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Abstract / Riassunto / Resumen / Resum

Abstract
The assisted reproductive technologies allow investigators to discern how mammalian sperm
achieve capacitation through a sequence of biochemical modifications that lead to the
establishment of fully fertilizing ability. In this way, in vitro studies on boar spermatozoa
incubated in a specifically designed in vitro capacitation medium (CM) for 4h show the whole
of structural and functional changes that boar sperm suffers during the achievement of the
capacitation status. These changes comprise modifications in parameters like sperm motility,
membrane lipid disorders, mitochondrial membrane potential, intracellular calcium levels,
tyrosine phosphorylation levels of protein and their new arrangement, and increasing of
intracellular levels of free cysteine radicals. The addition of antioxidants such as reduced
glutathione or melatonin to the medium prevented or modified the majority of capacitation-like
changes. The aim of this thesis was to study the effects of two known antioxidant agents,
reduced glutathione (GSH) and melatonin, on the achievement of boar sperm in vitro
capacitation (IVC) and subsequent in vitro, progesterone-induced acrosome exocytosis
(IVAE). For this purpose, in the first study the CM was supplemented with three different
concentrations of GSH. Results shown that GSH-sensitive mechanisms had important effects
on the achievement of a feasible boar sperm IVC and subsequent, progesterone-induced IVAE.
This is concluded by the fact that several important markers of the achievement of boar sperm
IVC like motion parameters, changes of sperm mebrane fluidity and the overal tyrosine
phosphorylation status are altered by GSH. In the second study, melatonin was added to the
CM in three separate concentrations. Supplementation of melatonin resulted in a noticeable
negative effect on motility, which was concomitant with a very intense increase in the
percentage of agglutination between cells in a dose–dependent manner. Meanwhile, melatonin
seems to have a positive effect on superoxids and peroxids levels, and also seems to stabilize
the levels of free-cysteine radicals depending on its concentration in the extender. In
I

conclusion, our researchs would suggest that boar sperm capacitation is linked to an increase of
free cysteine residues and intracellular reactive oxygen species levels. Furthermore, these
increases seem to be instrumental in the launching of subsequent IVAE. Thus, the launching
of a mild oxidative stress status might be one of the factors related with the establishment of a
feasible IVC and subsequent IVAE. In this way, antioxidants like GSH and melatonin seem to
have an effect on ionic and redox mechanisms, altering some biochemical and fisiologic
process, and compensing the damageous effects provoked by an excessive exposition of the
cells to ROS compounds.
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Riassunto

Le tecniche di riproduzione in vitro, permettono di investigare riguardo i meccanismi
biochimici connessi con la capacitazione spermatica, e la successiva fecondazione. A tal
proposito, studi in vitro su spermatozoi di suino incubati per 4 ore in uno specifico medium
capacitante (CM), rendono possibile effettuare un’analisi approfondita dei cambiamenti
strutturali e funzionali che si verificano a livello spermatico durante il raggiungimento dello
status capacitato. Tra i parametri interessati dai suddetti cambiamenti ritroviamo: la motilità
spermatica, disordini della membrana lipidica, cambiamenti nel potenziale di membrana
mitocondriale, variazioni nei livelli di calcio intracellulari, differenti livelli di fosforilazione
delle tirosine proteiche e una nuova ridistribuzione delle stesse, ed infine un incremento dei
livelli intracellulari dei radicali liberi di cisteina. L’aggiunta al medium di antiossidanti come,
il glutatione ridotto (GSH) o la melatonina sembra

intervengano nella prevenzione e/o

modificazione della maggior parte dei cambiamenti biochimici associati alla capacitazione.
Scopo della tesi è stato di studiare gli effetti di questi agenti antiossidanti, sul raggiungimento
della capacitazione in vitro (IVC) degli spermatozoi di suino e sulla successiva esocitosi a
livello acrosomiale indotta dall’aggiunta di progesterone in vitro (IVAE). Nel primo studio il
medium capacitante è stato integrato con GSH a tre differenti concentrazioni. I risultati ottenuti
in vitro hanno mostrato la presenza di meccanismi GSH-sensibili che sembrano interferiscano
in maniera importante nel raggiungimento di uno status capacitato, e della successiva IVAE
indotta dal progestorene. Infatti la maggioria dei parametri usati come marcatori principali
della capacitazione spermatica suina quali, motilità spermatica, cambi nella fluidità delle
membrane spermatiche e lo stato di fosforilazione delle tirosine vengono alterati dalla presenza
nel medium di GSH.
III

Il secondo studio invece, è improntato sull’aggiunta di melatonina al medium capacitante, in
tre distinte concentrazioni. L’aggiunta di melatonina ha fatto registare un notevole calo nei
valori di motilità spermatica, concomitanti con un netto incremento nella percentuale di
agglutinazione tra gli spermatozoi, e un’intensità di questi effetti variabile in maniera dosespecifica. Viceversa l’aggiunta di melatonina al medium ha abbassato la concentrazione di
perossidi e superossidi presenti a livello intracellulare, nonchè stabilizzato i livelli di radicali
liberi delle cisteine sempre con una modalità d’azione dose-effetto. Entrambe, le ricerche
hanno dimostrato che la capacitazione produce un incremento dei radicali liberi di cisteina e
dei livelli intracellulari di radicali liberi relativi allo stress ossidativo. Entro determinati livelli
questi incrementi sembrano tra l’altro rivelarsi fondamentali nell’innesco del successivo IVAE.
La presenza di un leggero stress ossidativo viene considerato indispensabile al fine di innescare
la capacitazione spermatica e la successiva esocitosi acrosomiale. Inoltre, antiossidanti come il
GSH e la melatonina sembra vengano implicati nei meccanismi redox e ionici a livello
cellulare, con l’alterazione di alcuni processi fisiologici e biochimici, e che compensino gli
effetti dannosi risultanti da un’eccessiva esposizione delle cellule ad alte concentrazioni di
radicali liberi quali, superossidi e perossidi intracellulari (ROS: O2-● e H2O2).
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Resumen
Las tecnologías de reproducción asistida permiten a los investigadores identificar cómo el
esperma de los mamíferos consigue la capacitación a través de una secuencia de
modificaciones bioquímicas que permiten a la célula conseguir la habilidad de fertilizar. De
esta manera, los estudios in vitro hechos sobre espermatozoides de cerdo incubados en un
medio de capacitación específico (CM) durante 4h muestran el conjunto de cambios
funcionales y estructurales que el esperma de cerdo sufre durante la consecución del estado de
capacitación. Estos cambios comportan modificaciones en parámetros como: motilidad de los
espermatozoides, trastornos de los lípidos de la membrana, potencial de la membrana
mitocondrial, niveles de calcio intracelulares, niveles de fosforilación de las tirosinas en la
proteína y su nueva reorganización, y aumento de los niveles intracelulares de los radicales
libres de cisteína. El hecho de agregar antioxidantes como la glutathión reducida o melatonina
al medio parece prevenir y/o modificar la mayoría de cambios conectados con la capacitación.
El objetivo de esta tesis era estudiar los efectos de dos agentes antioxidantes, la glutathión
reducida (GSH) y la melatonina, en el logro de la capacitación in vitro del esperma de cerdo
(IVC) y la subsiguiente exocitosis acrosomal in vitro (IVAE), inducida a través de la
progesterona. Para este propósito, en el primer estudio, el CM se suplementó con tres
concrentraciones distintas de GSH. Los resultados muestran que los mecanismos sensibiles al
GSH tuvieron efectos importantes en la consecución del estado de capacitación en el esperma
de cerdo, y en la siguiente IVAE inducida por la progesterona. A esta conclusión se llega por el
hecho que marcadores importantes de la capacitación en el esperma de cerdo como los
parámetros de movimiento, los cambios de fluidez en la membrana del esperma y el estado en
general de la fosforilación de la tirosina se ven alterados por el GSH. En el segundo estudio, al
CM se añadió la melatonina en tres concentraciones distintas. La suplementación de
melatonina dio como resultado un destacable efecto negativo en la motilidad que estuvo
V

asociada a un intenso aumento en el porcentaje de aglutinación entre células de una manera
dosis-dependiente. Mientras tanto, la melatonina parece tener un efecto positivo en los niveles
de superóxidos y peróxidos, y también parece estabilizar los niveles de radicales libres de
cisteína dependiendo de su concentración en el medio. En conclusión, nuestras investigaciones
sugerirían que la capacitación del esperma de cerdo va unida al aumento de los residuos libres
de cisteína y de los niveles intracelulares de especies reactivas de oxígeno. Por otra parte, estos
aumentos parecen ser el instrumento para el lanzamiento de la sucesiva IVAE. Así, la presencia
de un ligero estado oxidativo podría ser uno de los factores relacionados con la activación de la
capacitación y de la siguiente exocitosis acrosomal. De esta manera, los antioxidantes como
GSH y la melatonina parecen tener efectos en los mecanismos iónicos y redox; alterando
algunos procesos bioquímicos y fisiológicos y compensando los efectos dañinos provocados
por una excesiva exposición de las células a los radicales libres del oxígeno (peróxidos y
superoxidos: O2-● y H2O2).
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Resum

Les tecnologies de reproducció assistida permeten als investigadors identificar com l’esperma
dels mamífers aconsegueix la capacitació mitjançant una seqüència de modificacions
bioquímiques que permeten a la cèl·lula assolir l’habilitat de fertilitzar. D’aquesta manera, els
estudis in vitro fets sobre espermatozoides de porc incubats en un medi de capacitació específic
(CM) durant 4h mostren el conjunt de canvis funcionals i estructurals que l’esperma de porc
pateix durant la consecució de l’estat de capacitació. Aquests canvis comporten modificacions
en paràmetres com: motilitat dels espermatozoides, trastorns dels lípids de la membrana,
potencial de la membrana mitocondrial, nivells de calci intracel·lulars, nivells de fosforilació
de la tirosina a la proteïna i la seva nova reorganització, i augment dels nivells intracel·lulars
dels radicals lliures de cisteïna. El fet d’agregar antioxidants com la glutatió reduïda o la
melatonina al medi sembla prevenir i/o modificar la majoria de canvis connectats amb la
capacitació. L’objectiu d’aquesta tesi era estudiar els efectes de dos agents antioxidants, la
glutatió reduïda (GSH) i la melatonina, a l’assoliment de la capacitació in vitro de l’esperma de
porc (IVC) i la subsegüent exocitosi acrosomal in vitro (IVAE), induïda a través de la
progesterona. Per aquest propòsit, en el primer estudi, el CM es va suplementar amb tres
concentracions diferents de GSH. Els resultats mostren que els mecanismes sensibles al GSH
van tenir efectes importants en la consecució de l’estat de capacitació a l’esperma de porc i a la
següent IVAE induïda per la progesterona. A aquesta conclusió s’hi arriba pel fet que
marcadors importants de la capacitació a l’esperma de porc com els paràmetres de moviment,
els canvis de fluïdesa a la membrana de l’esperma i l’estat en general de la fosforilació de la
tirosina es veuen alterats pel GSH. En el segon estudi, al CM s’hi va afegir la melatonina en
tres concentracions diferents. La sumplementació de melatonina va donar com a resultat un
destacable efecte negatiu en la motilitat que va estar associada a un intens augment en el
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porcentatge de aglutinació entre cèl·lules d’una manera dosi-dependent. Mentrestant, la
melatonina sembla tenir un efecte positiu en els nivells de superòxids i peròxids, i també
sembla estabilitzar els nivells de radicals lliures de cisteïna depenent de la seva concentració al
medi. En conclusió, les nostres investigacion suggeririen que la capacitació de l’esperma de
porc va unida a l’augment dels residus lliures de cisteïna i dels nivells intracel·lulars d’espècies
reactives d’oxígen. Per altra banda, aquests augments semblen ser l’instrument pel llançament
de la successiva IVAE. Així, la presència d’un lleuger estat oxidatiu podria ser un dels factors
relacionats amb l’activació de la capacitació i de la següent exocitosi acrosomal. D’aquesta
manera, els antioxidants com el GSH i la melatonina semblen tenir efectes en els mecanismes
iònics i redox; alterant alguns processos bioquímics i fisiològics i compensant els efectes
danyosos provocats per una excessiva exposició de les cèl·lules als radicals lliures de l’oxigen
(peròxids i superòxids: O2-● i H2O2).
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PART 1. Introduction

Introduction

1. Pig reproduction: male genital tract
The main principal organs of the boar genital system are scrotum, testicles, epididymis,
accessory glands and penis.

Fig. 1: Pietrain pig - General representation of genital apparatus of boar (Singleton, 1997).
Scrotum

Scrotum

Fig. 1.2: Boar genital apparatus – scrotum (Dwane Davis picture).
-1-

The scrotum is a sac of skin characterized for its thin thickness that is present in the male
reproductive system of mammals. The scrotum is divided into two compartments and each one
contains one of the two testes. It is continuous with the skin of the lower abdomen and is
located directly behind the penis and in front of the anus. The scrotal wall is a thin layer of skin
lined with smooth muscle tissue (dartos fascia). The skin contains more pigment than that of
surrounding areas and has many sebaceous (oil-producing) glands and sweat glands, as well as
some hair. The two compartments of the scrotum are distinguished externally by a middle ridge
called the raphe. Internally, the raphe connects to a muscular partition, the septum, which
serves to divide the scrotum into its two areas (https://global.britannica.com/science/scrotum).
Testicle

Fig. 1.3: Boar genital apparatus - testicle (Dwane Davis picture).
Testicles have two main functions. The first function is the formation of the male germinal cell,
the sperm. The second function is acting as an endocrine gland by secreting into the whole
body hormones that are important for the regulation of the reproductive function, like
androgens. The testicle is composed by a series of thin tubules, called seminiferous tubules
(ST). These tubules originate and terminate in the rete testis located in the central portion of
the testis.
-2-

Fig. 1.4: A horizontal section through the scrotum showing the internal organization of the
testes.
The surface of the testis is covered by a serous membrane resulting from the peritoneum
(vaginal tunic) and by a fibrous capsule (tunica albuginea) which contains smooth muscle cells.
When these cells contract, there is an increase in pressure in ST which facilitates the transfer of
sperm, still immobile at this stage, towards the rete testis and subsequently epididymis. Finally
sperm acquire motility after their transit through the epididymis (Sjaastad et al., 2013).

-3-

Epididymis

Fig. 1.5: Boar genital apparatus – testis with highlighted epididymis position (Dwane Davis
picture).
Epididymes are two crescent-shaped organs that are adjacent to the testis in manner that each
testis-epididymis formation can be considered as a unified functional system. Epididymis can
be divided in three gross morphological regions, namely head (caput epididymis), body (corpus
epididymis) and tail (cauda epididymis). The main structure of epìdidymis is a long and unique
convoluted tubule connected to the testis via the efferent ducts and finished by joining the vas
deferens in its caudal part (Guyonnet et al., 2009). Both vas deferens are muscular tubes that
undergo peristaltic contractions during ejaculation, propelling the spermatozoa from
epididymis to the urethra (Frandson et al., 2009).

-4-

Accesory glands

Fig. 1.6: Boar reproductive tract (Dwane Davis picture).

Boar has three main accessory glands, namely the bulbourethral glands, also named Cowper’s
glands, the seminal vesicles and the prostate (Badia, 2003). All of them are exocrine glands
that release their secretion into the lumen of the urethra by means an androgen-dependent
secretory activity (Bonet et al., 2013).The main role of these secretions are to form the
ejaculate together with the sperm-rich fraction originated in testes. Thus, the final volume of
the boar ejaculate is composed by a 55%-75% of secretions from prostate and urethra, 10%–
25% of secretions from the Cowper’s glands and 15%–20% of secretions from seminal
vesicles. Only 2%–5% of the ejaculate volume comes from the caudal region of the
epididymis, containing it sperm and epididymal/testicular fluid (Dyce et al., 1999; Badia, 2003;
Badia et al., 2005, 2006).
-5-

Fig. 1.7: Boar genital apparatus – seminal vesicles; prostate body; bulbourethral glands;
bladder (Dwane Davis picture).

Penis

Fig. 1.8: Boar genital apparatus – penis (Dwane Davis picture).
The penis is the male organ of copulation. Under an anatomical point of view, the boar penis is
fibro-elastic, with cavernous bodies of reduced size. This implies that erection was mainly due
to the relaxation of the retractor penis muscle located at the sigmoid flexure. The boar penis
-6-

measures 45 cm-50 cm, with a diameter of 1.5-2 cm even during erection. The gland has a
typical corkscrew-shaped shape, which aids to fix the whole peneal structure fits into the
corkscrew-shaped cervix canal of the sow (Hollandbeck et al., 1964).

2. Boar Sperm morphology
The mammalian mature spermatozoon is a uniflagellar and motile sperm cell. Spermatozoa are
the cellular component of ejaculates, being their primary function to fertilize an oocyte and
thus, create a new organism composed half by the sperm-gene and half by the gene load from
the oocyte.
The mature boar spermatozoon is an elongated cell of about 43–45 μm in full length (Briz,
1994; Holt et al., 2010). The cell is composed by two major distinguishable regions, the head
and the tail, separated by a short linking segment called the connecting piece or neck.

Fig. 2: Structure of mature sperm cell (http://www.slideshare.net/SSpencer53/ch16apptreproductive).
-7-

The boar head sperm is a bilaterally flat structure of about 7µm long designated to interact with
the oocyte. The two major components of the sperm head are the nucleus and the acrosome.
The nucleus constitutes the major part of the sperm head. The nuclear structure is electrodense
due to its very rigid nucleo-proteinic composition. Surrounding the antero-lateral area of the
nucleus is the sac-like acrosome, a membrane-bound vesicle that forms a cap that covers
approximately 80 % of its length. The acrosome has an inner membrane that overlays the
nuclear envelope. This inner membrane is merged at the posterior margins of the acrosome
with an outer membrane that is lying directly beneath the plasmalemma. Enclosed inside both
acrosomal membranes there is a narrow space, the acrosomal matrix, filled with amorphous
material distributed homogeneously and mostly corresponding to densely packed hydrolytic
enzymes. The part of the head containing the acrosome is called the acrosomal region (Briz and
Fabrega, 2013).

Fig. 2.1: Detail of the head of a boar spermatozoon. Note the great development of the
acrosomal protuberance (AP) which extends down to the boundary of the acrosomal region
(→) (×9,500). Acrosomal region (AR); postacrosomal region (PR). From: Briz and Fabrega,
2013.
-8-

The tail has a filamentous and cylindrical shape and can be subdivided into three major
regions, namely the midpiece, the principal piece and the terminal piece. The midpiece is 9 μm
in length and 0.7 μm in diameter. The most prominent feature of the midpiece is the presence
of mitochondria, organelles strongly involved in the control of many sperm functions, as well
as in the generation of part of the energy needed to maintain the overall sperm function (Flesch
et al., 2000; Rodríguez-Gil and Bonet, 2016).

Fig.

2.2:

Representation

of

neck

and

midpiece

sperm

structures.

From:

http://animalsciences.missouri.edu/reprod/Notes/sperm/tail.htm
The principal piece is the longest segment of the spermatozoon tail, extending from the annulus
or Jensen’s ring to the proximal end of the terminal piece. The principal piece is characterized
by the presence of a complex fibrillar structure that maintains the proper motion characteristics
-9-

that needs sperm to advance into the female genital tract. The most important parts of this
complex structure are the fibrous sheath, the outer dense fibres, the axoneme, and the Jensen’s
ring.

