this is at the RyR itself (thetion of NO reducing sensitivity to
ryanodine; Stoyanovskgt al., 1997) or at the CGa signal (NO activating the ryanodine-
sensitive pathways, thus reducing the responséaodtug) is not clear from these data.
However, these results do emphasise the presei®R¢gRs in human spermatozoa and suggest
that the C& mobilizing effects of NO and GSNO involve the sa@d" store as that

mobilized by ryanodine.
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CHAPTER SIX
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6.1 Abstract

NO and progesterone, produced by the cumulus tedis surround the oocyte, mobilize
stored C& in human spermatozoa. The effects of both agent§Cafi]; are apparently
mediated by ryanodine receptors (RyRs). NO andasiegone interaction effects on fCJa
flagellar activity and motility parameters in cajpiated human spermatozoa were therefore
examined. N-(2-aminoethyl)-N-(2-hydroxy-2-nitrosalngzino)-1,2-ethylenediamine
(spermine NONOate) pre-treated spermatozoa showetbnged and intensified &a
responses to progesterone, in the continued presehdNO. Assessment of mid-piece
displacement (as an indicator of flagellar beat @athder the same conditions showed that
an increase in flagellar activity occurred when gasterone was added. These data
demonstrate that NO and progesterone interactgilate human sperm motility. Computer-
assisted semen analysis (CASA) immediately aftpliegtion of progesterone, detected only
marginal effects of co-stimulation, on free swimnicells, beat cross frequency (BCF) and
straight-line velocity (VSL) being reduced. Thesdadendicate that NO and progesterone
contribute to the regulation of sperm motility altlyh it appears that CASA is not a
technique sensitive enough to detect changes inlitymgiatterns under these experimental

conditions.
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6.2 Introduction

The zona pellucida, which surrounds the oocytehéshest characterised agonist of {;a
signalling in mammalian sperm. Upon sperm contihet,zona pellucida stimulates increases
in [C&"]; leading to the acrosome reaction at the zona wurfBailey and Storey, 1994;
Florman, 1994). Progesterone, generated by an@mras mammalian cumulus (Mingcdi

al., 2002; Osmauet al., 1989; Yamashitat al., 2003), also leads to increases inGand is
the best characterised agonist of human sperml&iynio the response to the zona pellucida,
exposure to progesterone stimulates a “simple”aigg C&" influx (Blackmoreet al., 1990;
Plantet al., 1995). The response to progesterone involvesaat o influx pathways but
their identity is not elucidated (Guzman-GrenfatidaGonzalez-Martinez, 2004). Although
that responsiveness of human sperm to progestes@ssociated with fertilization succass
vitro (Krauszet al., 1996) and demonstrates biological significancéhf steroid, its role in
fertilization is not elucidated. Micromolar conceations of progesterone stimulate the
acrosome reaction, but the significance of thigpoase for fertilizationin vivo is unclear
(Guzman-Grenfell and Gonzalez-Martinez, 2004; Wasaa et al., 2001). It has also been
reported that progesterone stimulates hyperaabivad dynamic swimming pattern caused by
marked modifications in flagellar beat mode. Spb&ecome hyperactivated as they gain the
capacity to fertilize. Hyperactivation is charactc of sperm retrieved at the site and time of

fertilization (Suarez and Ho, 2003).

Exposure of human sperm to gradients of progestemignates a [Cd]; ramp with
superimposed slow oscillations, which do not indacesome reaction but modulate flagellar

beat, an effect potentially significant in penetmt of the oocyte vestments prior to
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fertilization (Harperet al., 2004). [C&]; oscillations can be generated upon application of
progesterone as a concentration ‘step’ but the eurobcells in which this signalling pattern
occurs is low (Aitken and McLaughlin, 2007; Harpatral., 2004; Kirkman-Brownet al.,
2004). Progesterone-induced “Canflux appears to activate ryanodine receptorsR&y
located in the sperm neck/mid-piece region, causamgtitive bursts of Gainduced C&
release (CICR; Harpest al., 2004). The identity of the &astore in the sperm neck/mid-
piece is not yet established, but one of the seshgandidates is the redundant nuclear
envelope (RNE), which appears to play a role inrdwulation of the flagellum in murine
sperm (Marquezt al., 2007). During spermiogenesis in many speciedudirtg humans
(Kerr, 1991; Westbrookt al., 2001), a membrane complex called RNE originateeemeck
region of spermatozoa. The RNE is believed to funcie a C& store in bovine sperm and
to control flagellar beat mode (Ho and Suarez, BO®do and Suarez, 2003). €ae-uptake
during oscillations seems to be dependent, at fesa#lly, on the activity of secretory pathway
C&*-ATPase (SPCA) 1 (Harpeet al., 2005). SPCAL is present in mature human
spermatozoa and is situated to the anterior midepiextending into the posterior region of
the head (Harpest al., 2005), possibly reflecting expression in the fuéaC&" store of the
RNE (Ho and Suarez, 2003). For information about R@Rd their relation with NO see

Chapter One (section 1.11.6) and Chapter Fiveentisely.

The aim of this study was to examine the effectsoa$timulation with NO and progesterone

on [C&"];, flagellar activity and motility parameters in e@jtated human spermatozoa.

Part of this work has been published in the joutBalvelopment”.
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6.3 Materials and methods

6.3.1 Materials

Salts used to prepare supplemented Earle’s balaatedolution (SEBSS; see Appendix | for
details), pluronic F-127, dimethyl sulfoxide (DMS@hd progesterone ([4-Pregnene-3,20-
dione]) were purchased from Sigma-Aldrich (Poolerdet, UK). Fatty-acid free bovine
serum albumin (BSA) was obtained from SAFC Bioscéan(Lenexa, KS, USA). Oregon
Green 488 BAPTA 1-acetoxymethyl (OGB-1AM) was acegdifrom Invitrogen Molecular
Probes (Paisley, UK). Poly-D-lysine (PDL) was pashd from BD Biosciences (Oxford,
UK). N-(2-aminoethyl)-N-(2-hydroxy-2-nitrosohydram)-1,2-ethylenediamine (spermine
NONOate) was obtained from Merck Chemicals Ltd. @ee, Nottingham, UK). Computer-
assisted semen analysis (CASA) slides (Microcéllgrd depth with two chambers per slide)
were from Conception Technologies (San Diego, CAALJ&II chemicals were cell-culture-

tested grade where available.