Fig. 2.3: Ultrastructural image of boar sperm mitochondria. The low development of inner
crests is noticeable (asterisks). BM: inner mitochondrial membrane. P: cell membrane. A:
axoneme. FD: dense fibres. GP: peripheral granules. From: Bonet et al., 2000.
The terminal piece is the last and shorter segment of the spermatozoon tail and has no
accessory cytoskeletal structures, consisting only of the axoneme enclosed by the
plasmalemma (Briz and Fabrega, 2013).
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Fig. 2.4: Cross-sections of boar sperm tail and whole diagram of mouse spermatozoa. From:
Claire et al., 2009.
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3. Sperm journey through female genital tract: processes and molecules involved.
Spermatozoa undergo several important steps throughout their life from spermatogenesis to
fusion with the oocyte. During their migration through the female genital tract, spermatozoa
undergo a series of tightly controlled biochemical and membranous changes. These changes
are globally known with the term capacitation, enabling sperm to reach and bind to the zona
pellucida, undergo acrosome reaction, penetrate the egg vestments and finally fuse with the
oocyte (Austin, 1952; Talukdar et al., 2015). In an in vivo fertilization, only a few sperm cells
reach the ampulla or the site of fertilization (Sakkas et al., 2015). In boar reproduction it is
estimated that from 37.5 billion of spermatozoon which are released into the reproductive
tract after ejaculation, only 5000 will be able to reach the site of fertilization
(Avilés et al., 2015). Thus, the number of fully capacitated sperm that can reach their final goal
is actually very low.
Capacitation is a phenomenon which appears to be controlled by a complex crosstalk involving
a myriad of separate molecular signalling pathways (de Lamirande et al., 1997; Fraser, 2010).
Historically, Austin (1951) in rat and Chang (1951) in rabbit were the first scientists who
described

the

capacitation

process.

Following

capacitation has been reproduced in many other

species

these
both

pioneering
in in

vivo

studies,
and

in

in vitro conditions. Despite this, many of the factors and molecular pathways involved in its
regulation remain unknown or only poorly known. In summary, after a long journey
accompanied by several modifications occurring to sperm cells, the spermatozoa become able
to meet the oocyte in the specific site of the oviduct named ampulla, and fertilization can takes
place. The first step of this complex journey is the semen deposition into the female genital
tract during the ejaculation process. Depending on the species, sperm are deposited in different
sections of the female tract. Thus, in a large number of mammals, semen is ejaculated into the
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anterior vagina during coitus (e.g. primates, cows, sheep, rabbits, dogs and cats). In other
species sperm are placed into the uterus (e.g. sows) or directly spurted into the uterus (horses
and many rodents; see Coy et al., 2012). In pig reproduction, this positioning in the uterus
permits sperm to bypass the vaginal barrier and makes them available to the Fallopian tubes
more easily (Hunter, 1981). Nevertheless, sperm meet numerous impediments during their
journey, so to maintain their fertility sperm cells need to employ their limited resources and/or
exploit those from the female tract (Suarez and Pacey, 2006; Mortimer et al., 2013). For this
reason one of the most important parameter to value semen quality is progressive motility.
Sperm motility and in particular its progressive swimming pattern, is essential in species with
vaginal or cervical deposition to pass through the cervical mucus. Hence, spermatozoa with
poor motility and, concomitantly, with abnormal morphology are filtered out during this
passage. This is thought to be the first form of sperm selection (Sakkas et al., 2015). However,
this phenomenon is less evident in species like pig, in which sperm selection starts into the
uterus. This could explain the low motion characteristics that boar sperm show when compared
with species with vaginal/cervical deposition like horses, dogs, bulls, or mice (Rodriguez-Gil
and Bonet, 2016). Thus, after crossed all anatomical and physiological barriers found in cervix
and/or

uterus,

spermatozoa

are

able

to

reach

oviducts.

Under physiological conditions, oviducts play an important role in sperm capacitation
(Immler, 2008). In fact, previously selected sperm will reach the bottom of the oviduct
(isthmus) where they are stored until the moment of ovulation. This sperm storage is known as
the oviductal sperm reservoir. Sperm placed inside this reservoir maintains viability for
variable time lapses, depending on the species, and avoids a premature capacitation remaining
in this physiological state until the time of ovulation (Brüssow et al., 2006). This break in the
development of the capacitation process is needs to reach the final goal of fertilization.
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Fig. 3: Capacitation process. A) After ejaculation, a heterogeneous population of sperm
reaches the female reproductive tract. B) Only a few sperm achieves the oviduct and forms the
Sperm Reservoir (SR) in the caudal portion of the isthmus. C) During peri-ovulatory time,
sperm release from the SR and those who complete a correct sperm capacitation are able to
contact with the oocyte and fertilize it. Different colours indicate distinct types of sperm: dead
(grey), damaged (red), normal (blue), hyperactivated (green-blue) and successfully capacitated
(green). From: López-Úbeda and Matás, 2015.
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4. Chronological events of sperm capacitation
Capacitation process is a phenomenon that starts at the same time of ejaculation and continues
following a precise chronological succession of events that occurring during all the journey of
sperm into the female genital tract. These events often are regrouped, in order to their timing,
in two subsequent steps (Visconti, 2009):
First step, fast capacitation events: A very early event in sperm capacitation is the activation
of sperm motility. In fact, altough sperm stored in the cauda epididymis consume oxygen at a
high rate, they are immotile (Visconti, 2009). The contact of spermatozoa with seminal fluid is
a trigger point for activation of vigorous flagellum movement. This activation is related with
the high levels of HCO3- and Ca2+ that are present not only in the seminal plasma, but also in
the secretions of the female genital tract. Specifically, the HCO3- will induce the activation of
the sperm transmembrane adenylyl cyclase SACY, which, in turn, will increase intracellular
levels of cAMP, activating thus the cAMP-dependent protein kinase A activated (PKA).
Finally, the PKA will be responsible for launching a very complex phosphorylation single
cascade that affects a myriad of sperm proteins (Salicioni et al., 2007). Among these signals,
several of these PKA-activated cascades will be responsible for the activation of sperm motion
immediately after ejaculation. Other will initiate other processes that will lead to subsequent
molecular changes in sperm function.
Second step, slow sperm capacitation: As a consequence of the PKA-mediated activation of
a large number of separate molecular signalling pathways a complex long-term series of
changes in sperm function are launched. The complete details of these long-term changes,
mainly developed during the stay of sperm into the oviductal reservoir, are not completely
elucidated. Despite this, investigators have a reasonable knowledge of these processes thanks
to the development of in vitro induction of capacitation. To promote the inset of capacitation,
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spermatozoa need to be incubated in specific media with different composition depending on
the species. Generally, an in vitro capacitation medium had to include some sort of energy
source, a protein component that usually is bovine serum albumin (BSA), HCO3-, and both
calcium and sodium salts (Saravia et al., 2007; Ded et al., 2010). Starting from this basis, each
species will have some specific requirements to yield a feasible capacitation in this in vitro
environment. It is established that each species has a precise equilibrium between glycolysis
and mitochondrial oxidative pathways. In fact, in species such as boars and mice, this
equilibrium is greatly unbalanced in favor of glycolysis, which is the vastly majority energyobtaining pathway in the presence of sugars such as glucose (Rodriguez-Gil and Bonet, 2016).
This implies that the source of energy that must be added to the capacitation medium can vary
from glucose in species like the boar to lactate in dog (Rodriguez-Gil and Bonet, 2016).
Regarding the role of the other basic components of the capacitation medium, it is well known
that the presence of BSA, HCO3 and Ca2+ acting through the launching of the capacitation
mechanisms started after the activation of the PKA. Thus, the BSA stimulates the replacement
of the membrane cholesterol with other cholesterol-binding compounds such as βcyclodextrins. Meanwhile, both the HCO3− and Ca2+ salts are involved in the regulation of
SACY and in the consequent increase in cAMP levels and PKA activation (Salicioni et al.,
2007). At this respect, it is noteworthy that the increase of intracellular calcium is
indispensable for the launching of capacitation as well as for the induction of the acrosome
reaction in previously capacitated sperm. Sperm can acquires cytoplasmic calcium thanks to
the presence in plasma membrane, and in particular in the principal piece of the flagellum, of
Ca2+ channels called CatSper proteins (CatSper 1 to 4) (Kirichok et al., 2006, Qi et
al., 2007). In this way, the combined presence of BSA, HCO3 and Ca2+ is indispensable not
only for launching, but also to develop the capacitation process, being able these compounds to
maintain and develop all of the protein phosphorylation cascades that starts as a consequence
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of the activation of the PKA. In fact, the absence of BSA, HCO3 or Ca2+ prevents both the
overall protein tyrosine phosphorylation and the subsequent full capacitation status (Salicioni
et al., 2007; Visconti, 2009). However, the importance of each of these modulators in
controlling the protein phosphorylation cascades is different among species. For
example, tyrosine

phosphorylation

in

human

sperm

during

sperm capacitation

requires the presence of BSA, and HCO3-,but no Ca2+ (Muratori et al., 2010).
Meanwhile, in the case of stallion tyrosine phosphorylation requires only HCO3- but no
BSA or Ca2+ (González-Fernández et al., 2012). Another event that shows a characteristic
pattern for each species is represented by different times of responsiveness to BSA, HCO3- and
Ca2+ in the inset of tyrosine phosphorylation; these differences are observed in pig, mouse, dog
and bull. Thus, whereas in spermatozoa of species like boar and mice the full establishment of
the

tyrosine

phosphorylation

cascade

after

its

induction

appears

at

about

-

1 hour after the addition of HCO3 (Visconti et al., 1995; Gadella and Van Gestel, 2004), in
other species like dog the same phenomenon occurs after 90 minutes of the bicarbonate
induction (Petrunkina et al., 2003; 2004) and even in bull sperm where the same event takes
place only after 4 hours of the addition of heparin (Galantino-Homer et al., 1997). Regarding
the precise location of the capacitation-induced increase of tyrosine phosphorylation, the
flagellum seems to be the main placement (Naz et al., 1991; Carrera et al., 1996; Mahony et al.,
1999; Si and Okuno, 1999; Lewis and Aitken, 2001; Urner et al., 2001), although the
acrosomal area also shows an evident increase in the overall protein tyrosine phosphorylation
during capacitation, especially in boar (Petrunkina et al., 2001).
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Fig. 4: Sequence of mammalian sperm capacitation events. From: Redgrove, Aitken and
Nixon, 2012.
Another of the functional consequences of capacitation is the development of a distinct
motility/kinetic pattern that is called hyperactivation. The hyperactivated motion pattern is
characterized by a very vigorous motility pattern with high amplitude and asymmetrical
flagellar beating (Yanagimachi, 1970). It has been suggested that the mechanical thrust due to
hyperactive motility is vital for spermatozoa to penetrate the zona pellucida of the oocyte
(Yanagimachi, 1969; Stauss et al., 1995; Bedford, 1998). In this way, hyperactivation is
observed as the typical swimming pattern shown by most sperm retrieved from the oviductal
ampulla at the time of fertilization (Suarez and Ho, 2003). As seen in mice, but not yet in boar
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spermatozoa, these changes occur in the oviduct in in vivo conditions (Rodriguez-Martinez,
2007). Notwithstanding, hyperactivation can be also observed in in vitro conditions after a
proper stimulation. It is known that the progesterone released from the ovary and secreted by
oviduct epithelium at ovulation time give rise to increment of sperm intracellular [Ca2+]i,
which in turn induce turning swimming with asymmetric flagellar bending (Yoshida and
Yoshida, 2011; Hunter, 2012). Thus, progesterone can be utilized in many species as a feasible
inductor of the hyperactivated motion pattern.

Fig. 4.1: Progressive and hyperactivated motility of mammalian sperm. Motility patterns of
mammalian sperm are displayed in time-lapse drawings. The hyperactivated mode consists of
transitions to deeper and less symmetrical flagellar bending and results in a path of the sperm
head that is less linear than that of activated state motility. From: Florman and Fissore, 2015.
In summary, the most important changes underwent by spermatozoa after their contact with the
oviductal fluid and hence with the capacitation modulators contained in this fluid are
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modifications of lipid membrane, the loss of plasma membrane cholesterol, the activation of
the cAMP/PKA-modulated pathways,

the increase of

Ca2+ uptake,

which

leads

to

a

concomitant increase in the intracellular pH, the subsequent hyperpolarisation of cell
membranes and

the

increase

in

the overall

protein

tyrosine

phosphorylation

pattern (Aitken & Nixon, 2013). In this way, it is evident the existence of a strong oviductal
influence that facilitates closeness of sperm to the oocyte (Hunter & Nichol, 1986; RodriguezMartinez et

al., 2001; Rodriguez-Martinez,

2007; Coy et

al., 2010; Zumoffen et

al.,

2010; Kumaresan et al., 2012).

5. Acrosome reaction
The sperm capacitation process is absolutely required as a previous step in order to acquire the
ability to undergo acrosome reaction in response to physiological stimuli. As mentioned above,
the changes of the capacitation in the molecular organization of the sperm plasmalemma make
it sensitive to the presence of zona pellucida protein ZP3. The union ZP3-outer acrosome
membrane proteins combined with the stimulus of external factors like progesterone launches
the acrosome reaction (AR), a phenomenon necessary for sperm cells to achieve gamete fusion
(Ferramosca and Zara, 2014). Properly, the AR is the result of the fusion of the sperm plasma
membrane with the outer acrosomal membrane. The acrosome content, especially in terms of
hydrolytic enzymes, will be released, leaving the inner acrosomal membrane as the sperm
surface membrane that will be in direct contact with the oocyte surface. The place where AR
begins in mammalian sperm has been a controversial topic. On one side of the debate some
researchers think that the AR takes place while the sperm advance through the cumulus, while
other scientists think that AR occurs on the surface of the ZP (Coy et al., 2012). It should be
noted that no one has ever followed a single spermatozoon from the beginning of the AR until
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the end of fertilization, so the exact place where fertilizing spermatozoa begin their AR and
what triggers inset the AR remain to be determined (Yanagimachi, 2011). Regarding on the
myriad of chemical and physical agents reported to induce in vitro acrosome reaction, we
known the existence of natural inducers, such as the zona pellucida proteins (ZP) and
progesterone, or artificial inducers, like heparin and calcium ionophores (Cheng et al., 1998).
In fact, the progesterone secreted by the cumulus cells that surround oocytes is one of the most
important factors, if not the most, which stimulates in vivo AR (Chang and Suarez, 2010).
Notwithstanding, progesterone has a double function. The first function is being a potent
chemo-attractants, whereas the second function is acting as a stimulator of the in vitro
acrosome exocitosys (IVAE). It is noteworthy that the progesterone-induced AR occurs only
when sperm are kept in close contact with the oocyte, but not before although sperm are in
previous contact with progesterone presents in the oviductal fluid. A reason that could explain
this delay would probably be the differences in progesterone concentration. Thus, oviductal
fluid has low concentrations of progesterone that are not able to induce the AR (Publicover et
al., 2008). These low concentrations of progesterone could act instead as a chemo-attractant
driving the sperm towards the oocyte. Afterwards, progesterone concentrations at the space
surrounding the oocyte are much higher. These higher concentrations of progesterone would
ultimately be responsible for the induction of AR in the close proximity of the oocyte (Coy et
al., 2012).
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Fig. 5: Changes in effects of Progesterone (P4) concentrations, on sperm cells, during their rute
towards oocyte. Zone A: low concentrations of P4 acting as chemo-attractant. Zone B: high P4
levels produced by cumulus cells cause acrosome reaction. From: Coy et al, 2012.
Regarding the sperm–ZP interaction, the first topic is that this interaction is a crucial point to
achieve fertilization. The interaction between ZP proteins and spermatozoa induces the
activation of a specific sperm phospholipase through a mechanism involving the action of a G
protein. This activation induces in turn the subsequent activation of the sperm of adenylyl
cyclase, which, in turn, will increase cAMP levels. These events ultimately lead to an
alkalization of intracellular pH with the subsequent depolarization of sperm membrane. This
last event is fundamental because it will open the Ca2+ channels that permit the entry of a flux
of Ca2+ ions. These ions will in turn activate sperm phospholipases C and A2 (PLC and PLA2),
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which, through the corresponding molecular cascade will finally activate the Protein Kinase C
(PKC) (Flesh and Gadella, 2000). This activated PKC will migrate toward the membrane. This
process of migration will finally initiate the fusion of sperm plasma membrane with the outer
acrosomal membrane, leading thus to the final exocytosis corresponding to the AR (Doherty et
al., 1995).

Fig. 5.1: Acrosome reaction (AR) triggers point: molecular events occurring after sperm- ZP
protein interaction. From: Wassarman, 1999.
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Part 2. Sperm Analisis

6. Sperm analysis
Possible fluctuations in seminal quality are associated with factors such as breed (Rijsselaere et
al., 2007), age (Stone et al., 2013), seasonality (Chemineau et al., 2008; Zhang et al., 2013),
temperature (Thonneau et al., 1998), photoperiod (Mazzarri et al., 1970; Kozdrowski and
Dubiel, 2004) and other factors of different etiology (Petroccelli et al., 2015). Taking this into
account, the definition of the precise quality of each ejaculate through an accurate analysis is of
the utmost importance. Nowadays, to evaluate semen quality we can consider visual and
physiological parameters. Until recent years, subjective microscope evaluation represented the
only manner to predict a semen quality. However, this visual exam gave to us only a general
and diffuse idea about the quality of the ejaculate and its hypothetic fertilizing potential. In
this way, the addition of more precise techniques to evaluate semen quality is mandatory to
optimize semen analysis. An important group of test that would be included in the routine
semen analysis involves the determination of the sperm metabolic function. However, to
accomplish that it is indispensable to know sperm cell physiology. This implies that
microscope analysis cannot be the only system by which semen might be analyzed. Thus,
besides the mandatory previous macroscopic evaluation of the ejaculate, the main parameters
included in an optimal sperm quality analysis can be classified into two sections: microscopelinked parameters and physiology and metabolism parameters that cannot be only evaluated
through microscope. Microscope-evaluated parameters would comprise concentration, sperm
motility, sperm morphology, plasmatic membrane integrity, DNA fragmentation and osmotic
resistance; while non-microscope evaluated parameters would be those related with aspects
such as nuclear and acrosome structure, membrane fluidity, membrane sheath state,
intracellular reactive oxygen species (ROS) levels, which comprise the evaluation of both
peroxides and superoxides, and several enzymes activity (Bonet et al., 2012). It is evident how,
all these assessments must be carried out using a large number of replicates because of the high
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level of variability within and between individual samples and the subjectivity of some assays
(Woelders, 1991).
6.1

Assessment of macroscopic characteristics of the ejaculate:

In boar semen, the temperature of the freshly collected ejaculate is about 36ºC±2°C, while its
pH is usually between 6.85 and 7.9. Moreover osmolarity is variable, but always around 300
mOsm/Kg (Martín Rillo, 1982). The colour of the sperm-rich fraction is milky-white, although
there may be colour changes due to separate alterations like contamination with urine, blood or
prepucial secretion (Sancho, 2002).
6.2

Sperm volume and concentration

The total average volume of boar sperm-rich fraction of the ejaculate is about 250 mL, with
variations between 50 mL and 400 mL. This volume represents the highest observed among
males of the more common domestic animals (Frunză et al., 2008). The number of sperm per
ejaculate varies between races and boars due to the action of a multitude of factors such as
environment, temperature, nutrition, diseases, frequency of ejaculation and photoperiod
(Sancho et al., 2004). Usually, a boar ejaculate contains a sperm concentration from 300x106
sperm/mL to 600x106 sperm/mL (Casas et al., 2010). To evaluate concentration we can utilize
several methods like hemocytometry, colorimetry and true spectrophotometry. The
hemocytomety allows practitioners to determine the number of immobilized spermatozoa that
are present in a known volume. This technique uses a commercial cell counting chamber such
as those from Neubauer, Thoma or Burker (Christensen et al., 2005). Related with these
chambers there is also the Mackler chamber, which allows practitioners to count concentration
and motility at the same time through the application of an informatics system called Computer
Assisted Sperm Analysis (CASA; Roca et al., 2011). On the other hand, colorimetric and
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spectrophotometric methods are based on the percentage of transmitted light that is trapped by
a diluted semen sample (Sancho and Vilagran, 2013). However, although colorimetric and
spectrophotometric methods can usually be faster, more sensitive and more objective than the
hemocytometric ones, all of them are superseded by flow cytometry. In fact, at this time, flow
cytometry is the most precise and sensitive method to evaluate concentration, since
practitioners can count with this system a much higher number of fluorochrome-marked cells
(more than 10,000) with a much higher precision. Flow cytometry, however, has a high cost,
limiting thus its use to large laboratories uniquely devoted to research or analysis (Lu et al.,
2006).
6.3

Sperm Motility:

Motility is recognized to be an important characteristic in predicting the fertilizing potential of
the ejaculate, although its real importance in explaining the in vivo fertilizing ability of an
ejaculate is not clear in species like boar. Thus, an adequate motility would be required for
sperm to reach the fertilization site and penetrate the oocyte, although this parameter would not
be the only needed to achieve this feat (Rodríguez, 2012). The classical method to evaluate
motility is the direct, visual estimation of the parameter through an optic microscope. This
system is highly subjective, especially in species like pig in which semen motion parameters
are low and irregular. Thus, at this moment the use of a CASA instrument is mandatory.
Actually, the development of CASA systems has enabled objective and accurate tracking of
sperm movement. Modern CASA systems can capture images from 20 to more than 1,000
sperm at 50–60 frames per second, and also provides morphological measurements in addition
to comprehensive motion analyses (reviewed in Amann & Waberski, 2014). The CASA
measures sperm movement by establishing a centroid for each spermatozoon and evaluate cell
motion based on centroid trajectory (Amann & Waberski, 2014). However, in vitro measures
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may not reflect how the sperm moves within the female tract (Werner et al., 2007; Humphries
et al., 2008). Within the female tract, sperm are spatially restricted and are therefore likely to
be influenced by physical constraints such as wall effects (Humphries et al., 2008).
Furthermore, natural fluids within the female tract will alter sperm movement (Curtis &
Benner, 1991). Again, the information obtained through the CASA system are still subjected to
the effects of external factors such as sample preparation or the type of chamber used for
analysis (Tejerina et al., 2009). In this manner, the standardization of the procedure is
necessary for the proper use of the system (Tejerina et al., 2009). Despite these shortcomings,
CASA systems represent the best technique to evaluate sperm motility now. Motion parameters
that are typically derived using automated CASA systems provide information about the
velocity, linearity and lateral displacement of sperm heads as they progress along their
trajectories (Holt et al., 2007). These parameters have been described many times previously
(see for example: Katz and Davis, 1987; Mortimer et al., 1988; Davis and Katz, 1989, 1992,
1993a, 1993b; Kay and Robertson, 1998). Here are reported a brief description of some of
these following King (King et al., 2000):
Total motility: percentage of sperm with a total velocity greater than 10µm/s.

Curvilinear velocity (VCL): distance travelled by the spermatozoa along its actual path as a
function of time. It is expressed in µm/s.

Average path velocity (VAP): distance travelled by the spermatozoa along its average path as
a function of time. It is expressed in µm/s.
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Straight-line velocity (VSL): velocity over the straight-line distance between the beginning
and the end of the sperm track. It is expressed in µm/s.

Linearity (LIN): the straight-line distance divided by the incremental deviations along the
actual path. Then, it is also the percentage relationship between the curvilinear and straight-line
velocity. It is expressed in %.

Head beat-cross frequency (BCF): the frequency with which the undulatory movement of the
sperm head crosses the average path in function of time. It is expressed in Hz.

Straightness (STR): the percentage relationship between the curvilinear and the average path
velocity. It is expressed in %.

Wobbleness (WOB): the percentage relationship between the average path and curvilinear
velocity. It is expressed in %.

Amplitude of lateral head displacement (ALH): shift that makes the head in its curvilinear
trajectory of the one part and the other part of the trajectory average or linear. It is expressed in
µm.

Progressive motility: the percentage of motile sperm that show an STR greater than 80%.
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Fig. 6: Scheme of different velocities and parameters of sperm movement measured by CASA
system. From: http//www.mibio.org/en/metrics-used
As suggested by Garcia (Garcia et al., 2005), capacitated boar spermatozoa have a speciesspecific motility pattern. Despite this, there are common features among species. In this way,
as a general rule, capacitated sperm show an increase in VAP values and a decrease of LIN
percentage. It’s noteworthy that in an ejaculate from a healthy individual, a minimal rate of
total motility of 60% would be the minimum requirement to be considered fertile (Donadeu,
2004; Broekhuijse et al., 2012).
6.4

Sperm morphology:

Some shape abnormalities of spermatozoa (AS) can be a result of pathological processes that
affect testicles and the epididymis tract, whereas others AS can have a gene basis or, indeed,
may be caused by unsuitable rearing conditions (Čeřovský et al., 2005). There is an abundant
literature centred in the research of this field. This is logical, since AS is known to be an
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important marker to assess semen quality (Leidl et al., 1971; Lyczynski and Pawlak, 1974;
Blom and Andersen, 1975; Gamčík et al., 1976; Blom, 1977; Stemmler et al., 1982; Wekerle,
1982; Falkenberg et al., 1984; Yoshida and Kojima, 1989; Waberski et al., 1990, 1994; Itoh
and Toyama, 1995; Itoh et al., 1996; Věžník et al., 2000; Louda et al., 2001; Corcuera et al.,
2002; Gadea, 2002). Following the criteria of Lyczynski and Pawlak (1974) or Bach (Bach et
al., 1982) the use of semen containing more than 25% of AS is not recommended for
insemination. Other authors established even more restrictive conditions. Thus, Remmen and
Tielen (1976) limited the AS content to 20%, whereas Gibson (1983) gave the limit up to 15%
for both primary changes and secondary ones. Usually, a morphological examination of the
boar ejaculate comprises a qualitative and also a quantitative classification of normal and
abnormal sperm morphologies. This classification can be assessed by optical microscopy
through the use of simple staining techniques such as eosin/nigrosin, Trypan Blue, Giemsa,
Papanicolaou or Diff-Quick (Foxcroft et al., 2008). Currently, a contrast phase microscope can
provide better resolution without requiring staining the samples and, moreover, it can be
coupled to a CASA system (Sancho and Vilagran, 2013). Sperm abnormalities have
traditionally been classified by location of the defect (head, midpiece, tail), or by its origin
(primary: testis; secondary: epididymis; tertiary: accessory glands/post-ejaculation; see: Menon
et al., 2011). Primary sperm abnormalities are due to disturbance of spermatogenesis by
congenital or hereditary factors, high ambient temperature, scrotal insulation or diseases
(Adeniji et al., 2010). The most important primary abnormalities are those related with head
malformations, although several tail alterations are also included in this group. Since the sperm
head contains the genetic material and other key effectors of fertilization, most abnormalities of
head are associated with a significant impairment of fertility (Wilmington, 1981; Soderquist et
al., 1991). Proximal and distal cytoplasmic droplets are considered as secondary abnormalities.
The cytoplasmic droplet shows a diameter of around 1.5µm and is rich in membranous
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vescicles that increase as the droplet displaces through the midpiece (Bonet et al., 2013). The
presence of the cytoplasmic droplet on ejaculated sperm can be used as an indicator of sperm
maturation (Gomez et al., 1996; Keating et al., 1997; Amann et al., 2000; Thundathil et al.,
2001; Bassols, 2006). Morphological anomalies acquired by inappropriate handling of semen
sample (transport, storage temperature, doses dilution etc.) are considered as tertiary
abnormalities, being the most common severe morphological alterations of tail (Adeniji et al.,
2010).
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Fig. 6.1: Sperm malformations of the ejaculate of post-pubertal boars with spontaneous
unilateral abdominal cryptorchidism on the right side (Quick Panoptic Method of QCA). a)
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Mature spermatozoon. b1) Bicephalic spermatozoon with two tails fused from the distal end of
the midpiece (arrow). b2) Spermatozoon with two elongated heads, and two tails totally fused
and folded at the midpiece. b3) Spermatozoon with two heads, one of them aberrant (arrow),
and two totally fused tails. b4) Tricephalic spermatozoon with three totally fused tails. c1)
Macrocephalic spermatozoon (arrow); note the presence of an elongated head spermatozoon
(triangle). c2) Macrocephalic spermatozoon with folded tail at the midpiece. c3) Macrocephalic
spermatozoon with folded tail at the connecting piece. d1) Roundish head spermatozoon. d2)
Round head spermatozoon; note the corksrew defect affecting the principal piece (arrow). e1,
e2) Pointed head spermatozoon. f) Deformed head spermatozoon due to a cephalic break
(arrow). g) Spermatozoon with a transversely folded head. h) Spermatozoon with crater defect
and proximal droplet (arrow).

i) Macrocephalic spermatozoon with knobbed acrosome

(arrow). j) Spermatozoon with acrosomal vacuolization (arrow). k) Spermatozoon with folded
tail at the Jensen’s ring. l) Macrocephalic spermatozoon with mitochondrial swelling (arrow).
m1) Macrocephalic spermatozoon with folded tail; note the presence of a spermatozoon with
crater defect and abaxial tail (triangle). m2) Spermatozoon with coiled tail at the terminal and
principal pieces (arrow); note the presence of a spermatozoon with acrosomal vacuolization
(triangle). n) Immature spermatozoon with proximal droplet and abaxial tail (arrow). o1)
Spermatozoon with two unfused tails abaxially attached (arrow). o2) Spermatozoon with two
tails fused from the principal piece (arrow). o3) Macrocephalic spermatozoon with vacuolated
acrosome (arrow) and two fused tails. ×500. From Pinart et al., 1998.
6.5

Sperm Agglutination:

Sperm agglutination is observed when a spermatozoon binds to another spermatozoon by headto-head or tail-to-tail contact. Under standard conditions agglutination does not occur. In fact,
agglutination can be an infertility cause (Sancho and Vilagran, 2013). It is well known that
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bivalent and trivalent cations present in boar seminal plasma as well as long storage and
immunological factors or bacterial contamination can induce sperm agglutination (Yeste et al.,
2008; Bussalleu et al., 2011). In this manner, the presence of sperm agglutination can suggest
an improper handling of the sample.
6.6

Osmotic resistance of sperm:

Boar spermatozoa are sensitive to osmotic changes in the environment and the ability to
respond to osmotic stress is related to cell functionality. Thus, an osmotic shock affects the
diffusion of phospholipids in the bilayer membrane of spermatozoa (Christova et al., 2002).
This implies that the sperm response to environmental osmotic changes can be a good indicator
of its physiological status (Yeste et al., 2010). The sperm osmotic response involves complex
metabolic pathways, such as ion channels related to the Na+/K+-dependent ATPase activity or
the Na+/K+-dependent antiporter one (Medrano et al., 2006). In boars, an isotonic solution is
established between 300 and at 400 mOsm Kg−1 (Petrunkina and Topfer-Petersen, 2000;
Petrunkina et al., 2000; Fraser et al., 2001). Several tests have been developed to measure the
response of spermatozoa to osmotic changes as a parameter of semen quality. These methods
are the hypo-osmotic swelling test (HOST), the hyper-osmotic resistance test (HRT) and the
osmotic resistance test (ORT), all are based on the sperm tolerance to osmolarity change of
medium. The most used test in boar specie is ORT. The ORT consists in checking the capacity
of sperm to resist a hypoosmotic shock by challenging sperm to a hypoosmotic medium (≤150
mOsm/Kg). The evaluation is achievable with a contrast phase microscope or by optical
microscopy linked to an eosin-nigrosin stain of the sample (Rodriguez- Gil et al., 1994).
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6.7

Sperm Plasma Membrane Integrity (Sperm Viability):

Although sperm membrane integrity is often confused with terms like “viability”, “live” and
“dead”, this nomenclature is not scientifically correct. Even though is true that the rupture of
the membrane leads to the death of the spermatozoon, almost all dyes and fluorochromes that
strictly provide information on the status of the membrane are wrongly believed to be the only
indicators of sperm viability. Thus, the most correct speaking about viability would have
reference to the physiological status of cells but not to their live/dead status. Porcine ejaculates
should contain 85% of spermatozoa with intact membranes to be considered of good quality
(Pinart et al., 1999; Sancho, 2002). Evaluation of sperm membrane integrity is based on a
percentage of viable sperm after the application of a stain exclusion assay (Partyka et al.,
2012). At this moment there are in use separate staining techniques. The specific application of
them would depend of factors like the utilized microscope. Thus, with a conventional optical
microscope, the most used viability stains are aniline-eosin, eosin-nigrosin and eosin-fast
green. These techniques allow practitioners to evaluate at the same time membrane integrity
and sperm morphology. The optic microscopy-used techniques are based on that viable sperm
are non-permeable to stains while membrane of non viable cells permit to be penetrate by
eosin, turning thus to a reddish colour. The other complementary stains, namely aniline,
nigrosin or fast green, offer a contrast background facilitating the detection of viable, non
stained cells. Without doubts these represent the more economic and feasible techniques,
although they are not the more precise ones.
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Fig.

6.2:

example

of

eosin-

nigrosin

stain

in

boar

sperm.

From

http://www.thepigsite.com/articles/2596/quality-control-of-extended-boar-semen.

Viability can be more precisely evaluated through the use of fluorochromes, but this evaluation
can be conducted only by fluorescence microscopy or flow cytometry. At this moment, flow
cytometry is the best method for its repeatability, accuracy of reliable results and for the
number of sperm that are counted in a short time. The double staining with SYBR-14 and
propidium iodide (PI) is the most commonly used for the evaluation of viability. In this
technique, the viable spermatozoa emit a green fluorescence for SYBR-14 and non-viable ones
a red for PI after argon laser excitation (Yeste et al., 2009).
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Fig. 6.3: boar semen viability determined using the SYBR/PI staining method. Arrows indicate
viable cells which appear green while dead cells appear red in colour. From: Pilane et al., 2016.
6.8

Acrosome Integrity:

An intact acrosome is necessary for the penetration of the oocyte zona pellucid. For this reason
its integrity is considered fundamental for the good fertilizing capacity of sperm (Jiménez et
al., 2002). Acrosomal integrity can be measured by a number of methods, but the most
commonly used method is with a plant lectin labelled by a fluorescent probe (Vázquez et al.,
2005). These compounds are very important components of the invertebrate and plants immune
system. Each lectin has its specific glycolitic fraction to link. For this reason, sperm surface
glycoproteins specifically linked to a precise fluorochrome-marked lectin to determine with
precision the location of a specific glucidic fraction linked to determinate proteins of the cell
membrane. Use of fluorescent probes makes necessary the analysis by fluorescent microscope
or flow cytometry. Probes principally used in andrology research are Pisum Sativum agglutinin
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(PSA) and Arachis Hypogaea agglutinin (PNA). Since lectins are not fluorescent by
themselves, they need to be labelled with a fluorochrome (Graham, 2001). The PSA is a lectin
from the pea plant that binds to α-mannose and α-galactose moieties of the acrosomal matrix.
Since PSA cannot penetrate an intact acrosomal membrane, only acrosome-reacted or damaged
spermatozoa will stain. The PNA is a lectin from the peanut plant that binds to β-galactose
moieties associated with the outer acrosomal membrane of fixed spermatozoa, indicating
acrosome-intact cells (Gillan et al., 2005). Both PSA and PNA when bound to the flurochrome
fluorescein isothiocyanate to form the conjugated lectin form, named either PSA-FITC or
PNA-FITC, mark damaged sperm acrosome in yellow-green (Celeghini et al., 2007). Lectin
binding to sperm samples was examined by fluorescence microscopy to determine the location
of sperm-bound fluorescence and the proportion of labelled spermatozoa in the total population
(Nikolaeva et al., 1998). Detection can be done on living sperm: the absence of fluorescence is
indicative for an intact acrosome, and fluorescence over the anterior sperm head and equatorial
regions is indicative for acrosome disruption or acrosome reaction (Marti et al., 2000, Silva and
Gadella, 2006).
Meanwhile, the establishment of the capacitation status is also linked with changes in the
distribution of sugar residues on glycoproteines of the sperm membrane, as shown by Benoff
(1997). As indicate by Diekman (2003), the membrane surface of sperm is coated with a thick
layer of glycans, i.e., the sperm glycocalyx, which is the first interface between sperm and the
environment. For example, the thickness of sperm glycocalyx of guinea boar spermatozoa
varies from 20–60 nm on different sections of the cell (Bearer and Friend, 1990). It is
estimated that sperm glycocalyx is comprised of 50-to-150 different glycoconjugates, being
these glycoconjugates heterogeneously distributed from head to tail of sperm (Schröter et al.,
1999). Although the roles of sperm glycocalyx have not been fully illustrated, it is well known
that glycans participate in important events such as sperm maturation, sperm protection during
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transportation in female reproductive tract, acrosome reaction, and the final sperm-egg
recognition (Diekman, 2003; Schröter et al., 1999). For example, several studies have indicated
the existence of a correlation between subtle changes in the sperm glycocalyx and the
production of viable spermatozoa, which subsequently helps to determine fertility (Gabriel et
al., 1994). Furthermore, modifications in the distribution and/or amount of carbohydrate
residues on the top of sperm plasma membrane could be important for the regulation of
progressive motility during the achievement of the capacitation status (Gomez-Torres et al.,
2012). Thus, the evaluation of the exact distribution of sperm membrane glycoconjugates
would be an important asserts to determine the sperm function status, especially in terms to
achieve capacitation, but also to ascertain other function aspects like sperm cryo-damage. As in
case of the analysis of acrosome integrity, the main technique used to determine changes in
sperm membrane glycoconjugates involves again the use of lectins. The validation of the
usefulness of a lectin in order to determine specific changes of sperm function, i.e., the
achievement of a full capacitation status or the starting of the acrosome reaction, is commonly
carried out by using fluorescent dye-conjugated lectins that are then analyzed by fluorescence
microscope. Taking into account the heterogeneous distribution of glycoconjugates on the
sperm surface, each lectin will mark a different membrane domain. As a consequence, each
lectin will underline separate regions of sperm cell membrane. Thanks to fluorescence
microscope, either epi-fluorescence or, more efficiently, 3-D confocal microscope, the
observation of changes in the distribution of the carbohydrate residues during capacitation
process is easily determined. In fact, the use of confocal microscope ionstead the more
commonly utilized epifluorescence is even more important in cells like sperm, which have a
typical shape with marked asymmetry in its frontal-back part (Marek et al., 2011). In fact while
2D analysis with optical microscope gives mainly information about horizontal plane of the
cell, the confocal microscope is able to acquire 3D shape of the cell surface using 3D
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reconstruction of horizontal cross-sections (Marek et al., 2011). The most common lectins used
are PNA and PSA which bind α-mannosil residues and α-glucosyl ones, respectively.
Specifically, PNA binds as its specific sugar methyl a-D-galactopyranoside, which exhibits a
weak reaction over the entire surface of the caput epididymal spermatozoa; the PSA presents a
most abundant staining at level of the acrosomal region. There are, of course, other lectins of
interest in the analysis of sperm function. Thus, the Triticum vulgaris lectin, also known as
wheat germ agglutinin (WGA), has as its specific sugar linkage the N-acetyl-p(1-4)-Dglucosaminide, showing an homogenously distribution over the acrosomal region. Another
used lectin is the Solanum lycopersicum one (STL) that shows it greatest affinity for Nacetylglucosamine (GlcNAc) residues (Xin et al., 2014). All of these lectins can be utilized as
markers of the evolution of sperm function during processes that the achievement of the
capacitation status or the sperm cryo-resistance.
6.9