6.3.2 Spermatozoa preparation and capacitation

Sperm were prepared and capacitated for live ingagimd CASA as described in Chapter

Two, page 70.

6.3.3 Single cell imaging

As in Chapter Two, page 71, with the following sfieations to this chapter:

In all experiments, OGB-1AM loaded sperm were siysed with SEBSS + 0.3% BSA for an

initial control period, and the drugs used werealged in the same saline.
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In a set of experiments, cells were pre-treatech vgppermine NONOate (100M) for
approximately 10 minutes, enough time for the NONQa exert its effects. Progesterone (3
uM) was added in the continued presence of NONQOateontrol experiments, NO untreated
cells were superfused with progesteron@NB. In additional control experiments, NONOate
pre-treated sperm were superfused with progestef@névl) upon washout of NONOate.
Finally, spermatozoa were exposed to spermine NQ&QEIO uM) and solvent control

(0.05% DMSO) was then added to the cells, in th#icaed presence of spermine NONOate.

6.3.4 Imaging data processing

As in Chapter Two, page 72.

6.3.5 Imaging data statistical analysis

More complex [C&T; responses (such as oscillations) were generatédwane therefore
quantifified by direct examination of individuahte-fluorescence intensity plots. Data from
each type of experiment were pooled to calculageftbquency of each type of response,
stated in the text as mean £ SEM. Microsoft Excel usedd to perform paired or unpaired-t
tests, as appropriate, when comparing classespbnses. Statistical significance was set at

P<0.05.

6.3.6 Evaluation of [C&"]; oscillations

As in Chapter Two, page 74.
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6.3.7 Flagellar activity assessment

Cells were observed under phase-contrast microseafly an increased rate of image
acquisition (1 Hz) to attempt to visualize changesthe mid-piece and thus flagellum
displacement under experimental conditions. Fa phirpose, spermatozoa were not labelled
and were directly introduced to the recording chanfbr 5 minutes to allow cell attachment
to the PDL coated slide. Fields of cells were peafgally selected in the boundary of the
PDL coated area where sperm were loosely attach#ebtslide. Loosely-attached cells with a
freely motile flagellum were chosen to assess thgeflar activity. Assessment of the mid-
piece displacement and thus flagellar activity adapted from that described previously
(Harperet al., 2004) using the ImageJ MTrackJ plugin. Using thé-point of the mid-piece
as a reference point, frame-to-frame displacemexst measured throughout the experiments

and subsequently plotted against time.

Cells were superfused with spermine NONOate (M) for approximately 10 minutes,
sufficient time for the NONOate effects to beconmalwestablished. Progesteroneu(d) was
then added, in the continued presence of NONOatecohtrol experiments, sperm were
stimulated with progesterone (@V) without spermine NONOate pre-treatment. In both
cases, images started being taken before progesterdition, to get an initial 1 minute
control period, and continued to be taken for ahier 4-5 minutes in the presence of

progesterone.

6.3.8 CASA

100 ul sperm suspension aliquots, at 4 million cells/ mére prepared to assess motility

parameters using the CASA machine (Hamilton Thoumning IVOS v.10). Cells were pre-

159



treated with spermine NONOate (1QM) for approximately 10 minutes. Progesterone (3
uM) was then applied to the cells. Immediately aftergesterone was added, di®f sperm
suspension was introduced into a 5@ depth slide, and motility parameters were analyse
by the CASA machine. In parallel, sperm were stated with spermine NONOate (10M)

for approximately 10 minutes and motility assessece cells loaded into the slide chamber.
Additionally, sperm were directly incubated wittogesterone (gM), in the absence of pre-
incubation, and motility was assessed as previpusimediately after allowing cells to load
well into the slide. Motility parameters were alaoalysed in untreated cells following the
same procedure. Furthermore, cells were treatddspiermine NONOate (1QM) for about
10 minutes and solvent control (0.05% DMSO) was theéded to the cells. Immediately after
solvent control was added, Dof sperm suspension was introduced in the slidertber and
motility was analysed. All CASA experiments werefpamed at 25°C to parallel the single

cell imaging studies as closely as possible.

6.3.9 CASA data analysis

Percentages and mean + SD correspondent to differetility patterns were automatically
registered by the CASA machine while performing thegeriments. Changes in motility
parameters due to different treatments were cordpar®licrosoft Excel using paired t-tests.

Statistical significance was set at P<0.05.
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6.4 Results

6.4.1 NO and progesterone interaction effects on f&']; signal

The effects of spermine NONOate and S-nitrosogligath(GSNO) on human sperm [Cla
stimulating sustained increase with superimposeadlaigons, are similar to the effects of
progesterone, which cyclically mobilizes ‘Catored in a membranous compartment in the
sperm neck/mid-piece (Bedu-Ada@bal., 2007; Harpeet al., 2004; Harper and Publicover,
2005). These effects of progesterone involve adtimabf RyRs (Harperet al., 2004;
reviewed by Harper and Publicover, 2005), which@ositively regulated by S-nitrosylation
(Meissner, 2004; Stoyanovskyal., 1997) and RyR 2 was identified in the nitrosopoobe