Determination of mitochondrial membrane potential (Δψm):

The maintenance of the sperm fertilizing potential depends on the integrity and functionality of
the different cellular structures (Celeghini et al., 2007). So it is necessary to evaluate
mitochondrial membrane potential (Δψm). This parameter can be assessed using flow
cytometry,

which

can

be

accomplished

with

JC-1

(5,5’-6,6’-tetrachloro-1,1’-3,3’-

tetraethylbenzimidazolcarbocyanine iodide; Ramio-Lluch et al., 2012), Mitotraker green FM
(Bonet et al., 2012) or Rhodamine 123 (Fraser et al., 2001) in association with PI and a DNA
stain (Garner et al., 1997; Martinez- Pastor et al., 2010) to evaluate at the same moment sperm
viability and mitochondrial functionality (Flores et al., 2010). These cationic and lipophilic
fluorochromes can pass through plasmatic membrane to be accumulated into the mitochondrial
matrix with a negative charge. Mitochondrial activity provokes oxidation of fluorochromes
with an increment in light intensity emitted by the same, instead in JC-1 is produced a change
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in wavelength emitted, that follow the oxidation turn from green emission to an orange- red
light. Thus we can resume an increment in mitochondrial activity as a raise in oxidation level
of fluorochromes. In this way has been saw as, mitochondrial activity is correlated with
motility and fertility parameters of human and dog sperm (Bonet et al., 2012).
6.10

Oxidative Stress Evaluation by flow cytometry: Superoxide /Oxide Levels in

Sperm Cells:
Oxidative stress (OS) threatens mammalian sperm survival, impairing critical functions such
as motility, membrane integrity and even fertilizing ability (Aitken et al., 2014).
Specifically, boar sperm are particularly sensitive to OS due to the high proportion of
polyunsaturated fatty acids present in the membrane, which can be oxidized leading to lipid
peroxidation (Browners et al., 2005). The OS is a status related to increased cellular damage
triggered by oxygen and oxygen-derived free radicals known as ROS (Agarwal et al., 2014).
The ROS compounds have at least one unpaired electron, being the most known peroxides
(H2O2) and superoxides (O2_●). They are oxidizing agents generated as byproducts from the
metabolism of oxygen. Due to the unpaired electron in the outer shell, they form highly
reactive molecules (Miranda et al., 2010; Henkel et al., 2011). Spermatozoa are equipped with
antioxidant defence mechanisms that likely quench ROS, thereby protecting gonadal cells and
mature spermatozoa from oxidative damage (Henkel et al., 2011). However, when production
of ROS exceeds the antioxidant capacity of spermatozoa, cells are unable to restore the damage
induced by OS because they lack enough strong cytoplasmic-enzyme repair systems (Saleh and
Agarwal, 2002). As mentioned earlier, OS results from an imbalance between ROS production
and the intracellular/extracellular antioxidants system used by sperm. The detection of ROS
can be carried out by reagents that accumulate intracellularly and become fluorescent upon
oxidation. Dichlorofluorescin diacetate (DCFH-DA) and dihydroethidium (DHE) are used for
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measurement of intracellular H2O2 and O2_●, respectively, by flow cytometry. The advantages
of using flow cytometry for the measurement of intracellular ROS in ejaculated mammals
spermatozoa have been reported recently in boar (Guthrie et al., 2006), human (Mahfouz et al.,
2008) and dog (Kim et al., 2010). The mechanism of action of H2DCFDA consists in
penetrating into the cell through its plasma membrane. Afterwards, the compound is retained
after intracellular esterases cleave the acetate groups, and becomes highly fluorescent 2′,7′dichlorofluorescein (DCF) upon oxidation (green fluorescence at 504 nm; see Guthrie &
Welch, 2006). On the other hand, dihydroethidium (DHE) reacts with the O2_● anion forming
the yellow (567 nm of wavelenght) 2-hydroxyethidium (Zhao et al., 2005). The simultaneous
differentiation of viable from non-viable spermatozoa was performed by co-staining the
spermatozoa either with PI or with the commercial YO-PRO®-1 stain. Thus, the ROS analysis
through cytometry allows practitioners to remove the non-viable population from the analysis.
6.11

Changes of plasma membrane fluidity compatible with capacitation:

The underlying pathways that characterize the process of capacitation of boar spermatozoa are
still largely unknown. As spermatozoa must undergo major membrane modifications at
fertilization (viz. exocytosis of acrosome and fusion with the egg), it has long been surmised
that capacitation involves some form of membrane destabilization. In fact; much evidence has
been acquired in the last years that highlight the appearance of specific changes in the surface
architecture and membrane function during the achievement of the capacitation status
(Bedford, 1994; Cohen-Dayan et al., 1994; Eisenbach, 1994). In the boar, data shown as
capacitation results in dramatic changes in the sperm plasma membrane including, increased
membrane lipid disorder and phospholipid catabolism of sperm (Gadella and Harrison, 2000).
Using merocyanine fluorochrome (M-540) coupled with YO-PRO®-1, to detect non-viable
spermatozoa, it’s possible by a flow cytometric analysis to evaluate molecular modifications of
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the membrane structure. The M-540 is a fluoroscent impermeable lipophilic dye that has been
shown to stain cell membranes more intensely if the membrane lipids are in a high disorder
status (Williamson et al., 1983; Langner and Hui, 1993). The M-540 has been widely used to
detect changes in membrane lipid packaging in several cell types (Aussel et al., 1993; Mower
et al., 1994). The application of the M-540/YO-PRO®-1 technique renders two separate sperm
populations. The first population is characterized by a cell membrane with low fluidity, which
indicates a highly ordered membrane structure. Meanwhile, the other population has high
membrane fluidity linked to a greater membrane disorder. This increase in lipid membrane
disorder is commonly associated with capacitating and/or acrosome reacted sperm
(Januskauskas et al., 2005; Purdy, 2008; Puigmulé et al., 2011).
6.12

Intracellular calcium levels as capacitation markers:

Calcium metabolism plays a key role in mammalian spermatozoa. A considerable body of
evidence indicates that calcium ion is responsible for a wide range of cellular processes and is
generally considered the ubiquitous second messenger (Berridge et al., 1993). Calcium ion has
been shown to be a primary determinant of sperm cell function, including sperm capacitation,
hyperactivated motility, chemotaxis and acrosome reaction (Publicover et al., 2007; Costello et
al., 2009; Aitken & Nixon, 2013). Pathways by which calcium exerts these important
regulatory and modulatory effects vary, since the Ca2+ ion can exert its effects through a wide
array of separate transductional signalling pathways (Yeste et al., 2015). Functional studies in
mammalian sperm have also documented the presence of voltage-gated Ca2+ channels, such as
CatSper, that controls the entry of positively charged calcium ions into sperm cells, which is
essential for sperm hyperactivation and male fertility (Kirichok et al., 2006; Lishko et al.,
2011; Shukla et al., 2012). In the case of mammalian spermatozoa, intracellular calcium has
been reported to be mainly stored at either the sperm head or connecting/midpiece (Costello et
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al., 2009). These separate calcium stores suggest that the role of head and midpiece,
mitochondria-related calcium stores may be different (Yeste et al., 2015). In this manner, while
head calcium could be involved in the modulation of progesterone-induced acrosome
exocytosis, midpiece calcium could be more closely related to mitochondria-modulated
processes, such as sperm motility, mitochondria-based energy production and early
capacitation steps (Yeste et al., 2015). These separate calcium deposits can be determined
through the utilization of two separate calcium markers, Fluo-3 and Rhod-5N, which stain
calcium deposits with different physico-chemical characteristics. The Fluo-3 stain has a very
high affinity for calcium, although it is unable to cross polarized cell membranes (Takahashi et
al., 1999). On the contrary, Rhod-5N specifically labels calcium stored in deposits surrounded
by polarized membranes, and its calcium-affinity is lower than that of Fluo-3 (Takahashi et al.,
1999). Fluo-3/ PI staining protocol was described for first time by Harrison et al. (1993) and
successively modified by Kadirvel et al. (2009); while Rhod-5N/ YO-PRO1 labelling was
performed in mammalian spermatozoa adapting the protocol edited for somatic cells (Hayato et
al., 2011; De la Fuente et al., 2012). Fluorescent changes are detected by using a fluorescent
microscope or better by flow cytometer assessment as saw for others parameters.
6.13

Detection of tyrosine-phosphorylated proteins by Western blot analysis:

The Western blotting technique made possible the feasible separation and identification of
specific proteins relying on the electrophoretic separation of sperm proteins according to their
molecular weight and their subsequent identification through immunological means. Providing
the use of a reliable, sensitive and non radioactive, Western blotting found from its first
implementation a large diffusion. In this way, this technique has been recognized as the best
method for the detection of tyrosine-phosphorilated substrates, allowing a precise validation
and quantification of these residues. The Western blotting technique has four main steps. The
- 44 -

first step, as indicated above, consists in the electrophoretic separation of the sperm proteins
from a mixed extract. The separation is based on the molecular weight of each protein. The
second step consists in the transference of the separated proteins to a nitrocellulose membrane
in which the obtained electrophoretic pattern of proteins is dully reproduced. The third step is
based on the specific recognition of phosphorylated tyrosine residues on a wide variety of
proteins through the utilization of a specific anti-phosphotyrosine primary antibody. The
intensity and position of the antibody-protein union will be then highlighted through the
incubation of the membrane with a chemiluminescence-linked secondary antibody that has
linking affinity for the used primary antibody. Finally, the fourth and last step consists in a
revealing process in which the chemiluminescence linked to the secondary antibody is
visualized. In case of phosphotyrosine residues, the revealed membrane will show a specific
bands pattern that will be linked with the precise function status of the analyzed sample.
Furthermore, not only the position of each band, but also their thickness will be important,
since this thickness will be proportional to the amount of phosphorylation that the protein/s
present in this band has. Finally, in order to normalize putative variations in the total protein
content of each sample, that will have as a consequence art factual changes in the intensity of
the bands pattern, the same membranes will be analyzed by the same method to detect the
amount of a protein known to maintain its amount stable during all of the sperm life. The most
used of these proteins are the α-tubulin and the β-tubulin, although others like the glucose 6phosphate dehydrogenase can be used for the same aim.
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c) Incubation with primary antibody d) and revelation
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Fig. 6.4: Representation of Western blotting technique in principal four steps: a)
electrophoresis separation of protein by molecular weight; b) transference by gel with
separated proteins to a nitrocellulose membrane; c) recognition of phosphorylated tyrosine
residues incubating with a primary antiphosphotyrosine primary antibody, and d) revelation of
membrane with chemiluminescence method.
6.14

Detection of phosphotyrosine residues location in boar sperm through

immunocytochemistry:
As indicated in the Introduction section, the involvement of the cAMP–PKA pathway in sperm
capacitation (Visconti et al., 1997, Visconti & Kopf, 1998) and acrosome reaction (Breitbart &
Naor, 1999, Garde & Roldan, 2000) is the main responsible for the launching of a myriad of
processes involving protein phosphorylation (Aitken et al., 1995; Burks et al., 1995; Baldi et
al., 1996; Visconti & Kopf, 1998; Visconti et al., 2002; Naz & Rajesh 2004; Liguori et al.,
2005; O’Flaherty et al., 2006). Protein phosphorylation is a post-translational modification of
proteins that allows the cell to control vital cellular processes such as transduction of
extracellular signals and intracellular transport (Ullrich & Schlessinger, 1990; Johnson &
Barford, 1993, Johnson & O’Reilly, 1996). In most species studied, sperm tyrosinephosphorylated proteins are mainly located at the flagellum during the course of capacitation
and fertilization (Carrera et al., 1996; Leclerc et al., 1997; Mahony & Gwathmey, 1999; Si &
Okuno, 1999; Lewis & Aitken, 2001; Urner et al., 2001; Petrunkina et al., 2003; Pommer et al.,
2003; Sakkas et al., 2003). Concomitantly, the increase of protein tyrosine phosphorylation in
the principal piece has been correlated with the acquisition of hyperactivated motility (Nassar
et al., 1999; Si & Okuno, 1999; Petrunkina et al., 2003). In addition, a capacitation-related
redistribution of phosphotyrosine residues to the acrosome has been reported in boars
(Petrunkina et al., 2001; Tardif et al., 2001), bulls (Cormier & Bailey, 2003) and buffalo (Roy
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& Atreja, 2008), whereas specific phosphotyrosine proteins localized over the acrosomal
region have been postulated to be involved in the zona pellucida interaction and/or fusion
events (Leyton & Saling, 1989; Naz et al., 1991; Ficarro et al., 2003; Dube et al., 2005). The
most reliable technique at this moment to attain the localization of tyrosine-phosphorylated
proteins and their modifications according to the functional state of boar spermatozoa is the
indirect immunocytochemistry analysis linked to evaluation through microscope. This
technique exploits the linking of phosphoresidues to specific sperm domains. For this purpose,
a primary antibody-secondary antibody system similar to that described for the Western
blotting is used, but utilizing a fluorochrome system instead to a chemiluminescent one to
reveal the final result. This system allows practitioners differentiate separate surface
distribution patterns of phosphotyrosinated protein on sperm cell according with its
physiological state. The results obtained with this method are highly specific. In fact the
specificity of sperm specific domain with primary-secondary antibody complex is confirmed
by samples that were processed only with the secondary antibody, which doesn’t show any
fluorescent signal through microscopy.
6.15

Evaluation of free-cysteine residues in sperm nucleoproteins:

Disulfide bonds are universally present between proteins and also between proteins and other
macromolecules like nucleic acids. These bonds build a connection between two cysteine
aminoacids and their thiol groups. Thus, disulfide bonds are specific of cysteine amino acid
groups that are capable to form this bridge, which has this general structure:
R–S–S–R'
Disulfide bonds represent the strongest and most important globular structure responsible for
the stabilization of the tertiary and quaternary structure of proteins. For this reason, these bonds
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are the main responsible for holding proteins in their respective conformations and,
consequently, to maintain the specific protein folding and stability. Likewise, as indicated
above, disulfide bonds represents a bridge between nucleoproteins and DNA (Brewer et al.,
2003; Dorigo et al., 2004; Balhorn R., 2007), and alterations in this type of protein-DNA
linking can compromise many processes, including DNA replication. In fact, a better stability
is considered useful to maintain sperm with a more compact chromatin core increasing their
hydro dynamicity and their ability to move faster. This stability, in turn, will increase the
possibility to fertilize the oocyte. It is well known, however, that mechanisms such as osmotic
oxidative stress induced by osmotic disturbances are able to destroy disulfide bonds in a whole
series of cellular structures (Cumming et al., 2004; Yang et al., 2007). This is important, since
osmotic stress together with OS is one of the most important mechanism causing alterations in
sperm cells, including structural alterations in cellular membranes and mitochondria volume
and shape, as well as the rupture of the peri-mitochondrial and head actin network (Hinshaw et
al., 1986; Silvia and Gadella, 2006; Correa et al., 2007). Hence, the evaluation of the amount of
free cysteine levels in head and tail sperm through a spectrophotometric method is possible.
This technique allows practitioners to determine changes in sperm function. In this manner, it
is noteworthy that variations in free cysteine levels will be indicative of concomitant changes
in aspects like the sperm nucleoprotein structure stability. This is interesting, since changes in
the number of intact disulfide bonds have been linked to processes such as cryoresistance and
even the achievement of a feasible in vitro capacitation (Yeste et al., 2013; 2014; Estrada et al.,
2014). The main used technique to determine free cysteine radicals in cell extracts is the 2,2’dithiodipyridine one, developed by Brocklehurst et al. (1979). This is a spectrophotometric
analysis performed at a wavelenght of 343 nm that utilizes known concentrations of L-cysteine
to create the appropriate external calibration curve.
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Fig. 6.5: Schematic procedure used for the evaluation of free-cysteine residues in sperm cells
nucleoproteins. After the preparation with 2,2’-dithiodipyridine reagent, the samples are
incubated for 30 minutes at 37°C, and analyzed with a spectrophotometric instrument at a
vawelenght of 343nm.
6.16

Evaluation of DNA fragmentation (SCD test adapted for boar sperm):

Changes in chromatin structure and nuclear DNA integrity of spermatozoa have been
associated with infertility in several mammalian species, including pigs (Evenson et al., 1994;
Rybar et al., 2004). The SCD test is a rapid, simple, and sensitive test for measuring
differential chromatin disorganization in sperm cells (Dugum et al., 2011), and it is proven to
be effective for evaluating nuclear DNA fragmentation in boar spermatozoa (Fraser et al.,
2010). In fact, using a commercial sperm chromatin dispersion test (SCDt) there is a
specifically kit designed for boar spermatozoa (Sperm-Halomax®-Sus for fluorescence
microscopy; ChromaCell S.L., Madrid, Spain). This test is based on the different response that
intact and fragmented DNA show after a deproteinization treatment, and previous reports have
shown that the results obtained with this technique strongly correlated with those obtained with
other tests, like the neutral comet assay (Enciso et al., 2006). As suggested in manufacturer’s
instructions after the treatment of spermatozoa in vials containing agarose (vials included in the
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commercial kit), treated sperm samples being charged on slides, and stained with propidium
iodide (PI); after are observed under an epifluorescence microscope at 1000× magnification.
Spermatozoa with fragmented DNA exhibited a large and spotty halo of chromatin dispersion,
whereas spermatozoa with non-fragmented DNA exhibited only either a small halo or not halo
at all.

Fig. 6.6: Scoring criteria for assessing sperm nuclear DNA integrity after running the SpermSus-Halomax test in thawed and incubated boar spermatozoa. (A) Compact and clearly visible
halo around the sperm head (normal halo), (B) sperm with small halo around the sperm head
(small halo), (C) large and scattered DNA halo around the sperm head (large scattered halo),
and (D) no halo around the sperm head (absent halo). From: Alkmin et al., 2013.
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Part 3. Research Works

Main aim of this thesis:
The main objective of this thesis was the evaluation of the effects of glutathione and
melatonin, as antioxidants, on the achievement of boar sperm in vitro capacitation
(IVC) and subsequent in vitro, progesterone-induced acrosome exocytosis (IVAE).

These studies were carried out through the evaluation of several in vitro capacitation
markers and other sperm quality parameters such as percentages of sperm viability and
total motility, true progesterone-induced acrosome exocytosis, acrosome-status by
observing lectin pattern, membrane lipid disorder, DNA fragmentation, intracellular
levels of peroxides and superoxides, tyrosine phosphorylation of sperm protein and its
distribution, and free-cysteine residues in both head and tail sperm extracts.
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7. Glutathione
7.1

General function, roles and localization:

Glutathione, a tripeptide thiol (γ-glutamylcysteinylglycine), is the major non-protein
sulphydryl compound in mammalian cells that is known to have numerous biological
functions (Luberda, 2005). Glutathione exists in two forms: the reduced form (GSH) and the
oxidized form (GSSG). Cellular glutathione plays a key role in many biological processes,
including the synthesis of proteins and DNA and the transport of amino acids, but notably, it
plays a key role in protecting cells against oxidation. Thus, it has been described that the
sulphydryl groups of glutathione confer protection against cell damage by oxidants,
electrophiles and free radicals (reviewed by Irvine, 1996). The protective action of glutathione
against reactive oxygen species (ROS) is facilitated by the interactions with its associated
enzymes, such as glutathione peroxidase and glutathione reductase (Luberda, 2005). As in
other cells, glutathione has been reported also in mammalian sperm cells, (Alvarez and
Storey, 1989; Ochsendorf et al., 1998), including boar sperm (Li, 1975) in species-specific
concentrations. In fact, previous researches showed that mouse sperm cell represents, into
mammalian species, the spermatic cell with the highest concentration of GSH values (90 nM
GSH/108 cells; Alvarez and Storey, 1989), compared with GSH content founded in ejaculated
boar semen (3,84 ± 0,21 nM/108 cells; Gadea et al., 2004) and in other mammalian species
including human sperm (3,49± 0,87 nM GSH/108 cells; Ochsendorf et al., 1998), bull sperm
(2,73 ± 0,42 nM GSH/108 cells; Agrawal et al., 1988) rabbit sperm (< 0.1 nmol /108 cells;
Alvarez and Storey, 1989) and ram sperm (0.45 ± 0.14 nmol /108 cells; Li, 1975). The basic
function of GSH in mammalian semen is related to its interactions with other systems as a
preventive mechanism against ROS. This scavenging function of GSH helps to counteract the
effects of oxidative stress in sperm cells, which could result in lipid peroxidation of
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plasmalemma, irreversible loss of motility, leakage of intracellular enzymes and damage of
the chromatin (Aitken, 1999; Luberda, 2001). GSH is synthesized in the γ-glutamyl cycle, and
the three amino acids comprising glutathione are glutamate, cysteine, and glycine (Emmett,
2014). The main synthesis pathway is an ATP-dependent, two step process. Briefly, the
enzyme γ-glutamylcysteine synthetase (also called γ-glutamylcysteine ligase) catalyzes the
unique γ-glutamyl linkage between glutamate and cysteine. Next, glutathione synthetase
catalyzes the addition of glycine to the γ-glutamylcysteine (via the more usual α-amide
linkage) to form glutathione. Each of these synthetic reactions requires energy provided by
the hydrolysis of ATP (Emmett, 2014).

Fig. 7: Glutathione synthesis pathway: γ-glutamyl cycle. First step, starting from glutamic
acid and cysteine and via gamma glutamylcysteine synthetase enzyme (GCL), is formed
gamma glutamylcysteine. Successively glycine via the enzyme glutathione synthetase is
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added to the C-terminal of gamma-glutamylcysteine which leads to glutathione production.
From: Emmett, 2014.
Actually, the γ-glutamyl cycle is a larger metabolic one that consists of six enzymatic
reactions, the pair of glutathione synthesizing reactions and four degradation steps (Orlowsky
and Meister, 1970). This metabolic cycle requires the input of energy, derived from the
hydrolysis of three ATP molecules. The net result of each turn of this cycle is the active
transport of one amino acid molecule into the cell (Emmett, 2014). Principal mechanism
chaired by glutathione is bind to and reduce (i.e., donates electrons) many molecules. These
reducing reactions are of great importance for the detoxification of reactive oxygen species,
drugs, toxins, and other oxidizing molecules and are also key reducing steps in a variety of
normal metabolic synthetic pathways (Franco et al., 2007). In addition, glutathione has a
multitude of other vital metabolic functions: it is an important cellular reservoir of the sulfurcontaining amino acid cysteine, it is a major cell signalling molecule involved in the
regulation of apoptosis, cell cycling, and immunity and it participates in active trans cellular
amino acid transport (Franco et al., 2007; Forman et al., 2009). These reducing reactions are
catalyzed by glutathione peroxidase, it reduces H2O2 to H2O. Glutathione disulfide thus
formed is converted back to glutathione by glutathione reductase. This “glutathione cycle”
has been demonstrated to be an effective, intracellular defense mechanism against a variety of
oxidant stresses (Kosower et al., 1971).
7.2 How glutathione interacts in spermatozoa’s mechanisms:
During the achievement of boar sperm in vitro capacitation (IVC) and subsequent in vitro,
progesterone-induced acrosome exocytosis (IVAE), sperm cells run the risk of generating and
being exposed to supra-physiological level of ROS (du Plessis et al., 2008). The imbalance
between the production of reactive oxygen species (ROS) and a biological systems ability to
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readily detoxify the reactive intermediates or easily repair the resulting damage is known as
oxidative stress (Agarwal et al., 2003) and, the main destructive aspects of oxidative stress are
the production of ROS, which include free radicals and peroxides. The production of ROS by
sperm is a normal physiological process that at physiological levels are involved in providing
membrane fluidity, maintaining the fertilizing ability and acrosome reaction of sperm (Bucak
et al., 2010). Moreover, a sustained and increased amount of ∙O2- is one of the first steps
required by the spermatozoa for induction and development of hyperactivation and
capacitation (de Lamirande and Cagnon, 1995), the two main processes that are necessary to
ensure sperm fertilization. However, an imbalance between ROS generation and scavenging
activity is detrimental to the sperm and has been associated with male infertility as supported
by substantial scientific researches (Agarwal et al., 2005). In this way, as said above, GSH is
the substrate of glutathione peroxidase (GPX) and plays a prominent role in the body’s
antioxidant defences (Donnelly et al., 2000). GSH exists in the sperm of several mammalian
species, mouse, ram, boar, rabbit, including human beings (Li, 1975; Alvarez and Storey,
1989). Its scavenging function helps to counteract the effects of oxidative stress in sperm
cells, which could result in lipid peroxidation of plasmalemma, irreversible loss of motility,
leakage of intracellular enzymes and damage of the chromatin (Aitken, 1999; Luberda, 2001).
Moreover, GSH would induce a concomitant lowering effect on mitochondrial activity, since
mitochondria are the main location in which ROS are produced in sperm (Murphy, 2009).
Furthermore, as showed by another research, GSH has a role as protective agent of disulfide
bonds (Chatterjee et al., 2001; Jacob et al., 2003), and as showed by Yeste and his co-workers
(Yeste et al., 2013), alterations of the nucleoprotein structure that are concomitant with a
significant increase in the number of broken head sperm disulfide bonds are been
counteracted
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Abstract
Incubation of boar sperm in a specifically designed in vitro capacitation medium for 4h
significantly increased intracellular levels of free cysteine radicals. This increase was
concomitant with capacitation-like changes of sperm motility, membrane lipid disorder,
mitochondrial membrane potential, intracellular calcium levels, tyrosine phosphorylation
levels of protein P32 and localization of tyrosine phosphorylated proteins. The addition of
reduced glutathione to the medium prevented the majority of capacitation-like changes,
except tyrosine phosphorylation of P32. Furthermore, reduced glutathione caused a rapid drop
of total sperm motility, which was maintained during all of the incubation period. The
addition of reduced glutathione at the beginning of the experimental incubation affected the
launching of progesterone-induced in vitro acrosome exocytosis. The addition of reduced
glutathione together with progesterone did not affect acrosome exocytosis launching, but
counteracted the drop of Fluo3-marked intracellular calcium in control capacitated cells
following the peak observed immediately after progesterone addition. Although the addition
of reduced glutathione together with progesterone induced a drop in total sperm motility, the
extent of this decrease was lower than that observed when it was added at the beginning of the
experiment. Our results suggest that boar sperm capacitation is related with an increase of free
cysteine residues and intracellular reactive oxygen species levels, which could play a role in
the achievement of capacitation status. Furthermore, phenomena like sperm motility and
capacitation-linked changes in membrane lipid disorder and intracellular calcium dynamics
seem to be partially controlled by glutathione-sensitive mechanisms.

Keywords: spermatozoa, phosphorylation, free-cysteine residues, in vitro capacitation,
acrosome exocytosis
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Introduction
One of the most important processes that undergo mammalian sperm after ejaculation is
capacitation. This process, which leads to the achievement of fully sperm fertilizing ability, is
achieved inside the female reproductive tract. This characteristic hampers the study of
capacitation in in situ conditions. However, with the advent of assisted reproductive
technologies through in vitro studies, a large amount of information has been gathered on how
sperm achieve capacitation through a sequence of biochemical modifications that lead to the
establishment of fully fertilizing ability. These modifications involve the activation of several
signalling pathways, the increase of intracellular messengers such as cAMP and Ca² +, the
reorganization of plasma proteins and membrane lipids and changes in motility patterns.
Finally, the destabilization of acrosomal membrane linked with its fusion with sperm cell
membranes increases the sperm ability to bind to the oocyte zona pellucida (see KątskaKsiążkiewicz, 2007; Visconti, 2009, as reviews).
Recently, with the findings regarding the use of antioxidants agents in the freezing extenders
for boar semen, other research horizons have been opened up to elucidate the effects of these
substances on sperm metabolism. The cryopreservation process induces strong changes in
sperm function. Some of these changes, such as modifications in motion parameters and in the
lipidic membrane structure resemble those observed during sperm capacitation (Cormier et
al., 1997; Bailey et al., 2000). The similarity of these effects led to several authors to call this
phenomenon as cryocapacitation (Bailey et al., 2000). However, not only do these procedures
present important differences, but cryocapacitation process greatly impairs fertilizing ability
of frozen-thawed boar semen (Talukdar et al., 2015). Thus, any system that allows users of
frozen-thawed semen to minimize cryocapacitation-mimiking alterations would be very useful
to optimize the utilization of frozen-thawed boar semen for artificial insemination (AI). In this
way, the addition of reduced glutathione (GSH) to the freezing medium has shown excellent
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in vivo fertility results when applied to boar semen (Estrada et al., 2014). Several of the
improving effects that the utilization of GSH has on boar semen freezing are linked to the
prevention of some of the cryocapacitation–related alterations, as changes in sperm motility
(Yeste et al., 2013; Estrada et al., 2014; Estrada et al., 2015). It is noteworthy that GSH is the
most abundant thiol in cells and is considered of vital importance, amongst other functions,
for the maintenance of the intracellular redox balance (Jacob et al., 2003). Taking this into
account, results obtained in boar frozen-thawed sperm suggest that GSH and hence the precise
oxidative status of boar sperm could play a role in the modulation of sperm capacitation
process. However, this hypothesis remains to be elucidated.
Regarding the effects of GSH on boar semen cryopreservation, it has been reported that the
addition of GSH to freezing and thawing media counteracts the cryopreservation-linked
alterations on the integrity of sperm disulfide bridges between proteins (Chatterjee et al.,
2001), reduces ROS levels and increases sperm motility and sperm fertilizing ability (Gadea
et al., 2004, 2005). The GSH also seems to maintain a stable nucleoprotein structure (Yeste et
al., 2013; 2014), and thereby, depending on their concentration in the extender, this set of cell
properties could interfere the sperm capacitation, which is a process when occur a range of
synchronized events.
Taking into account all of the aforementioned, the main aim of this study was to evaluate the
effects of GSH on the achievement of boar sperm in vitro capacitation (IVC) and subsequent
in vitro, progesterone-induced acrosome exocytosis (IVAE). This was carried out through the
evaluation of several in vitro capacitation markers and other sperm quality parameters such as
percentages of sperm viability and total motility, true progesterone-induced acrosome
exocytosis, membrane lipid disorder, DNA fragmentation, intracellular levels of peroxides
and superoxides, tyrosine phosphorylation of sperm protein, and specifically P32, and freecysteine residues in both head and tail sperm extracts.
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MATERIALS AND METHODS
Seminal samples
A total of 62 ejaculates collected from 35 healthy Pietrain boars aged between two and three
years, were used in this study. These animals were housed in climate-controlled buildings
(Servicios Genéticos Porcinos, S.L., Roda de Ter, Spain), fed with an adjusted diet and
provided with water ad libitum. Sperm-rich fractions were collected manually using the handgloved method, diluted to a final sperm concentration of 2×107 spermatozoa⁄mL in a
commercial extender (Androstar Plus®; Minitub Ibérica SL, Tarragona, Spain), and cooled to
16ºC–17 °C. Diluted semen was then distributed in 90-ml commercial AI doses. The resulting
90-mL doses were placed in a thermal packaging container at 16ºC for approximately 45 min,
which was the time required to arrive at our laboratory.

Ethical approval
The utilized ejaculates were initially dedicated for artificial insemination purposes, and we
just bought them for our experimental purposes. In this way, we didn’t need any specific
ethical approval to perform this work, since there were no animals directly manipulated
during the carried out experiments. Despite all the aforementioned, the experimental protocol
was approved by the Ethics Committee of our institution. This ethics committee was known
as “Bioethics Commission of the Autonomous University of Barcelona” (Bellaterra,
Cerdanyola del Vallès, Spain).