of human sperm (Lefiévret al., 2007). Since the action of NO on spermiias by protein
S-nitrosylation, leading to mobilization of stor€@*, interaction or synergism between the
actions of these two agonists, both of which wél éncountered by sperm approaching the
oocyte, might be anticipated. Spermatozoa weretrpeged with spermine NONOate (100
uM) for approximately 10 minutes, and subsequentiyosed to progesterone (81) in the
continued presence of spermine NONOate. Respongeotgesteronavas modified under
these conditions (Fig. 6.1.A). In control cellse thsual duration of the initial progesterone-
stimulated [C47]; transient is 2-2.5 minutes (Kirkman-Brownal., 2000; Fig. 6.1.A insert).
Although some cells still responded as previoudgaiibed (Fig. 6.1.A; brown and orange
traces), most cells presented a longer initial sasp, emerging as a [€h plateau (Fig.
6.1.A; red and green traces) or the usual peakviibta distinct ‘shoulder’ on the tail of the
response (Fig. 6.1.A; pink, yellow and blue trac&sansient duration analysis (from begin of
rise to plateau or inflexion at the end of fallipgriod) made clear that although prolonged

responses (>2.5 minutes) occurred in spermine N@&Oatreated spermatozoa (range 10-
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50% of the population), NONOate pre-treatment iasesl the percentage of cells showing
very prolonged transients whilst brief transierdsdme uncommon (Fig. 6.1.B). Three sets of
paired experiments (control and NONOate treatednsem the same sample) showed that
spermine NONOate pre-treatment increased the pagerof prolonged responses2 (5
minutes) from 42+8% to 92+3% (P<0.025; paired-g.F.1.B). To investigate whether the
effect of pre-treatment with NONOate would persistthe absence of the NO donor, we
performed parallel experiments in which NONOated(iiM) was washed off simultaneously
with the introduction of progesterone |(81) to the imaging chamber. In these experiments,
cell responses to progesterone resembled thoserepre-treated cells, the proportion of
transients 0£2.5 minutes in two experiments being 40% and 45%0 @5, paired-t; non
significant compared to parallel experiments withpte-treatment). Moreover, in solvent
control experiments where progesterone was replagetthe correspondent dose of DMSO
(0.05%), the shape of the responses was geneiifftyent, the transient [G4; elevations
being rare and the progressive fQarises more frequent, consistent with sperm exmosur

the NO stimulus in the absence of progesterone.
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Fig. 6.1.A. The effects of spermine NONOate on progesterone ind{€e]; signalling in
capacitated human sperm bathed in SEBSS. Cells weubated in SEBSS for 6 hours, superfused
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with sEBSS for 4 minutes, pre-treated with 100 ppérsine NONOate for 10 minutes, and then
stimulated with 3 uM progesterone, in the continpegsence of NONOate. Traces show 8 single cell
responsednsert: Progesterone-induced [€h rise under control conditions (without NONOate-pre
treatment). Cells were incubated in SEBSS for @fi@auperfused with sEBSS for 5 minutes and then
exposed to 3 uM progesterone. Traces show 3 sigleresponsesB. Differences between the
progesterone-induced [€h transient duration under control conditions (withdNONOate pre-
treatment), after spermine NONOate pre-treatment @pon washout of NONOate in capacitated
human sperm bathed in SEBSS. Bar chart presengrdlgesterone-induced [€h transient duration
plotted as the percentage of cells in each clafinati by the duration of [¢3; transient. Control
cells (dark grey bars — 27 cells) were from theesaample as cells exposed to NONOate before and
during progesterone stimulation (light grey bam89-cells) and cells in which NONOate was washed
off as progesterone was applied (white bars — #d)ce

6.4.2 NO and progesterone interaction effects onafjellar activity

Mobilization of stored CH in the neck/mid-piece region of human spermatobya
progesterone or 4-aminopyridine clearly modifiee flagellar beat mode, comprising an
increase in mid-piece bending and flagellar disgtaent, which is observed in loosely
tethered cells (Bedu-Addet al., 2007; 2008; Harpest al., 2004). Assessment of mid-piece
(and thus flagellar) displacement was carried ounvestigate whether co-stimulation with
NO and progesterone modifies the flagellar beatanédame-by-frame analysis showed that
cells stimulated with progesterone(Bl) responded with a brief (30-50 seconds) increase
flagellar displacement, in 70% of cells, consistgith increased flagellar activity (Fig. 6.2.A)
during the initial [C4; transient (Fig. 6.1.A insert). When cells were -peated with
spermine NONOate (100M) for approximately 10 minutes, there was no digant effect
on flagellar beat mode. However, when these cedleevexposed to progesteronepfd) in
the continued presence of NONOate, though the ptiopoof responsive cells was not altered
(= 80%), the enhancement of flagellar activity (meaduas an increase in frame-to-frame
mid-piece displacement), was maintained for theatiom of recording ¥ 4 minutes),

including a series of peaks (Fig. 6.2.B). The kreetiof this increase in mid-piece
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displacement were consistent with those of the mcdth [C&']; response to progesterone

seen in cells previously exposed to spermine NON{FY. 6.1).
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Fig. 6.2.A. Progesterone-induced increase in mid-piece displane in capacitated human sperm
bathed in sEBSS. Graph shows response of onereple§entative of > 100 cells in 2 experiments).
Red line and shading represent the mean + 2 Stapfd-to-frame mid-piece displacement during the
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control period.B. Progesterone-induced increase in mid-piece dispianein spermine NONOate
pre-treated and capacitated human sperm bathed®ERES. Graph shows response of one cell
(representative of > 100 cells in 2 experiment&d Bhe and shading show the mean + 2 SD of frame-
to-frame mid-piece displacement during the corpieyiod.