- 62 -

Experimental design and in vitro capacitation and subsequent acrosome exocytosis
procedures
In all cases, each ejaculate was divided into five aliquots in accordance with the experimental
treatments. In each aliquot, the following sperm parameters were evaluated: sperm viability,
sperm motility, acrosome integrity, membrane lipid disorder, mitochondrial membrane
potential (MMP), reactive oxygen species (ROS), intracellular calcium levels, DNA
fragmentation, free-cysteine residues, tyrosine phosphorylation of P32 and sperm localization
of overall protein tyrosine phosphorylation. The work was separated in two separate
experiments. In the first one, we tested the effects how the addition of GSH to the capacitation
medium (CM) at the start of the incubation affected the achievement of a feasible IVC. The
second experimental design was conducted by addition of GSH after the achievement of the
ICV status and simultaneously to the induction of progesterone-modulated IVAE, in order to
determine the putative effects of GSH in the achievement of IVAE in fully in vitro capacitated
boar sperm. Thus, in both experimental designs there were 5 separate experimental points: a
positive control (C+) in which cells were incubated in CM containing bicarbonate and bovine
serum albumin (BSA), three different GSH treatments in which cells were resuspended in CM
that was supplemented either at the 0h or after 4h of incubation time with increasing
concentrations of GSH (C10H17N3O6S; GSH, Sigma-Aldrich®, St Louis, MO, USA),and a
negative control (C-), which the sperm were re-diluted in a non-capacitating medium (NCM)
without GSH, NaHCO3 and BSA.
For the experimental design conducted to determine the effects of GSH from the 0h time of
incubation onwards, 50 mL of each ejaculate was utilized through division between all five
treatments. For this purpose, the 50-mL aliquot was firstly centrifuged at 600g for 10 min at
16ºC and initially resuspended at a final concentration of 20-30×106 sperm ⁄mL in NCM. The
NCM was composed by a 20-mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
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(Hepes) buffer (pH 7.4), containing 112 mM NaCl, 3.1 mM KCl, 5 mM glucose, 21.7 mM
sodium L-lactate, 1 mM sodium pyruvate, 0.3 mM NaHPO4, 0.4 mM MgSO4 and 4.5 mM
CaCl2 (osmolarity: 287mOsm/Kg±6mOsm/Kg) After this resuspension, 40 mL were
separated and added with. 5 mg ⁄mL BSA and 37.6 mM NaHCO3 in order to modify the NCM
to the CM (pH=7.4; osmolarity=304mOsm/Kg±5mOsm/Kg). The pH of both NCM and CM
was adjusted to the same value of 7.4 through fine adjustment with high-concentration
solutions of NaOH and HCl until the required pH was acquired. The remaining 10 mLaliquot was lent to be incubated in NCM to obtain the C- experimental point. Subsequently,
the 40-mL CM suspension cell was further divided in 4 10-mL aliquots. One of these 10-mL
aliquots was lent without further addition of any substance, whereas the other three 10-mL
CM-aliquots were added with GSH to final concentrations of 1mM, 2mM and 5mM,
respectively. All 5 10-mL aliquots were incubated for 4 h at 38.5ºC in a 5% CO2 atmosphere,
as described in Ramió et al. (2008). Sperm aliquots were taken at 0 hours and 4 hours of
incubation to perform the appropriate analysis. After 4h of incubation, cells were subjected to
the induction of progesterone-activated “in vitro” acrosome exocytosis as described before
(Jiménez et al., 2003; Wu et al., 2006). For this purpose, 10 µg/mL progesterone was added to
boar sperm previously incubated in the capacitation medium for 4 h at 38.5ºC in a 5% CO 2
atmosphere. After thorough mixing, the sperm was further incubated for an additional 1h at
38.5 ºC in a 5% CO2 atmosphere. During this subsequent incubation time, aliquots were taken
at 1 min, 5 min and 60 min after the addition of progesterone to perform the required
analyses.
Samples utilized for the second experimental design conducted to determine the effect of
GSH on IVAE of previously capacitated samples were treated in a similar way to that
described above. The main difference was that in the GSH experimental points, GSH was
added only after 4h of incubation in the CM and simultaneously to progesterone. The utilized
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GSH concentrations were also of 1mM, 2mM and 5mM. Finally, in this second experimental
design, aliquots were also taken after 0h and 4h of incubation in CM and after 1min, 5min and
60 min of the simultaneous addition of progesterone and GSH.
Analysis of parameters indicative of the achievement of both in vitro capacitation and in
vitro acrosome exocytosis
As indicated above, parameters determined in order to analyse the achievement of both IVC
and IVAE were the computer-assisted (CASA) motility analysis, the spectrophotometric
determination of the free-cysteine residues in both head and tail sperm extracts, microscopic
counting of the percentage of DNA fragmentation, flow cytometry analysis of sperm viability,
acrosome integrity, membrane lipid disorder, ROS levels, mitochondrial membrane potential
(MMP) and intracellular calcium levels from both head and midpiece location and finally the
immunological detection of phosphorylation levels of protein tyrosine residues, with an
especial emphasis in the P32 protein as a specific capacitation marker of boar sperm (Bravo et
al., 2005).
Sperm motility analysis
Sperm motility analysis was performed by utilizing a commercial CASA system (Integrated
Sperm Analysis System V1.0; Proiser, Valencia, Spain). This system is based upon the
analysis of 25 consecutive digitalized photographic images obtained from a single field at a
magnification of 100× in a negative phase-contrast field (Olympus BX41 microscope;
Olympus 10 x 0.30 PLAN objective lens, Olympus-Europa GmbH, Hamburg, Germany).
These 25 consecutive photographs were taken in a time lapse of 1 sec, which implied a
velocity of image capturing of one photograph every 40 ms. Five to six separate fields were
taken for each replicate, and five replicates were run per sample and treatment. The obtained
sperm motility descriptors were described following Ramió et al. (2008). Settings taken into
account for all of the utilized motility parameters were as following:
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Range of particles area: 10–80 µm2.
Connectivity: a minimum of 11 images for all parameters, but a minimal of 10 images for
only the mean amplitude of lateral head displacement (ALH).
Parameter ranges:
Curvilinear velocity (VCL): 1–500 µm⁄ s.
Mean velocity (VAP): 1–500 µm⁄ s.
Straightness coefficient (STR): 10–98%.
Linear coefficient (LIN): 10–98%.
Mean amplitude of lateral head displacement (ALH): 0–100 µm.
Frequency of head displacement (BCF): 0–100 Hz.
In this procedure, samples were previously warmed at 37ºC for 5 min in a water bath, and 5 µl
aliquots of these samples were then placed onto a warmed (37ºC) slide and covered with a 22
× 22 mm coverslip. Finally, total motility was defined as the percentage of spermatozoa that
showed a VAP >10 µm⁄ s.
Evaluation of free-cysteine residues in sperm proteins from the subhead area
The determination of free cysteine radicals in sperm head and tail proteins as an indirect
measure of disrupted disulfide bridges within nucleoproteins was carried out following the
protocol adapted to boar spermatozoa and described by Flores et al. (2011). This technique
determines free thiol groups. Briefly, samples were centrifuged at 600g and 16ºC for 10
minutes and resuspended in an ice-cold 50 mM Tris buffer (pH 7.4) containing 150mM NaCl,
1% (v:v) Nonidet, 0.5% (w:v) sodium deoxycholate, 1mM benzamidine, 10 µg/mL leupeptin,
0.5mM phenylmethylsulfonyl fluoride, and 1mM Na2VO4. Spermatozoa were subsequently
homogenized through sonication (Ikasonic U50 sonicator; Ika Labortechnick, Staufen,
Germany). Obtained homogenates were centrifuged at 850g for 20 minutes at 4ºC. The
resultant supernatants were reserved to measure the free-cysteine in sperm tail proteins and
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the pellets were resuspended in 300 µL of Tris buffer to measure the free-cysteine in sperm
head proteins. The presence of both tails in supernatants and heads in pellets were determined
by a previous observation under the optical microscope. This observation determined that the
percentage of tails in supernatants and heads in pellets were of above of 85% of the total
content in both cases (data not shown).
The levels of free cysteine radicals in both tails and heads fractions were determined by using
the 2,2’-dithiodipyridine technique (2,2’-dipyridyl disulfide; Sigma-Aldrich) as described by
Brocklehurst et al. (1979). With this purpose, 10-µL aliquots of resuspended, isolated sperm
heads were added to 990 mL of an aqueous solution of 0.4mM 2,2’-dithiodipyridine. The
same process were repeated with 10-µL aliquots of supernatants that were added to 990 mL of
an aqueous solution of 0.4mM 2,2’-dithiodipyridine. Aliquots of 10 µL of cysteine standards
from 0.1mM to 5mM (Sigma-Aldrich) were also added to 990 mL of 0.4mM 2,2’dithiodipyridine for evaluation. In all cases, mixtures were incubated at 37ºC for 60 min, and
levels of free cysteine radicals were finally determined through spectrophotometric analysis at
a wavelength of 340 nm. The results obtained were normalized through a parallel
determination of the total protein content of samples by the Bradford method (1976), using a
commercial kit (Quick Start Bradford Protein Assay; BioRad, Hercules, CA, USA). Five
replicates per sample and treatment were evaluated, and the corresponding mean ± SEM was
calculated.
Evaluation of DNA fragmentation
DNA fragmentation was assessed using a commercial sperm chromatin dispersion test (SCDt)
kit specifically designed for boar spermatozoa (Sperm-Halomax®-Sus for fluorescence
microscopy; ChromaCell S.L., Madrid, Spain) and following the manufacturer’s instructions.
This test is based on the different response that intact and fragmented DNA show after a
deproteinization treatment, and previous reports have shown that the results obtained with this
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technique strongly correlated with those obtained with other tests, like the neutral comet assay
(Enciso et al., 2006).
Briefly, the lysing buffer included in the commercial kit was tempered to 22°C and vials
containing low-melting agarose were incubated at 100°C for 5 min in a water bath. Vials were
then left in another water bath at 37°C for 5 min to equilibrate the agarose temperature.
Twenty-five µL of each sperm sample (at a final concentration of 107 spermatozoa/mL) were
added to a vial prior to mixing it thoroughly. One drop of 25 µL containing the spermatozoa
in agarose was placed onto the treated face of the slides provided with the kit and covered
with a glass coverslip to avoid air-bubble formation.
Slides were placed on a cooled plate within a fridge and left at 4°C for 5 min. The coverslip
was then removed and 50 µL of lysis solution per slide were added. An incubation step at
22°C for 5 min was performed, prior to washing for 5 min with miliQ® water. The slides were
subsequently dehydrated by three steps of 2 min each with aqueous dilutions of 70% (v:v)
ethanol, 90% (v:v) ethanol and 100% (v:v) ethanol. Finally, sperm samples were stained with
propidium iodide (PI, 2.5 µg/mL; Molecular Probes®, Eugene, OR, USA) and mounted in
DABCO anti-fading medium (DABCOTM anti-fading medium; Sigma-Aldrich®). Samples
were observed under an epifluorescence microscope (Zeiss AxioImager Z1; Karl Zeiss) at
1000× magnification. Three counts of 250 spermatozoa each using three different slides were
carried out per sample and treatment, prior to calculating the corresponding mean±SEM.
Spermatozoa with fragmented DNA exhibited a large and spotty halo of chromatin dispersion,
whereas spermatozoa with non-fragmented DNA exhibited only either an small halo or not
halo at all.
Flow cytometric analysis
Information about flow cytometry analyses is given according to the recommendations of the
International Society for Advancement of Cytometry (ISAC; Lee et al., 2008). These analyses
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were conducted to evaluate some sperm functional parameters, such as sperm viability
(membrane integrity), sperm membrane lipid disorder, acrosome integrity, and intracellular
peroxide and superoxide levels. In each case, the sperm concentration in each treatment was
adjusted to 1×106 spermatozoa/mL in a final volume of 0.5 mL, and spermatozoa were then
stained with the appropriate combinations of fluorochromes, following the protocols
described below (i.e. SYBR-14/PI, M540/YO-PRO®-1, PNA-FITC/PI, H2DFCDA/PI,
HE/YO-PRO®-1, JC-1 or PI after hypotonic treatment to correct raw data).
Samples were evaluated through a Cell Laboratory QuantaSCTM cytometer (Beckman
Coulter, Fullerton, CA, USA; Serial Number AL300087, Technical specification at
https://www.beckmancoulter.com/wsrportal/ajax/downloadDocument/721742AD.pdf?autono
myId=TP_DOC_32032&documentName=721742AD.pdf). This instrument, which had not
been altered in the original configuration provided by the manufacturer, was equipped with
two light sources: an arch-discharge lamp and an argon ion laser (488 nm) set at a power of
22 mW. In our case, only the singleline visible light (488 nm) from the argon laser was used
to perform the analyses. Cell diameter/volume was directly measured with the Cell Lab
QuantaTM SC cytometer employing the Coulter principle for volume assessment, which is
based on measuring changes in electrical resistance produced by non-conductive particles
suspended in an electrolyte solution. This system, thus, has forward scatter (FS) replaced by
electronic volume (EV). Furthermore, the EV channel was calibrated using 10 µm FlowCheck fluorospheres (Beckman Coulter) by positioning this size bead in channel 200 on the
volume scale.
Optical filters were also original and they were FL1, FL2 and FL3. In this system, the optical
characteristics for these filters were as follows: FL1 (green fluorescence): Dichroic/Splitter,
DRLP: 550 nm, band pass filter: 525 nm, detection width 505– 545 nm; FL2 (orange
fluorescence): DRLP: 600 nm, BP filter: 575 nm, detection width: 560–590 nm); and FL3
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(red fluorescence): long pass filter: 670/30 nm. Signals were logarithmically amplified and
photomultiplier settings were adjusted to particular staining methods. FL-1 was used to detect
green fluorescence (SYBR14, PNA-FITC, YO-PRO®-1, H2DFCDA and Fluo 3), whereas
FL3 was used to detect red fluorescence (M-540, HE, PI and Rhod 5).
Sheath flow rate was set at 4.17 µL/min in all analyses, and EV and side scatter (SS) were
recorded in a linear mode (in EE vs. SS dot plots) for a minimum of 10000 events per
replicate. The analyser threshold was adjusted on the EV channel to exclude subcellular
debris (particle diameter<7 µm) and cell aggregates (particle diameter>12 µm). Therefore, the
sperm-specific events, which usually appeared in a typically L-shaped scatter profile, were
positively gated on the basis of EV and SS distributions, whereas the others were gated out. In
some protocols, as described below, compensation was used to minimize spill-over of the
fluorescence into a different channel.
Information on the events was collected in List-mode Data files (LMD), and these generated
files were then analysed using Cell Lab Quanta_SC MPL Analysis Software (version 1.0;
Beckman Coulter) to quantify dot-plot sperm populations (FL1 vs. FL3) and to analyse the
cytometric histograms. In both PNA-FITC/PI, H2DFCDA/PI and HE/YO-PRO®-1
assessments, data obtained from flow cytometry experiments were corrected according to the
procedure described by Petrunkina et al. (2010). Each assessment for each sample and
parameter was repeated three times in independent tubes prior to calculating the
corresponding mean ± SEM.
Unless otherwise stated, all flurochromes used for these analyses were purchased from
Molecular Probes® (Invitrogen, Eugene, OR, USA) and diluted with dimethyl sulfoxide
(DMSO; Sigma).
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Cytometric determination of sperm viability
Sperm viability was assessed using the LIVE/DEAD® Sperm Viability Kit (SYBR-14/ PI),
according to the protocol described by Garner & Johnson (1995). Briefly, sperm samples were
incubated at 38°C for 10 min with SYBR-14 at a final concentration of 100 nM, and then with
PI at a final concentration of 10 µM for 5 min and at the same temperature. FL-1 was used for
measuring SYBR-14 fluorescence, whereas PI fluorescence was detected through FL-3. After
this assessment, three sperm populations were identified: (i) viable green-stained spermatozoa
(SYBR-14+/ PI-); (ii) non-viable red-stained spermatozoa (SYBR-14-/PI+); and (iii) non-viable
spermatozoa that were stained both Green and red (SYBR-14+/PI+). Non sperm particles
(debris) were found in the SYBR-14-/PI- quadrant.
Single-stained samples were used for setting the EV gain, FL-1 and FL-3 PMT-voltages and
for compensation of SYBR-14 spill over into the PI/FL-3 channel (2.45%).
Cytometric analysis of true acrosome exocytosis
True acrosome exocytosis was determined through co-staining of sperm with ethidium
homodimer (3,8-Diamino-5-ethyl-6-phenylphenanthridinium bromide; EthD-1) and peanut
agglutinin (from Arachis hypogaea) conjugated with fluorescein isothiocyanate (FITC-PNA).
This protocol was originally described by Cooper and Yeung (1998) and has been adapted to
boar spermatozoa in our laboratory. The utilization of this protocol was due to the fact that it
has a higher specificity for the detection of true acrosome exocytosis than that previously
utilized in our studies (see Yeste et al., 2015, as an example). Briefly, samples were incubated
with EthD-1 (final concentration: 2.5 µg·mL-1) at 38°C for 5 min in the dark. Following this
step, samples were washed by centrifugation at 2000g for 30 seconds and then resuspended
with PBS containing 4 mg·mL-1 bovine serum albumin (BSA) to remove free dye.
Thereafter, samples were again centrifuged and then fixed and permeabilized by adding 100
µL of ice-cold methanol (100%) for 30 seconds. Methanol was removed by centrifugation at
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2000g for 30 seconds and resuspension with PBS containing 4 mg·mL-1 BSA. The resulting
pellet was resuspended in 250 µL BTS. Following this step, 0,8 µL PNA-FITC (final
concentration: 2.5 µM) were added and samples were incubated at room temperature in the
dark for 15 min. Next, samples were washed twice with PBS at 2000g for 30 seconds finally
were resuspended in BTS.
After this assessment, four sperm populations were identified: (i) viable spermatozoa with an
intact acrosome membrane (PNA-FITC+/EthD-1-); (ii) viable spermatozoa with a non-intact
acrosome membrane (PNA-FITC-/EthD-1-); (iii) non-viable spermatozoa with an intact
acrosome membrane (PNA-FITC+/EthD-1+); (iv) non-viable spermatozoa with a non-intact
acrosome membrane (PNA-FITC-/EthD-1+). Fluorescence of EthD-1 was detected through
FL-3, while that of PNA-FITC was detected through FL-1.
Determination of sperm membrane lipid disorder compatible with capacitation
Lipid disorder of boar sperm membrane was evaluated by Merocyanine-540 (M540) and YOPRO-1 co-staining, following a modified procedure from Rathi et al. (2001). Briefly,
spermatozoa were stained with M540 (final concentration: 400 µM) and YO-PRO®1 (final
concentration: 40 µM) and incubated for 10 min at 38 °C in the dark. Red fluorescence from
M540 was collected through FL-3 and green fluorescence from YO-PRO®1 was collected
through FL-1. A total of four sperm populations were observed in flow cytometry dot plots:
(i) viable spermatozoa with low membrane lipid disorder (M540-/YO-PRO-1-); (ii) viable
spermatozoa with high membrane lipid disorder (M540+/YOPRO-1-); (iii) non-viable
spermatozoa with low membrane lipid disorder (M540-/YO-PRO-1+) and (iv) non-viable
spermatozoa with high membrane lipid disorder (M540+/YO-PRO-1+). In this test, data were
not compensated.
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Determination of mitochondrial membrane potential
The MMP was analyzed by applying the method described in Gillan et al. (2005). For this
purpose, samples were incubated with the fluorochrome 5,5’-6,6’-tetrachloro-1,1’-3,3’tetraethylbenzimidazolcarbocyanine iodide (JC-1) to a final concentration of 0.3µM at 38ºC
for 10 min in the dark. Afterwards, samples were processed through the flux cytometer. There
emission filters FL1 and FL2 were utilized to differentiate two subpopulations. The first
subpopulation was formed y sperm with high MMP, which presented JC-1 aggregates with
and orange staining. The second subpopulation was composed by cells with low MMP, which
presented JC-1 monomers with a green staining. Data were not compensated.
Assessment of intracellular superoxide and peroxide levels
Intracellular superoxide (O2_●) and peroxide (H2O2) levels were determined using two
different

oxidation-sensitive

fluorescent

probes:

hydroethidine

(HE)

and

2′,7′-

dichlorodihydrofluorescein diacetate (H2DCFDA). Following a procedure modified from
Guthrie & Welch (2006), a simultaneous differentiation of viable from non-viable
spermatozoa was performed by containing the spermatozoa either with PI or with YO-PRO®1.
In the case of superoxides, samples were stained with HE (final concentration: 4 µM) and YO
PRO®-1 (final concentration: 40 µM) and incubated at 25°C for 40 minutes in the dark
(Guthrie & Welch, 2006). Hydroethidine is freely permeable to cells and is oxidized by O2 _●
to ethidium (E) and other products. Fluorescence of ethidium (E+) was detected through FL-3,
and that of YO-PRO®-1 was collected through FL-1. Data were not compensated.
Data are expressed as means±SEM of percentages of viable spermatozoa with high
intracellular H2O2 levels (high DCF+ fluorescence) and of viable spermatozoa with high O2 _●
levels (high ethidium fluorescence; E+).
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In the case of peroxides, spermatozoa were stained with H2DCFDA at a final concentration of
200 µM and PI at a final concentration of 10 µM, and incubated at 25°C for 60 minutes in the
dark. H2DCFDA is a stable cell-permeable non-fluorescent probe that is intracellularly deesterified and becomes highly fluorescent 2′,7′-dichlorofluorescein (DCF) upon oxidation
(Guthrie & Welch, 2006). This DCF fluorescence was collected through FL-1, whereas PI
fluorescence was detected through FL-3.
Unstained and single-stained samples were used for setting the EV gain, FL-1 and FL-3 PMTvoltages and data were not compensated.
Intracellular calcium levels
Intracellular calcium of spermatozoa was determined by using two separate, specific stains,
Rhod-5N-AM (Rhod 5) and Fluo-3-AM (Fluo 3). The Rhod 5 labelling was determined as in
Yeste et al. (2015), whereas Fluo 3 marking was analyzed as in Harrison et al. (1993) and
modified as in Kadiervel et al. (2009). The evaluation of intracellular Rhod 5-marked
calcium, which is mainly located at the boar sperm head (Yeste et al., 2015), was performed
together with a simultaneous staining with YO-PRO®1 in order to evaluate sperm membrane
integrity. With this purpose, boar spermatozoa were stained with Rhod-5N-AM (final
concentration: 5µM) and YO-PRO®1 (final concentration: 25nM) and incubated at 38ºC for
10 min. The FL-3 detector was used for Rhod-5N-AM fluorescence, whereas that of YOPRO®1 was collected through the FL-1 detector. Following this procedure, a total of 4 sperm
populations were identified: i. viable spermatozoa with low levels of intracellular calcium
(Rhod 5-/YO-PRO1-); ii. viable spermatozoa with high levels of intracellular calcium (Rhod
5+/YO-PRO-1+); iii. non-viable spermatozoa with low levels of intracellular calcium (Rhod
5-/YO-PRO-1+), and iv. non-viable spermatozoa with high levels of intracellular calcium
(Rhod5+/YO-PRO-1+). Fluorescence from Rhod-5N-AM was compensated for through the
FL1-channel (3.16%).
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In boar sperm, Fluo 3 marked intracellular calcium is mainly located at the sperm midpiece
(Yeste et al., 2015). In our method, sperm were simultaneously stained with Fluo 3 and PI in
order to evaluate sperm membrane integrity. For this purpose, sperm samples were incubated
for 10 min at 38ºC with Fluo-3-AM (final concentration: 1µM) and PI (final concentration:
12µM). The FL-1 detector was used for collecting the fluorescence of Fluo-3-AM and the FL3 detector was utilised to determine the PI-fluorescence. Again, a total of 4 sperm populations
were identified: i. viable spermatozoa with low levels of intracellular calcium (Fluo 3-/PI-); ii.
viable spermatozoa with high levels of intracellular calcium (Fluo 3+/PI-); iii. non-viable
spermatozoa with low levels of intracellular calcium (Fluo 3-/PI+), and iv. non-viable
spermatozoa with high levels of intracellular calcium (Fluo 3+/PI+). Unstained and singlestained samples were used for setting the EV-gain, FL-1 and FL-3 PMT voltages and for
compensating Fluo-3-AM spill over into the FL3-channel (2.45%) and PI spill-over into the
FL1-channel (28.72%).
Western blot assay
A total of seven ejaculates were selected for the Western blot assay. For this purpose, 1 mLaliquot belonging to each experimental point was centrifuged at 1000g for 30 seconds and
pellets were stored at -80 °C until the beginning of the assay. When stated, pellets were then
resuspended and sonicated in 300 µL of ice-cold lysis buffer (pH 7.4) containing 50mM TrisHCl, 1mM EDTA, 10mM EGTA, 25mM dithiothreitol, 1,5 % (v:v) Triton® X-100, 1mM
phenylmethanesulfonyl fluoride, 10 µg/mL leupeptin, 1mM ortovanadate and 1mM
benzamidine. After 30 minutes in ice, the homogenized suspensions were centrifuged at 4°C
at 10000 rpm for 20 min and total protein amount in supernatants was calculated through the
Bradford method (1976) using a commercial kit (Bio-Rad Laboratories; Fremont, CA, USA).
Afterwards, samples were added to a loading buffer (1:5; v:v) containing 250mM Tris-HCl
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(pH 6.8), 50mM dithiothreitol, 10 % (w:v) SDS, 0.5 % (v:v) bromophenol blue and 50%
(v:v) glycerol and stored at -20°C until their subsequent assay.
To perform the Western blot, samples were loaded into 0.75 mm gels containing 10%
acrylamide (w:v) to perform SDS-PAGE (Laemmli, 1970). After running the gels at constant
voltage (180 V), the activated proteins of gels were transferred to an immuno-blot lowfluorescence polyvinylidene fluoride (PVDF) membrane (Bio-Rad) in 7 min using the TransBlot® Turbo Transfer System (Bio-Rad) with Trans-Blot® Turbo Midi Transfer Packs.
Membranes were subsequently submerged for 60 min in blocking solution consisted in a Trisbuffered saline solution added with 5% (w:v) BSA and 0.1% (v:v) Tween-20. After this time,
membranes were then submerged in blocking solution containing the appropriate
concentration of the utilized primary antibody. Membranes were incubated with the antibody
at 4°C for a minimum of 8h. The utilized primary antibody were a mouse monoclonal clone
PY20 anti-phosphotyrosine antibody (ref. P4110; Sigma-Aldrich; St. Louis, Missouri, USA)
and a mouse monoclonal anti--tubulin (ref. T5201; Sigma-Aldrich; St. Louis, Missouri,
USA). In both cases, the utilized dilution was of 1:1000 (v:v). The -tubulin was used as an
internal standard to normalize the volume of protein bands, stripping and reprobing
membranes when necessary.
After three washes, the immunoreaction was tested for 60 minutes using a horseradish
peroxidase (HRP)-conjugated polyclonal rabbit anti-mouse secondary antibody (Dako;
Glostrup, Denmark) at a dilution of 1:5000 (v:v) in blocking solution.
After six washes, the reaction was developed for 2 minutes with a chemiluminescent HRP
substrate (ImmunoCruz Western Blotting Luminol Reagent; Santa Cruz Biotechnology®,
Dallas, Texas, USA) according to the manufacter’s instructions and the membranes were
revealed. Prestained protein standards with a molecular mass range of approximately 250–10
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kDa were used. Finally, the image analysis system ImageJ 1.49 (National Institute of Health,
USA) was used to quantify the changes in intensity of various bands.
Detection

of

phosphotyrosine

residues

location

in

boar

sperm

through

inmunocytochemistry
The treatments tested in this analysis were both C+ and C- and just a concentration of reduced
glutathione, namely, 2mM GSH. A total of seven ejaculates were selected for the
immunocytochemistry assay.
Immunocytochemistry of phosphotyrosine in boar sperm was carried out as following:
Aliquots of 200 µL were centrifuged at 1000g for 30 s and pellets were fixed through of the
resuspension in 400 µL of 4% (w:v) paraformaldehyde in PBS. Sperm samples were spread
onto poly-lysined (Poly-L-lysine solution 1 % w⁄v in H2O; Sigma, St Louis, MO, USA)
microscope slides and then were left to air-dry. After this, samples were permeabilized by
incubation for 10 min at room temperature in a standard phosphate-buffered solution (PBS;
pH 7.4) added with 0.3% (v:v) Triton® X-100. Afterwards, slides were washed three times
with PBS and they were then blocked through incubation with PBS including 0.1% (v:v)
Tween-20® and 5% (w:v) BSA for 60 min at 20ºC. Incubation with the specific mouse
monoclonal clone PY20 anti-phosphotyrosine antibody (ref. P4110; Sigma-Aldrich; St. Louis,
Missouri, USA) as in Medrano et al. (2006) at a final dilution of 1:200 (v:v) in PBS was
carried out a minimum of 8h at 4ºC. After incubation, the sperm was washed thoroughly three
time with PBS at 4ºC and incubated with the corresponding Alexa Fluor® 488 donkey antimouse secondary antibody to a final dilution of 1:500 (v:v). Slides were gently washed three
time with PBS at 4ºC and were then incubated with 10 µL of a commercial solution of 4.6diamidino-2-phenylindole hydrochloride (DAPI, 125 ng/ml; Vysis Inc., Downers Grove, IL,
USA) as both a nuclear stain and an anti-fade mounting solution. After being covered, the
slides were compressed to eliminate any excess of liquid. Coverslips were finally sealed with
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colourless nail polish, and slides were stored at 4ºC in the dark until their microscopic
observation. Fluorescent images were obtained with a Leica TCS 4D confocal scanning
microscope (Leica Lasertechnik, Heidelberg, Germany) adapted to an inverted LeitzDMIRBE
microscope and a 63× (NA 1.4 oil) Leitz Plan-Apo lens (Leitz, Wetzlar, Germany). The light
source was an argon⁄krypton laser. Successive confocal slices of images (image thickness: 0.5
µm) were integrated to perform three-dimensional spermatozoa images, which were further
stored as TIFF-format images.
Statistical evaluation of results
Statistical analyses were performed using a statistical package (IBM SPSS for Windows
version 2.0; SPSS Inc.; Chicago, Illinois, USA), and data from all assessments are presented
as the mean ± standard error of the mean (SEM). Data were first tested for normality and
variance homogeneity through Shapiro-Wilk and Levene tests, respectively. When required,
data (x) were transformed using the arcsine square root (arcsin Öx) before a general mixed
model (i.e. with repeated measures) was run. In this model, the intersubject factor was the
treatment (i.e. composition of capacitation media) and the intrasubject factor was the
incubation time (i.e. 0h, 4h, 4h and 1 min, 4h and 5 min, 4h and 60 min). In all cases, each
sperm functional parameter was the dependent variable, and multiple post-hoc comparisons
were calculated using Sidak’s test.
When no transformation remedied the normality, non-parametric procedures were used with
raw data. Friedman’s test and the Wilcoxon matched-pairs test were performed as nonparametric alternatives to repeated measures ANOVA. In all statistical analyses, the minimal
level of significance was set at P<0.05.
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RESULTS
Effects of GSH on the sperm viability and acrosome integrity during the achievement of
in vitro capacitation and subsequent progesterone-induced in vitro acrosome exocytosis
Incubation of sperm cells in both CM and NCM showed a progressive drop on viability,
although this dynamics was much more accentuated in the case of cells incubated in the NCM
(Figs. 1A,B). The addition of GSH in the CM at 0h of incubation had no remarkable effect on
viability, although there were a noticeable decrease of this parameter in cells incubated in CM
in the presence of 1mM GSH after the addition of progesterone (60.5%±3.8% in control CM
cells after 60 min of progesterone addition vs. 54.2%±3.3% in 1mM GSH at the same
incubation time, see Fig. 1A). The addition of GSH with progesterone together after 4h of
incubation in CM did not affect the percentage of viability under any circumstances (Fig. 1B).
Values of TAE in sperm incubated in CM were maintained very low after 4h of incubation.
The addition of progesterone induced a progressive and continuous increase in TAE levels,
which reached maximum values after 60 min of the addition of the hormone (59.0%±2.9%,
see Figs. 1C,D). This phenomenon was not observed in cells incubated in the NCM (Figs.
1C,D). The addition of GSH at 0h of incubation counteracted the progesterone-induced
increase of TAE after the progesterone induction in a concentration-dependent manner,
reaching the maximal counteracting effects at GSH concentrations of 5 mM (46.1%±2.0%,
see Fig. 1C). The addition of GSH together with progesterone after 4h of incubation in CM
did not significantly modify the TAE dynamics observed in the spermatozoa incubated in the
CM (Fig. 1D).
Effects of GSH on the sperm motility during the achievement of in vitro capacitation and
subsequent progesterone-induced in vitro acrosome exocytosis
Incubation of boar sperm in the control CM induced a progressive decrease in the percentage
of total motility, which reached values of 55.1%±2.9% after 4h of incubation (Figs. 1E,F).
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This decrease was related with a noticeable, albeit not evaluated, increase in the number of
agglutinated sperm (data not shown). It is noteworthy that sperm incubated in the control
NCM showed a much lower total motility values with no visually noticeable increase in
sperm agglutination, and these lower values were maintained, and even worsened, during all
of the incubation time. (Figs. 1E,F). The addition of GSH at time 0 caused an immediate,
concentration-dependent drop of total motility, which was maintained during all of the
experiment (Fig. 1E). The GSH-induced decrease of total motility was not seemingly related
with any noticeable increase in the number of agglutinated sperm (data not shown). Likewise,
the addition of GSH with progesterone together also caused a drop of total motility, although
this effect was only statistically significant (P<0.05) after 60 min of incubation with
progesterone and GSH together (Fig. 1F).
Several of the obtained results of motility parameters for all treatments are presented in
Tables 1-3. The incubation in the control CM induced a progressive, time-dependent increase
in VCL, VAP, LIN and STR. This effect was concomitant with a decrease of mean ALH. All
of these changes are similar to those previously published in the same conditions (GarcíaHerreros et al., 2005; Yeste et al., 2013; Yeste et al., 2015), and were assumed to be
concomitant with the achievement of a feasible IVC status. The addition of progesterone after
4h of incubation in CM induced a rapid increase of VCL, VAP and mean ALH that was
concomitant with a decrease of LIN and STR. These changes were practically abolished after
60 min of progesterone addition (Tables 1-3). The addition of GSH at the time 0h of
incubation had, in an overall view, slight effects of boar sperm motility parameters dynamics
(Tables 1-3).Meanwhile, the addition of GSH after 4h of incubation in CM with progesterone
together increased VCL and BCF values whereas counteracted the progesterone-induced
effects observed on LIN and STR, although only at the higher concentrations of GSH of 2mM
and specially 5mM (Tables 1-3).
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Effects of GSH on the free-cysteine residues in both head and tail extracts and DNA
fragmentation during the achievement of both in vitro capacitation and subsequent
progesterone-induced in vitro acrosome exocytosis
The incubation of sperm in the CM caused a progressive increase in the levels of free cysteine
in the sperm head (from 3.0 nmol/g protein±0.2 nmol/g protein at 0h of incubation to 17.4
nmol/g protein±1.9 nmol/g protein after 4h of incubation), appearing a gradual decline
after the induction of the acrosome exocytosis (Figs. 2A,B). The addition of GSH at the start
of the incubation inhibited this increase, whereas the addition of GSH and progesterone
together after 4h of incubation in CM exacerbated the observed decrease in sperm incubated
in the CM alone (Figs. 2A,B). Similarly, incubation of boar sperm in the CM induced a
parallel increase in the levels of free cysteine in the sperm tail, although this increase was
maintained after induction of the acrosome exocytosis (Figs. 2C,D). The addition of GSH at
the 0h time in the CM inhibited this increase, while adding with progesterone does not cause a
marked effect relative to that observed in the CM (Figs. 2C,D).
In all cases, the percentage of boar sperm that showed signs of DNA fragmentation was very
low. Only a very slight increase was observed in cells incubated in NCM at the end of the
experimental procedure (Figs. 2E,F). The addition of GSH both at 0h of incubation and
together with progesterone after 4h of incubation in the CM did not cause any significant
effect on this parameter (Figs. 2E,F).
Effects of GSH on the sperm membrane lipid disorder compatible with capacitation
during the achievement of in vitro capacitation and subsequent progesterone-induced in
vitro acrosome exocytosis
Incubation of boar sperm in the CM was concomitant with a noticeable and significant
(P<0.05) increase in the percentage of viable cells with capacitation-like changes in
membrane fluidity (from 8.3%±1.9% at 0h of incubation to 52.1%±4.5% after 4h of
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incubation, see Figs. 3A,B). The subsequent addition of progesterone cursed with a
progressive decrease of this percentage, reaching values of 37.8%±3.6% after 60 min of
further incubation (Figs. 3A,B). The addition of GSH at 0h of incubation significantly
(P<0.05) diminished the observed increase in the percentage of viable cells with capacitationlike membrane fluidity changes, reaching the maximal counteracting effects at GSH
concentrations of 2 mM and 5 mM (Fig. 3A). On the contrary, the addition of GSH after 4h of
incubation together with progesterone did not significantly modify the dynamics of the
percentage of viable spermatozoa with capacitation-like membrane fluidity changes after the
IVAE induction (Fig. 3B).
Effects of GSH on the mitochondrial membrane potential during the achievement of in
vitro capacitation and subsequent progesterone-induced in vitro acrosome exocytosis
Incubation of sperm in C+ for 4h induced a steady increase in the percentage of cells with
high MMP, which went from 23.0%±3.8% at 0h of incubation to 54.6%±4.9 after 4h of
incubation (Figs. 3C,D). The addition of progesterone induced a further increase in this
percentage, reaching peak values of 70.9%±6.1% after 1 min of the IVAE induction.
Afterwards, the percentage of high MMP sperm decreased, reaching values of 57.7%±5.2%
after 60 min of the progesterone addition (Figs. 3C,D). The addition of GSH at all of the
tested concentrations at 0h of incubation in the CM counteracted the increase in the
percentage of high-MMP cells observed after 4h of incubation in CM as well as the further,
progesterone-linked increase of this parameter (Fig. 3C). Likewise, the addition of GSH after
4h of incubation in CM together with progesterone prevented the progesterone-induced peak
of the high MMP cells percentage observed 1 min after the progesterone addition, but only at
GSH concentrations of 2mM and 5mM (Fig. 3D).
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Effects of GSH on the intracellular superoxide levels during the achievement of in vitro
capacitation and subsequent progesterone-induced in vitro acrosome exocytosis
The percentage of viable sperm with high intracellular superoxide levels significantly
(P<0.05) increased after 4h of incubation in CM (from 11.6%±1.3% at 0h of incubation to
17.2%±1.9% after 4h of incubation, see Figs. 4A,B). The subsequent addition of progesterone
induced a temporary decrease in this percentage which, again raised after 5 min of the
addition of the hormone, reaching maximal values after 60 min of incubation (Figs. 4A,B).
The addition of GSH at 0h of incubation counteracted the observed increase in the percentage
of sperm with high superoxide levels at all of the tested concentrations (Fig. 4A). This
counteracting effect of GSH was progressively diminishing after the addition of progesterone,
observing no effects after 60 min of incubation with the hormone (Fig. 4A). The addition of
GSH after 4h of incubation simultaneously with progesterone did not induce any significant
effect in the percentage of viable cells with high superoxide levels (Fig. 4B).
Effects of GSH on the intracellular peroxide levels during the achievement of in vitro
capacitation and subsequent progesterone-induced in vitro acrosome exocytosis
The percentage of viable sperm with high intracellular peroxide levels significantly (P<0.05)
increased after 4h of incubation in CM from 2.4%±0.5% at 0h of incubation to 18.6%±2.0%
after 4h of incubation (Figs. 4C,D). This percentage was roughly maintained after the addition
of progesterone, observing only a slight decrease to 16.5%±1.7% 60 min after progesterone
addition (Figs. 4C,D). The addition of GSH at 0h of incubation diminished the observed
increase in the percentage of cells with high peroxide levels (Fig. 4C). Furthermore, the
addition of GSH after 4h of incubation in CM together with progesterone induced a rapid and
significant (P<0.05) decrease of the percentage of viable sperm with high peroxide levels,
with a more marked effect at GSH concentrations of 5mM (Fig. 4D).