6.4.3 NO and progesterone interaction effects on rtlity parameters

CASA (Hamilton-Thorn Research Inc., Beverly, MA, USKRay and Robertson, 1998) was
performed to investigate whether sperm co-stimotativith NO and progesteroreaused
changes in motility parameters. The motility pararethat were used for detailed analysis
are shown in Table 6.1. An effect of treatment wetected for BCF and VSL but not for the
other motility parameters. BCF was significantl(R05%; paired-t) higher in untreated cells
than when NONOate (100 uM) pre-treated cells wepoged to progesterone (3 uM) in the
continued presence of NONOate (Fig. 6.3). Moreows] was significantly (P<0.01%;
paired-t) higher in untreated cells than when NONMO@OO0 uM) pre-treated cells were
stimulated with progesterone (3 puM) in the preserfcMONOate (Fig. 6.4). These data are
consistent with the prolonged and intensified]Gaise upon application of progesterone to
NO pre-treated sperm and also with the increaseptfilar excursion that occurs under exactly
the same experimental conditions. No effect oftineamt (P>0.05; paired-t) was detected on
the motility parameters when comparing progesteropatrols with progesterone and
NONOate co-stimulated sperm, as exemplified for B&t VSL in Fig. 6.3 and 6.4,
respectively. These results may be due to the tirofripe observations during experimental

procedures (see below).
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Item untreated 3uM 100uM 100uM 100uM
progesterone. NONOate+3uM NONOate | NONOate+0.05%DMSQ
progesterone
Donor A
Motile(%) 64 39 35 68 52
VSL(um/s) 37.9+13.4*| 17.1+11.0 19.5+9.6 34.0+15.7 28.6 +13.6
VCL(um/s) 82.8+23.1 48.3+17.5 54.2+15.9 67.8 823. 61.8 £22.2
BCF(Hz) 19.6 +10.3 | 14.9+12.3 14.4+9.8 16.4+11.6 17.8+10.8
Hyp(%) 0 0 0 0 0
VAP (um/s) 450+ 12.6 27.4 +10.8 29.6 £9.9 40.3+1%.6 349+13.8
ALH(um/s) 4.6+1.7 39+1.8 41+15 4.1+ 1.9 414
Donor B
Motile(%) 53 54 66 40 34
VSL(um/s) 36.3+14.2| 31.1+20.3 349+ 23.2 33.1+£19.2 31.0+18.3
VCL(um/s) 80.1 + 28.6 85.0 £ 31.9 98.2+41.0 79.4 £38. 73.6 £35.2
BCF(Hz) 18.7+105| 13.1+10.6 13.0+12.5 16.7+12.3 17.7+11.6
Hyp(%) 1 4 5 5 5
VAP (um/s) 441 +14.7 47.7 £ 20.5 54.2 +27.2 42.4 820. 39.5+18.9
ALH(um/s) 45+1.7 56+29 55+3.1 5.6 +2.2 532
Donor C1
Motile(%) 40 33 21 57 29
VSL(um/s) 34.6+16.6| 30.6+16.8 26.9+15.6 27.6+16.7 24.2 +13.2
VCL(um/s) 73.7 + 30.6 66.6 + 29.4 58.9 +22.8 55.7 825. 53.6 £+ 22.0
BCF(Hz) 17.1+106 | 158+11.1 17.2+11.4 16.2 +10.2 15.4 +8.9
Hyp(%) 1 0 0 0 0
VAP (um/s) 419+17.3 389+17.4 34.8 £ 15.6 34.0 516. 31.6 £15.0
ALH(um/s) 43+1.8 39+17 40+1.9 3.8+ 1.9 41.6&
Donor C2
Motile(%) 31 50 41 26 30
VSL(um/s) 34.9+15.0| 33.5+15.6 26.1+£13.7 31.7+15.6 25.0+11.3
VCL(um/s) 70.7+ 29.8 74.6 + 28.3 59.8 + 23.5 63.4 223. 55.0+£18.6
BCF(Hz) 17.1+8.8 12.8+9.8 15.7+9.9 17.1+75 15.8 +10.9
Hyp(%) 2 1 0 0 0
VAP (um/s) 404 +£14.9 41.8 £15.6 34.0+15.2 38.3 913. 31.6+11.7
ALH(um/s) 42+1.8 45+2.1 46+1.9 4.0+ 1.6 384
Donor D1
Motile(%) 24 19 24 22 36
VSL(um/s) 353+175| 285+17.3 23.5+13.2 31.5+164 23.8+14.0
VCL(um/s) 70.6 + 28.2 58.7 £ 29.8 55.7+25.9 64.3 £27. 52.8+22.0
BCF(Hz) 16.3+8.7 16.0 £10.7 15.7+9.9 16.0+8.5 15.4 +13.0
Hyp(%) 0 0 1 1 0
VAP (um/s) 424 +17.8 345+17.8 30.9+14.1 38.4 815. 30.6 +14.3
ALH(um/s) 40+1.7 43+1.8 4.7+2.0 3.9+1.4 3%
Donor D2
Motile(%) 21 35 20 25 45
VSL(um/s) 33.3+16.8| 30.6+16.1 23.9+15.7 30.7 £14.0 61.3+96.1
VCL(um/s) 67.9 + 25.6 68.6 + 28.0 57.3+23.3 61.6 620 80.3+90.4
BCF(Hz) 17.7+9.7 15.5+10.3 14.7+9.1 18.5+12.3 18.8+12.4
Hyp(%) 1 1 0 0 0
VAP (um/s) 40.3+£15.7 39.3+17.1 33.1+16.7 37.0 813. 65.4 £ 94.6
ALH(um/s) 40+1.8 42+1.9 44+1.6 3.8+ 1.1 295

*Mean £ SD

Table 6.1.Summary of motility parameters obtained with CASgon different treatments, and used
for detailed analysis. Figures show motile and hgpkve cells as a percentage of all cells in those
experiments, and the other figures are shown as m&D. Column 1 shows the motility parameters;
motile, VSL=straight-line velocity, VCL=curvilinearvelocity, BCF=beat cross frequency,
Hyp=hyperactive, VAP=average path velocity, ALH=dityygle of lateral head displacement. Row 1
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shows treatments applied. 4 different donors weegl A, B, C and D; 1 and 2 indicate repeats using
the same sample).
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Fig. 6.3. Differences between the BCF in untreated, spermtidNOate and progesterone co-
stimulated and progesterone stimulated and capeditauman sperm bathed in SEBSS. Bar chart
presents the mean BCF in untreated sperm and #mtred immediately after progesterone was
added either to NONOate pre-treated sperm or treatd@d sperm bathed in SEBSS. The error bars
represent the SEM, and the number of experimeepdicates is indicated in each bar. Asterisks show
differences in significance (P<0.05).
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Fig. 6.4. Differences between the VSL in untreated, spermif@NOate and progesterone co-
stimulated and progesterone stimulated and capatitauman sperm bathed in SEBSS. Bar chart
shows the mean VSL in untreated sperm and thatiepimmediately after progesterone was added
either to NONOate pre-treated sperm or to untrespedm bathed in SEBSS. The error bars represent
the SEM, and the number of experimental replicatesndicated in each bar. Asterisks show
differences in significance (P<0.01).
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6.5 Discussion

One of the targets for NO-induced S-nitrosylatiorhuman sperm is RyR 2 (Lefieveeal.,
2007). Immunofluorescence staining and Westerntibgptof human sperm with RyR
antibodies has confirmed the presence of both R@RdL2 in the neck/mid-piece region of
human spermatozoa, RyR 2 appearing to be more pem{Lefiévreet al., in preparation).
Since S-nitrosylation and S-oxidation (by nitroxgt HNO) of RyRs increases open
probability and allows mobilization of microsomad’© (Cheongget al., 2005; Stoyanovskst

al., 1997), we propose that an action on these rexejstahe most likely cause of theGa
mobilizing abilities of NO and GSNO. Exposure ohtan sperm to progesterone stimulates
a [C&"]; plateau upon which oscillations, similar in kimsti amplitude and localisation to
those observed in NO-treated sperm, are superirdpd$ese oscillations are generated by a
mechanism involving activation of RyRs, causing itinéition of stored C# localised to the
sperm neck/mid-piece region (Harpetral., 2004; 2005) and modulate flagellar beat (Harper
et al., 2004). In accordance with convergence of theoastbdf progesterone and NO, cell pre-
treatment with spermine NONOate prolonged signifisathe [C&"]; transient induced by 3
uM progesterone (Fig. 6.1). This effect was totakypendent upon the continued presence of
NO, no synergism being observed when the NO doras wiashed off simultaneously with
application of progesterone. In effect this medwas the actions of NO are reversed within 2.5
minutes (duration of the “control” action of progm®ne), consistent with the rapid

reversibility of protein S-nitrosylation in spermaba.

Progesterone has been reported to have a weakdayipating effect on human spermatozoa

(Jaiswalet al., 1999; Uhleret al., 1992; Yanget al., 1994). In the presence of NO, this effect
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might be expected to be enhanced, reflecting thee@sed duration of the [Ef rise that
occurs under these circumstances. Inspection dé @eiposed to progesterone in the
continued presence of NO confirmed that the aabbprogesterone was in fact transformed
into a prolonged modulation of flagellar activitjaracterised by increased excursion of the
mid-piece (Fig. 6.2.B), in contrast to the brietneased excursion of the mid-piece that
occurred in controls, in which sperm were exposeprbgesterone in the absence of NO (Fig.
6.2.A). Moreover, CASA revealed BCF and VSL diffeces in sperm pre-treated with
NONOate and subsequently exposed to progesteromen wompared to untreated sperm.
Both BCF and VSL decreased when progesterone waliedpo NONOate-treated sperm
(Fig. 6.3 and 6.4). These changes in motility patanseshow consistency with an effect of
progesterone and NO on sperm motility. Morpholdgycaormal human sperm, incubated
under capacitating conditions, exhibit a changemavement pattern, which resembles
hyperactivation in other species, and was chaiiaetbrby higher values of ALH, lower
values of linearity, beat frequency and flagellarvature ratio (Moralest al., 1988).
Therefore, reduced VSL and BCF might be expectedains displaying a more vigorous
movement pattern. Our observations thus suggesspleam co-stimulation with progesterone
and NO result in a more dynamic motility patternhielh may be important to achieve

fertilizationin vivo.

There was no significant (P>0.05) difference betwt®n motility parameters measured in
samples exposed to progesterone in the absenaesenge of NO, as showed for BCF and
VSL in Fig. 6.3 and 6.4, respectively. In both sasthe measurements were obtained
immediately after application of progesterone ® samples, which in the controls falls in the
time window before the decay of the flagellar escom amplitude. Therefore, this possibly

accounts for the similarity between progesteronetrots and NO and progesterone co-
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stimulation experiments. It appears that CASA i$ adechnique sufficiently sensitive to
detect modifications of motility patterns under experimental conditions, as only two of the

analysed motility parameters showed an effecteaftinent.

We propose that NO-induced protein S-nitrosylatonl progesterone act synergistically at
the C&" store of the sperm mid-piece/neck region, RyR:\dpehe most likely site of
coincidence-detection. The consequent prolongedagtevof [C&']; will modulate flagellar
activity, particularly bending of the mid-piece @eAddoet al., 2008), contributing to the

hyperactivation that is crucial for penetratiortlué oocyte vestments.
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CHAPTER SEVEN

GENERAL DISCUSSION

The aim of this thesis was to elucidate the NO &$fea [C4'];, its target and mechanism of
action and to assess the interaction effects olaN®progesterone on [Ehand its potential

to regulate human sperm functions.

Our study revealed that constitutive NOS are exga@$n human cumulus cells and that these
cells generate NO. These findings are consisteft prigvious reports that NOS is present in
the mammalian oocyte and in the cumulus and cocetla that surround it (Hattost al.,
2001; Reyest al., 2004; Taoet al., 2004) and that NO is synthesised in the mammalian
female reproductive tract (Rossedtial., 1998). However, endogenous generation of NO by
human sperm was not detectable under the incubegioditions of our assay. Although there
is evidence that sperm is able to generate NO,ether controversy surrounding its
physiological significance (Lefievret al., 2007). Thus, it is likely that NO encountered by
sperm upon approaching and entering the cumulukarap provides a particularly potent

stimulus.

The effects of NO on [G4]; were therefore investigated. The NO donor spermidate
raised [C&;, even in low-C& conditions, in the neck/mid-piece region of masits; often
spreading into the posterior of the head, indicatimat the effect of NO primarily reflects
store mobilization. In various cell types (e.g. noghages, gut interstitial cells, pancredic

cells), NO elevates [G§;, mobilizing C&" pools (Willmottet al., 1996). A subset of cells
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generated [C4]; oscillations, superimposed on the NO-induced’{zese, resembling those
induced by progesterone (Harperal., 2004; Kirkman-Brownet al., 2004). Washout of
NONOate led to a drop in [3; and most cells then showed a slow {aelevation and
resumption of oscillation, again resembling theeetffof progesterone (Harpet al., 2004),

and showing that the NO effect is reversible.

The effects of the NO redox sibling HNO on fJawere also examined. Sperm exposure to
the HNO donor ANGS led to a rise in [€Jp, an effect that was not altered by omission of
cd”* from the saline, indicating that the effect of HN® [C&']; may reflect primarily store
mobilization. HNO potentially induces €arelease from RyRs in skeletal (Cheoetgal.,
2005) and cardiac muscles (Cheasical., 2005; Tocchettet al., 2007), suggesting that a

similar mechanism of action could underlie our obatons.

This study also investigated the NO target for iexert its effects. The primary actions of NO
in target tissues include activation of sGC, legdm a rise in cGMP concentration and PKG
mediated actions, or through direct action on CM@naels, and direct modulation of protein
function by S-nitrosylation of cysteine residueshéfn et al., 2002; Daviset al., 2001).
Sperm exposure to cGMP led to a rise inqGasimilar to that observed with NO, but this
time clearly dependent on [€h, consistent with generation primarily by Cinflux and not
store mobilization. Our findings are consistentwiliose of Koborét al. (2000) who showed
that manipulation of cyclic nucleotide levels in use sperm is apparently associated with
Cc&" influx via CNG channels. Also, sperm treatmenttwiaturating doses of ODQ, an

effective inhibitor of SGC, did not alter the regsge to NO, reinforcing that the NO-induced
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elevation of [C&"]; does not involve the activation of sGC. Also, NOdases used in our
study, causes S-nitrosylation of various spermegimst(Lefiévreet al., 2007), suggesting that
this alternative action of NO may underlie our akagons. Previous studies indicate that NO
stimulates human sperm acrosome reaction througivaton of sGC (Ford, W. C.,
unpublished data), and may contribute to NO-mediateemotaxis (Miragligt al., 2007),

suggesting that NO can activate more than one liiggmaathway in sperm.

Protein S-nitrosylation by NO was therefore invgstiéd. NONOate-induced [Ehrise was
rapidly reversed with the -SH reducing agent DTE, #lction of DTT being correlated with
the extent of C4 mobilization by NO, showing that the action of DTH §C&’]; was
associated to the reversal of the action of NO. &thect of DTT on those cells was not
sensitive to pre-treatment with the mitochondriaaupling agent CCCP, and thus not a
reflection of effects of -SH reduction on mitochdatl C&* accumulation. The nitrosylating
agent GSNO acted similarly to NO but more rapidtpnsistent with a direct action.
Nitrosylation by NO is thought to require severalermediate reactions and thus has slower
kinetics (Ahernet al., 2002). Also, the effect of GSNO on [€R was reversed by co-
application of GSH, consistent with the reportd tB&H inhibits generation of the membrane
permeant cys-NO, which is necessary for proteinti®sylation by GSNO in intact cells
(Zhang and Hogg, 2004). GSNO-induced {Qarise was also reversed by DTT. Our
observations are consistent with those of Stoydnoetsal. (1997) who found that donors of
NO or RSNO mobilize G from skeletal and cardiac microsomes, an effaareed by —SH
reducing agents. In accordance with thé*@maging data, GSNO-induced sperm protein S-

nitrosylation was rapid, and was immediately regdrgy washout of GSNO or co-application
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of DTT. These observations are consistent with thertefhat a large number of human

sperm proteins are potential targets for S-nitratsyh (Lefiévreet al., 2007).

This study also investigated the reversibility of tHNO effects on [Cd]; by -SH reducing
agents. In agreement with other studies (Chesray., 2005; Tocchettet al., 2007), it was

observed that HNO-induced [€} elevation was rapidly reversed by DTT.

Our observations on the effect of protein S-nittaggn indicate that identification of protein
targets will be of great interest. Exposure of hursp@rm to NO leads to S-nitrosylation of a
large number of proteins, including RyRs (Lefiewteal., 2007). Other studies have also
indicated that NO modulates the activity of RyR®y@novskyet al., 1997; Suret al., 2001;
2003; Xuet al., 1998; Zahradnikovat al., 1997). Therefore, ryanodine and 4-CmC, agonists
of RyRs, as well as ryanodine and NO co-stimulagdfects on [C&]; were examined.
Sperm stimulation with ryanodine results in a iisdCa"];. This finding is consistent with
the expression of RyRs in human sperm, which hasiqusly been suggested by Harger
al. (2004) and confirmed by Lefiévie al. (unpublished data). Moreover, a fCJaincrease
occurred upon sperm treatment with 4-CmC. Howesperm responses to 4-CmC were
reduced in low-C& sEBSS and were totally abolished in SEBSS-EGTA. Thbservations
are contrary to reports by other investigators (@&ndet al., 1999; Zorzatcet al., 1993)
showing that chlorocresols-induced rise in {QGaremain in media containing EGTA. Our
findings suggest that, in human sperm, 4-CmC effeat[C4"]; are partially related with an
action on the RyRs to mobilize stored?Gaut a C&' influx pathway should also be involved

for 4-CmC to fulfil its effects, and that exposue EGTA very rapidly empties the store.

176



Furthermore, sperm response to ryanodine was greatluced in the presence of NO,
consistent with convergence of the effects of N@ mmnodine on sperm E€asignalling, but
it is not clear whether this is at the RyRs orh&t €&" signal. In human sperm, RyRs appear
to exist in the area of the posterior head/neckfprtte junction (Harpeet al., 2004;
Lefiévre et al., unpublished data), and our studies revealed ti@tirduced [C&]; rise is
localised primarily to the neck/mid-piece, spreadinto the posterior of the sperm head,
stressing the expression of RyRs in human spernsaggesting that the Eastore mobilized

by ryanodine is involved in the &amobilizing effects of NO and GSNO.

NO-treated sperm generate oscillations similariretics, amplitude and localisation to those
generated upon stimulation with progesterone. Ritegene-induced oscillations are
generated by a mechanism involving activation oRRycausing mobilization of stored Ca
localised to the sperm neck/mid-piece (Hargieal., 2004; 2005) and modulate flagellar beat
(Harperet al., 2004). NO and progesterone interaction effectfa'];, flagellar activity and
motility patterns were therefore investigated. TBef{]; transient induced by progesterone
was significantly prolonged in NO-pre-treated spewunsistent with convergence of the
actions of progesterone and NO. Also, the actiomprogesterone was transformed into a
prolonged modulation of flagellar activity characted by increased excursion of the mid-
piece in NO-treated sperm, reflecting the increadadation of [C&]; rise under these
conditions. These results may reflect enhancementhefweak hyperactivating effect of
progesterone on human sperm (Jaisgtal., 1999; Uhleret al., 1992; Yanget al., 1994).
Furthermore, a decrease in BCF and VSL was detedthdCASA when progesterone was
applied to NONOate-treated sperm (compared to at#de sperm), consistent with an

interacting effect of progesterone and NO on spawtility.
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The data presented in this study has led to a peapa®del for the interacting effects of NO

and progesterone in human spermatozoa due to gene® at RyRs (Fig. 7.1).
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Fig. 7.1.Schematic representation of the proposed intergetifects of NO and progesterone, and the
targetted receptors (RyRs), in the neck/mid-piesgion of human sperm (compiled from the data
from this study). NO induces S-nitrosylation of RyBausing mobilization of stored €and raising
[Ca”™];. NO-induced C# influx through generation of cGMP may also ocamhancing this effect
and causing CICR and [€3 oscillations. Progesterone-induced”QOaflux mobilizes C&' by CICR
(Harperet al., 2004) and becomes more effective in the presehttee RyR-sensitising effects of NO,
modulating flagellar beat mode (upper panel). Rgam®'4-CmC act on the RyRs, causing
mobilization of stored GAand increasing [C4;. 4-CmC may also induce €anflux complementing

its C&* mobilization effect. Sperm superfusion with EGTAfflesced SEBSS may rapidly empty the
store, silencing 4-CmC effects on fQa NO actions on the RyRs converge with those of
ryanodine/4-CmC, modulating the release of storatf Geduced when compared with ryanodine
stimulation only; lower panel).
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7.1 Future research

A strict regulation of sperm functions is essentiaichieve successful fertilization. Although
in vitro studies have been carried out to understand timples events that precede human
fertilization, translation to what happemsvivo is far from being simple. Our investigations
focus on the C4 mobilizing effects of NO, a product of the cumukedls that surround the
oocyte, and its involvement in the control of spdunctions, namely motility. Progesterone
is generated by the mammalian cumulus (Cletaal., 1999; Mingotiet al., 2002; Osmaret

al., 1989; Yamashitat al., 2003). Progesterone gradients lead td*{fzanobilization which

is associated with modulation of flagellar beahiman spermatozoa (Harpeiral., 2004).
Our study has further elucidated this process giviight to the interacting effects of
progesterone and NO. The flagellar activity modificn upon mobilization of stored [E&
may result from the direct action of the mobiliz€&* on the axoneme of the flagellum.
However, further research is required to totallycelate the downstream events involved in
the alteration of sperm motility under these cirstemces. This study has therefore
contributed to clarify the complex set of eventatthperm need to undergo to become able to
fertilize the oocyte. Still, further research neadsbe carried out to clarify the signalling
pathways involved in the regulation of sperm fumas, including motility and fertilization.
More investigations need to be undertaken to ehieithe occurrence of these evantsivo,

which may be helpful in the control of infertility future.
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APPENDIX |: MEDIA

Supplemented Earle’s Balanced Salt Solution (SEBSS)

Sodium Dihyd. Phosphate 0.122g/l (1.0167 mM)
Potassium Chloride 0.4g/l (5.4 mM)

Magnesium Sulphate.zB 0.2g/l (0.811 mM)
Dextrose Anhydrous 1.0g/l (5.5 mM)

Sodium Pyruvate 0.3g/l (2.5 mM)

DL-Lactic Acid, Sodium 4.68g/I (19.0 mM)
Calcium Chloride.2K0 0.264g/l (1.8 mM)
Sodium Bicarbonate 2.2g/l (25.0 mM)

Sodium Chloride=6.8g/l (116.4 mM)

SEBSS recipe was based upon Supplemented Earlesd®al Salt Solution w/o Phenol Red
recipe. Sodium chloride was added until osmolangs 285-295 mOsm. Media osmolarity
was checked using an Advanced Micro Osmometer ¢Witcientific Ltd, West Sussex, UK)
which has been pre-calibrated using a 50 mOsm/K® lnd a 850 mMmOsm/Kg 4
calibration standards. sEBSS pH was adjusted t&.4.3vith 1M HCIl and 1M NaOH and
subsequently stored as 100 ml volumes in glasseogak 4°C until use. 0.3% Bovine serum
albumin (BSA) was added on experimental day.

Ca**-free SEBSS (CFSEBSS)

Sodium Dihyd. Phosphate 0.122g/l (1.0167 mM)
Potassium Chloride 0.4g/l (5.4 mM)

Magnesium Sulphate.zB 0.2g/l (0.811 mM)
Dextrose Anhydrous 1.0g/l (5.5 mM)

Sodium Pyruvate 0.3g/l (2.5 mM)

DL-Lactic Acid, Sodium 4.68g/I (19.0 mM)
Sodium Bicarbonate 2.2g/l (25.0 mM)

Sodium Chloride=6.8g/l (118.4 mM)

Prepared as for standard sEBSS but stored as 1@0lamhes in polystyrene bottles at 4°C
until use. 0.3% BSA was added on experimental day.

SEBSS-Ethylene glycol-bis f{-amino-ethylether)-N,N,N’'N’-tetraacetic acid (SEBSS
EGTA)

Sodium Phosphate Monobasic 0.122g/ (1.018 mM)

Potassium Chloride 0.4g/l (5.366 mM)

Magnesium Sulphate.zB 0.2g/l (0.811 mM)

Dextrose Anhydrous 1.0g/l (5.551 mM)

Sodium Pyruvate 0.3g/l (2.724 mM)

DL-Lactic Acid, Sodium 4.68g/l (41.763 mM)
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Calcium Chloride.2kO 0.73g/l (4.966 mM)
Sodium Bicarbonate 2.2g/l (26.187 mM)
Sodium Chloride=5.0g/I (85.558 mM)
EGTA 2.28g/l (5.994 mM)

Prepared as for standard sEBSS. 0.3% BSA was addexiberimental day.

Biggers, Whitten and Whittingham (BWW) medium

95 mM Sodium Chloride

4.8 mM Potassium Chloride
1.7 mM Calcium Chloride

1.2 mM Monopotassium Phosphate
1.2 mM Magnesium Sulphate
24.88 mM Sodium Bicarbonate
5.55 mM Glucose

0.27 mM Pyruvic Acid

0.25 mM Lactic Acid

0.5 units Penicillin mt

0.5 pg Streptomycin i

20 mM Hepes buffer

0.3% BSA; 300 mOsmol’l

M medium

137 mM Sodium Chloride

2.5 mM Potassium Chloride

20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfoacd (Hepes)
10 mM Glucose

Lysis buffer

250 mM Hepes (pH 7.7)

1 mM ethylenediaminetetraacetic acid (EDTA)
0.1 mM neocuproine

1% Triton

2.5% SDS

HEN medium

250 mM Hepes (pH 7.7)
1 mM EDTA
0.1 mM neocuproine
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Sodium dodecyl sulphate polyacrylamide gel electrdresis (SDS-PAGE) loading
buffer

2% SDS

10% Glycerol

62.5 mM Tris-HCI

(pH 6.8)

TBS

0.9% Sodium Chloride
20 mM Tris-HCI

(pH 7.8)
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APPENDIX 1I: PUBLICATIONS AND PRESENTATIONS OF
RESEARCH

Research articles

Machado-Oliveira, G., Lefievre, L., Ford, C., Herrero, M. B., Barra@,, Connolly, T. J.,
Nash, K., Morales-Garcia, A., Kirkman-Brown, J. &ablicover, S. (2008). Mobilization of
calcium stores and flagellar regulation in humaarspby S-nitrosylation: a role for nitric
oxide synthesised in the female trdagvelopment 135 3677-86.

Reviews

Lefiévre, L., Bedu-Addo, K., Conner, S. Machado-Oliveira, G. S, Chen, Y., Kirkman-
Brown, J. C., Afnan, M. A., Publicover, S. J., Fovd. C. and Barratt, C. L. (2007). Counting
sperm does not add up any more: time for a newte?aReproduction 133 675-84.

Publicover, S. J., Giojalas, L. C., Teves, M. @liveira, G. S, Garcia, A. A., Barratt, C. L.
and Harper, C. V. (2008). Calcium signalling in tbentrol of motility and guidance in
mammalian spernkront Biosci 13, 5623-37.

Bedu-Addo, K., Costello, S., Harper, QMachado-Oliveira, G., Lefievre, L., Ford, C.,
Barratt, C. and Publicover, S. (2008). Mobilizatiohstored calcium in the neck region of
human sperm — a mechanism for regulation of flageittivity.Int J Dev Biol 52, 615-26.

Book contributions

St. John, J. C., Amaral, A., Bowles, E., OliveidaF., Lloyd, R., Freitas, M., Gray, H. L.,
Navara, C. SQliveira, G., Schatten, G. P., Spikings, &d Ramalho-Santos, J. (2006). The
analysis of mitochondria and mitochondrial DNA ianmian embryonic stem cell§lethods
Mol Biol 331, 347-74.

Conner, S. J., Lefievre, L., Kirkman-Brown, J., kktangeli, F., Jimenez-Gonzalez, C.,
Machado-Oliveira, G. S, Pixton, K. L., Brewis, I. A., Barratt, C. L. arfeublicover, S. J.
(2007). Understanding the physiology of pre-fezéition events in the human spermatozoa —
a necessary prerequisite to developing rationadfheSoc Reprod Fertil Suppl. 63, 237-55.

Abstracts

Nitric oxide mobilizes stored calcium in human spatozoa: interaction with progesterone.
American Society of Andrology: Annual Conferenc®@0
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Activation of human sperm calcium-signalling by N@d progesterone: a role in gamete
interaction? Fertilization and Early Developmentré@m Annual Conference 2007.
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