- 83 -

Effects of GSH on boar sperm intracellular calcium levels from both head and midpiece
location during the achievement of in vitro capacitation and subsequent progesteroneinduced in vitro acrosome exocytosis
The percentage of viable boar sperm with high intracellular levels of head sperm-placed Rhod
5N-marked calcium (Yeste et al., 2015), progressively increased after incubation in the CM,
reaching values of 38.5%±3.9% after 4h of incubation (Figs. 5A,B). The subsequent addition
of progesterone induced a fast increase, with values of 65.6%±5.1% after 1 min. Afterwards,
there was a rapid decrease in this percentage, with values of about 46.4%±4.7 after 5 min of
progesterone addition, that were roughly maintained during all of the determined incubation
time (Figs. 5A,B). The addition of GSH in the CM at 0h of incubation only induced a slight
decrease in the observed calcium peak after 1 min of the progesterone addition, that was only
significant (P<0.05) at GSH concentrations of 5 mM (Fig. 5A). Furthermore, the addition of
GSH together with progesterone after 4h of incubation in the CM only induced a significant
(P<0.05) and partial counteraction of the observed calcium peak at GSH concentrations of 5
mM (56.0%±4.9%, see Fig. 5B). Strikingly, GSH at concentrations of 1mM added together
with progesterone partially counteracted the decrease in the percentage of viable sperm with
high Rhod 5N levels observed after the progesterone-induced peak (see Fig. 5B).
On the other hand, the percentage of viable boar sperm with high mainly midpiece located
intracellular Fluo 3-marked calcium levels (Yeste et al., 2015), also progressively increased
during the incubation of CM, with values of 14.1%±2.2% after 4h of incubation (Figs. 5C,D).
In a similar manner to that observed with the Rhod 5N probe, addition of progesterone
induced an intense and rapid increase of the percentage of Fluo 3-marked viable cells,
reaching values of 38.2%±3.9% after 1 min of the addition (Figs. 5C,D). Subsequently, this
percentage underwent a rapid decrease, with values of 19.1%±2.6% after 5 min of the
progesterone addition. This percentage was roughly maintained after 60 min of incubation
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(Figs. 5C,D). The addition of GSH at the time 0h of incubation in the CM induced a
significant (P<0.05) decrease in the percentage of viable Fluo-3 marked cells after 4h of
incubation at all of the tested concentrations (Fig. 5C). Furthermore, GSH at all of the
determined concentrations also significantly decreased (P<0.05) this percentage after 1 min of
progesterone addition (Fig. 5C). No other significant effects were observed at further
incubation times after progesterone addition. Interestingly, the addition of GSH together with
progesterone did not affect the observed Fluo 3 peak after 1 min of incubation (Fig. 5D).
Notwithstanding, in these conditions GSH had a counteracting action on the observed
decrease of the percentage of viable cells with high observed Fluo 3 observed 5 min and 60
min after the progesterone addition. This GSH action was concentration-dependent, reaching
maximal values at GSH concentrations of 5 mM (31.1%±3.6% after 5 min of incubation with
5mM GSH plus progesterone vs. 19.2%%±2.3% in corresponding control cells, see Fig. 5D).
Effects of GSH on boar sperm tyrosine phosphorylation levels of P32 protein during the
achievement of in vitro capacitation and subsequent progesterone-induced in vitro
acrosome exocytosis
Images of the P32 tyrosine phosphorylation levels are presented in Fig. 6. The incubation of
boar sperm in CM for 4h induced an increase in the phosphotyrosine intensity signal of the
P32 protein. This increase was maintained after the addition of progesterone. The addition of
GSH at the time 0h of incubation in the CM had no noticeable effects on the P32
phosphotyrosine signal during the first 4h of incubation. However, there was a decrease of
P32 phosphotyrosine signal after the progesterone treatment, which was statistically
significant (P<0.05) after 60 min of post-progesterone addition in the presence of 2mM GSH
and after already 5 min of post-progesterone incubation in the presence of 5mM GSH (Fig.
6B). The addition of GSH after 4h of incubation in CM together with progesterone did not
show any significant effect on the P32 phosphotyrosine signal. (Fig. 6D).
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Effects of GSH on boar sperm tyrosine phosphorylation location patterns during the
achievement of in vitro capacitation and subsequent progesterone-induced in vitro
acrosome exocytosis
Boar sperm incubated 0h in the CM showed an overall slight phosphotyrosine signal form all
the cell, while the maximal intensity of this signal was located at the equatorial, postacrosomal segment of the head (Fig. 7). The incubation during 4h in the CM increased the
intensity of the post-acrosomal signal. The addition of progesterone after 4h of incubation in
CM induced a very noticeable increase of phosphotyrosine signal intensity located at the postacrosomal area, which was accompanied with a noticeable signal in the entire sperm tail (Fig.
7). This increase of both post-acrosomal and tail intensity phosphotyrosine signal was
maintained after 5 min of progesterone addition, although both signals were clearly
diminished after 60 min of incubation (Fig. 7). The addition of 2mM GSH at time 0h of
incubation in CM counteracted the observed increase in post-acrosomal signal, as well as the
appearance of a clear tail signal after the progesterone induction (Fig. 7). On the contrary, the
addition of 2mM GSH after 4h of incubation in CM together with progesterone did not
modify the IVAE-related phsohpotyrosine signal changes. The only remarkable data was the
maintenance of the tail signal after 60 min of the addition of both 2mM GSH and
progesterone together after 4h of previous incubation in the CM (Fig. 7).
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DISCUSSION
The results showed here indicate that GSH-sensitive mechanisms are important in the
achievement of a feasible boar sperm IVC and subsequent, progesterone-induced IVAE. This
is concluded by the fact that several important markers of the achievement of boar sperm IVC
like motion parameters and changes of sperm membrane fluidity and the overall tyrosine
phosphorylation status are altered by GSH. As a consequence, further progesterone-induced
IVAE was subsequently altered. The hypothesis that the GSH-induced alteration of IVAE is
linked to previous actions of GSH on capacitation-launching mechanisms is suggested by
results indicating that GSH was not able to diminish IVAE when added together with
progesterone. In fact, addition of GSH together with progesterone had very few effects on the
results obtained after the induction of IVAE. In fact, our results suggest that mechanisms
prone to be modulated by GSH can be important for the achievement of capacitation status,
but are much less important for the achievement of progesterone-induced acrosome
exocytosis itself. However, effects of GSH on specific parameters like motility or intracellular
calcium levels clearly indicate the existence of a more complex overview for GSH action.
This complexity could be linked with the existence of separate and parallel pathways
controlling boar sperm IVC/IVAE. In this way, the importance of a proper calcium
metabolism during IVC and IVAE is well known. At this respect, it is noteworthy that
intracellular calcium of boar sperm is mainly located in two separate storage sites, namely the
head and midpiece (Yeste et al., 2015). In fact, the dynamics of both calcium storage places is
concomitant during the achievement of IVC and IVAE (Yeste et al., 2015, and results of this
work). Strikingly, following our results, GSH has a more profound altering action on
midpiece-stored calcium than to that accumulated in the head, with a noticeable lowering of
midpiece-stored calcium after 4h of incubation in CM. This lowering is concomitant with the
effect of GSH on other capacitation markers like membrane fluidity, as well as with that on
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MMP. A similar effect was observed when boar sperm are incubated in a capacitating
medium without calcium (Yeste et al., 2015). This could suggest that several of the GSHinduced actions during the achievement of IVC could be linked with the lack of ability of
sperm to increase midpiece-located calcium intracellular levels. Notwithstanding, the
explanation can not be entirely based in this hypothesis, taking into account motility results.
First of all, as indicated in the Results section, the drop in total motility induced by GSH was
not seemingly related to an increase in the number of agglutinated sperm, since although we
didn’t count this percentage there were not any visually appreciable difference in the number
of agglutinated sperm when compared control and GSH-treated cells. Thus, GSH effects on
motility would be exerted on the sperm motility machinery. Notwithstanding, whereas GSH
inhibits motility, the lack of external calcium induced the opposite effect (Yeste et al., 2015).
In this way, although effects of GSH on the achievement of IVC can be partially explained by
its action on midpiece-accumulated calcium, this action does not fully explain GSH action.
However, calcium-independent mechanisms seem to be also instrumental to explain the
observed effects of GSH on boar sperm IVC and IVAE. We don’t exactly know what would
be these pathways. However, the obtained results can yield some suggestions on this point.
Thus, it is noteworthy that the achievement of IVC was accompanied by an increase in the
levels of free radicals of cysteines in both sperm head and tail. This increase was concomitant
with parallel, if slight, increases of intracellular ROS levels and, as indicated above, overall
mitochondrial activity as indicated the JC-1 analysis. All of these phenomena were
counteracted by GSH. In the meantime, it is noteworthy to indicate that the presence of the
free thiol groups present in the GSH structure did not affect the observed results, since the
addition of GSH induced a decrease, and not an artifactual increase, in the value of free
radicals of cysteines. This is not surprising, since GSH has a potent anti-ROS action that was
concomitant with a role of protective agent of disulfide bonds (Chatterjee et al., 2001; Jacob
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et al., 2003). Furthermore, the anti-ROS action of GSH would induce a concomitant lowering
effect on mitochondrial activity, since mitochondria are the main location in which ROS are
produced in sperm (Murphy, 2009). Meanwhile, the increase of both levels of radicals of
cysteine and the mitochondrial activity leading to a subsequent increase of intracellular ROS
concentration can be a role in the achievement of IVC by themselves. Centring on free
radicals of cysteine, this parameter is a direct indicator of the integrity of disulfide bonds
among proteins, including nucleoprotein structures (Reyes et al., 1989; Jager et al., 1990;
Perreault, 1990, 1992; Chatterjee et al., 2001; Cheng et al., 2009). It is noteworthy that
although the technique utilized here doesn’t entirely isolate free cysteine radicals from
nucleoproteins form other radicals present in other sperm head and sub-head areas, it is
enough efficient to interpret that a very high and significant percentage of the observed free
cysteine radicals from head-containing fractions will became from the nucleoprotein structure.
Taking this into account, it is well known that the maintenance of a tight nucleoprotein
structure in mammalian sperm is partially controlled by the number of disulfide bonds
established between nucleoproteins and DNA (Reyes et al., 1989; Jager et al., 1990; Perreault,
1990, 1992; Chatterjee et al., 2001; Cheng et al., 2009). This relationship is especially evident
in frozen-thawed boar sperm, in which the freezing-thawing related alterations of the
nucleoprotein structure are concomitant with a significant increase in the number of broken
head sperm disulfide bonds in a way that is counteracted by the addition of GSH (Yeste et al.,
2013). Concomitantly, disulfide bonds are instrumental in the maintenance of the sperm tail
structure by involvement of bonds among the separate proteins of flagellum, fibrous sheath
and longitudinal columns (Su et al., 2005; Buffone et al., 2012). In this way, we must remind
that the exact union strength among the separate components that regulate motility at the
sperm tail will have a strong influence in the exact type of motion pattern that sperm achieve
at a determined moment (Luconi and Baldi, 2003). Thus, the increase in the number of broken
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tail disulfide bonds would results in specific changes in the motion pattern that sperm present,
being thus one of the mechanisms that might underlie the appearance of the boar sperm
capacitation-specific motion pattern. Taking this hypothesis into account, it would be possible
that the protecting effect of GSH on tail disulfide bonds could be one of the mechanisms
whereby GSH alters sperm motility in the CM medium, avoiding thus the establishment of
capacitation-specific motion patterns.
However, disulfide bonds are not the only point on GSH is acting. As indicated above, IVC
was related with a slight increase in ROS levels that can be a consequence of an increased
activity of boar sperm mitochondria during the achievement of IVC. Furthermore, this
putative increase in mitochondrial activity could be also linked with the assumption of the
capacitation-specific motility pattern that can be observed in boar sperm after 4h of incubation
in the CM. In fact, a close relationship between mitochondrial activity and boar sperm
motility has been already published, although this relationship is not directly related with the
overall ATP intracellular levels but with the specific chemiosmosis activity (Ramió-Lluch et
al., 2013). In any case, ROS increase is very modest, which would imply that no deleterious
effects would be caused by it. On the contrary, these changes in ROS levels could play a role
in launching several of the molecular phenomena linked with the achievement of capacitation.
In this sense, several reports indicate the ability of ROS to initiate capacitation or to modulate
its progression (O’Flaherty, 2015). At this respect, it is noteworthy that ROS can modulate the
activity of a myriad of separate protein kinases and phosphatases, like protein kinase C,
microtubule-associated proteins kinase, PI3 kinase and several protein phosphatases
(Schieven, 1997). Remarkably, our results show that the lowering of ROS levels induced by
GSH was concomitant with impairment in the dynamics of the overall sperm protein tyrosine
phosphorylation observed during the achievement of IVC. This could be important taking into
account that all of these above mentioned protein kinases and phosphatases are involved in
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the regulation of sperm capacitation acting on several of the molecular changes affected by
the GSH addition such as motility and changes in membrane fluidity (Wright et al., 2009;
Corcoran and Cotter, 2013). Nevertheless, the putative regulatory action of ROS on boar
sperm IVC would be modest, taking into account the low intracellular ROS levels that boar
sperm cells have. In any case, this putative ROS role would not control launching of
progesterone-linked IVAE, since the GSH-induced ROS lowering will not affect this process.
In any case, more work is needed in order to elucidate the putative role of ROS, and also
mitochondria activity, in the launching of boar sperm capacitation.
As indicated above, the addition of GSH had little effect on boar sperm that previously
reached the capacitation status and were then led to the progesterone-induced IVAE
launching. This is obvious in the majority of determined parameters, with exception of
motility, and much more slightly, head sperm free cysteine residues, MMP and intracellular
peroxide levels. These results could be the consequence of an overall less sensitive function
status of boar capacitated sperm in front of GSH. In fact, after 4h of incubation in CM boar
sperm have underwent the majority of changes that have been shown to be sensitive to the
GSH action, such as modifications of ROS levels, membrane fluidity and even strength of
nucleoprotein structure. These changes showed to be not reversible, since the addition of GSH
did not revert them. Under a mechanistic point of view, results suggest that the action
mechanisms by which GSH acts on disulfide bonds and even ROS production/mitochondrial
activity are inactive or in a no-sensitive status in front GSH during and after the achievement
of IVC and subsequent IVAE. This function change could be related with the already
described function changes at IVC/IVAE. Thus, a sudden peak of O2 consumption and ATP
synthesis has been described immediately after the launching of progesterone-induced IVAE
(Ramió-Lluch et al., 2013). This peak seems to be related with the assumption of a fully
coupled status of boar sperm mitochondria, which seem to be uncoupled or with low activity
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before and after IVAE (Ramió-Lluch et al., 2013; Yeste et al., 2015). On the other hand, GSH
inhibits total motility both when added at 0h of incubation in CM and after the IVAE
launching. This results suggest that the mechanism of action of GSH on boar sperm motility
were not entirely dependent on variations of both tail sperm free cysteine radicals and
intracellular ROS levels. At this moment, we don’t know what would be this/these
mechanism/s, although one hypothesis would be a mechanism related with the control of
potential and hence redox-sensitive enzymes regulating tail contractibility. In this way,
proteins like the Na+/K+-dependent ATPase is a well known regulator of sperm motility
(Koçak-Toker et al., 2002). One of the mechanisms by which the activity of this ATPase is
controlled is through changes in redox status (Liu et al., 2012). This could be key point in our
case, since the anti-oxidative action of GSH would act on the overall boar sperm redox status,
modulating thus activities of proteins like the Na+/K+-dependent ATPase. This action, in turn,
would modify the overall boar sperm motility. This hypothesis would also explain the fact
that the addition of GSH to frozen-thawed boar sperm increases motility of thawed sperm,
acting, (Yeste et al., 2013) in a very different manner to that observed in IVC/IVAE
conditions. This striking difference, in fact would be a consequence of the existence of very
separate overall redox status in fresh samples, frozen-thawed cells and sperm subjected to
incubation in the CM medium. However, more work is needed in order to elucidate this point.

In summary, boar sperm IVC is related with a significant increase of both overall broken
disulfide bonds and intracellular ROS levels. These phenomena could play a role in the
achievement of the capacitation status, although they are not instrumental in the achievement
of subsequent progesterone-induced IVAE. Finally, sperm motility seems to be partially
controlled by ionic and redox mechanisms, as the incubation with GSH in separate conditions
would indicate.
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Table 1. Effects of reduced glutathione on curvilinear velocity and mean velocity of boar
spermatozoa subjected to in vitro capacitation and subsequent, progesterone-induced in
vitro acrosome exocytosis
Incubation time

0h

4h

1 min

5 min

60 min

C-

52.41.1a

61.81.7b

101.63.5c

94.02.9c

112.24.4d

C+

62.61.8a

54.71.9b

70.52.8c

67.53.1ac

70.85.3c

GSH 1mM

62.61.8a

60.15.0ab

60.24.3ab

56.32.8b*

78.06.2c

GSH 2mM

62.61.8a

37.11.5b*

58.03.6a*

60.64.2a

64.54.0a

GSH 5mM

62.61.8a

41.73.0b*

58.05.2a*

47.25.6b*

39.03.4b*

GSH 1mM+PG

62.61.8a

54.71.9b

75.14.7b*

68.04.8b

91.86.9c*

GSH 2mM+PG

62.61.8a

54.71.9b

83.85.6a

77.45.2a

84.46.0a

GSH 5mM5+PG

62.61.8a

54.71.9b

78.25.2a

70.75.6b*

86.96.4b*

VCL (m/s)

VAP (m/s)
a

C-

23.80.9

C+

31.41.0

GSH 1mM

31.41.0

GSH 2mM

31.41.0

GSH 5mM

31.41.0

GSH 1mM+PG

31,41.0

GSH 2mM+PG

31.41.0

GSH 5mM+PG

31.41.0

a
a
a
a
a
a
a

b

47.84.9

a

32.11.1

a

33.53.0

b*

22.21.4

b*

23.31.8

a

32.11.1

a

32.11.1

a

32.11.1

b

47.45.0

b

38.82.2

b

45.35.0

a

37.54.2

a

36.96.5

a

30.11.0

b

37.92.0

b*

45.42.8

b

c

55.35.9

78.67.0

b

b

39.12.3

44.32.7

ab

37.12.5

a

ab

40.65.0

b

36.94.6

42.74.1

a*

31.43.1

b

b*

19.22.1

c

36.42.1

46.23.2

b

b

44.92.9

44.53.1
c*

50.73.3b

c*

59.83.9

Sperm were subjected to IVC and further IVAE as described in the Material and Methods
section. Likewise, determination of motion parameters through CASA and statistical analyses
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has been also described in the Material and Methods section. Cells were incubated in a nocapacitating medium (C-) or in a capacitating medium without (C+) or with reduced
glutathione at final concentrations of 1mM (GSH 1mM), 2mM (GSH 2mM) and 5mM (GSH
5mM). Incubation was maintained during 4h and afterwards, progesterone was added as
described in the Material and Methods section. Simultaneously, three more aliquots were
incubated in capacitating medium and, after 4h of incubation were added with progesterone
and 1mM reduced glutathione (GSH 1mM+PG), progesterone with 2m reduced glutathione
(GSH 2mM+PG) and progesterone with 5 mM reduced glutathione (GSH 5mM+PG). In all
cases, cells were subsequently incubated and aliquots were taken after 1 min, 5 min and 60
min. Separate superscripts indicate significant differences (P<0.05) among values in a row.
Asterisks indicate significant differences (P<0.05) when compared with the C+ value from the
same time of incubation. Results are shown as means±S.E.M for 7 separate experiments.
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Table 2. Effects of reduced glutathione on linearity coefficient and straightness
coefficient of boar spermatozoa subjected to in vitro capacitation and subsequent,
progesterone-induced in vitro acrosome exocytosis
Incubation time

0h

4h

1 min

5 min

60 min

LIN (%)
a

C-

24.01.1

C+

34.21.4

GSH 1mM

34.21.4

GSH 2mM

34.21.4

GSH 5mM

34.21.4

GSH 1mM+PG

34.21.4

GSH 2mM+PG

34.21.4

GSH 5mM+PG

34.21.4

a
a
a
a
a
a
a

b

74.16.3

b

50.12.9

a*

37.84.8

b*

38.62.0

b*

40.14.2

b

50.12.9

b

5012.9

b

50.12.9

b

76.66.9

a

33.92.5

b*

58.95.5

b*

45.64.9

c*

63.36.2

b

40.54.4

b

39.14.6

b

38.35.2

b

75.76.5

c

41.82.1

b*

59.35.2

b

45.84.6

b

37.25.6

b

39.14.6

b

42.04.9

b

40.44.9

b

81.67.2

b

50.53.0

a*

37.14.0

b

49.42.2

b*

43.51.4

c

58.26.0

c

60.67.8

c*

70.87.3

STR (%)
a

C-

59.62.2

C+

64.91.2

GSH 1mM

64.91.2

GSH 2mM

64.91.2

GSH 5mM

64.91.2

GSH 1mM+PG

64.91.2

GSH 2mM+PG

64.91.2

GSH 5mM+PG

64.91.2

a
a
a
a
a
a
a

b

83.05.4

b

74.23.5

b*

45.55.6

a*

61.42.3

ª*

58.75.5

b

74.23.5

b

74.23.5

b

74.23.5

b

82.85.5

c

59.92.2

c*

79.14.0

a

64.44.8

b*

85.23.0

c

58.12.7

b*

76.54.9

b*

87.06.1
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b

84.45.9

a

63.33.9

c*

79.84.1

b*

76.02.3

a

65.66.2

c

64.14.2

b*

79.15.4

b*

87.66.7

b

83.95.1

b

71.63.7

b*

56.95.5

a

68.64.6

a

75.92.5

c

71.14.2

b

74.14.8

b*

88.37.1

Sperm were subjected to IVC and further IVAE as described in the Material and Methods
section. Likewise, determination of motion parameters through CASA and statistical analyses
has been also described in the Material and Methods section. Cells were incubated in a nocapacitating medium (C-) or in a capacitating medium without (C+) or with reduced
glutathione at final concentrations of 1mM (GSH 1mM), 2mM (GSH 2mM) and 5mM (GSH
5mM). Incubation was maintained during 4h and afterwards, progesterone was added as
described in the Material and Methods section. Simultaneously, three more aliquots were
incubated in capacitating medium and, after 4h of incubation were added with progesterone
and 1mM reduced glutathione (GSH 1mM+PG), progesterone with 2mM reduced glutathione
(GSH 2mM+PG) and progesterone with 5 mM reduced glutathione (GSH 5mM+PG). In all
cases, cells were subsequently incubated and aliquots were taken after 1 min, 5 min and 60
min. Separate superscripts indicate significant differences (P<0.05) among values in a row.
Asterisks indicate significant differences (P<0.05) when compared with the C+ value from the
same time of incubation. Results are shown as means±S.E.M. for 7 separate experiments..
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Table 3. Effects of reduced glutathione on mean amplitude of lateral head displacement
and frequency of head displacement of boar spermatozoa subjected to in vitro
capacitation and subsequent, progesterone-induced in vitro acrosome exocytosis
Incubation time

0h

4h

1 min

5 min

60 min

ALH (m)
a

C-

3.010.09

C+

3,070,08

GSH 1mM

3,070,08

GSH 2mM

3.070.08

GSH 5mM

3.070.08

GSH 1mM+PG

3.070.08

GSH 2mM+PG

3.070.08

GSH 5mM+PG

3.070.08

a
a
a
a
a
a
a

b

b

2.410.15

2.240.16

b

3.020.20

ac

2.290.12

2.930.13

b

b*

2.140.13

2.000.19

b

c*

1.960.15

2.180.14

b

b*

1.890.10

1.710.19

b

ac

2.290.12

3.120.21

b

ac

2.290.12

2.740.19

b

c*

2.290.12

3.490.26

2.640.16

c

d

4.170.35

c

ac

2.710.14

b

a

2.524.8

2.770.16
2.560.14
2.610.21
3.360.31
3.280.27

2.950.22
ad
c

d*

2.470.06

b*

1.810.10

abc
c

abc

2.570.29

c

3.010.22

c*

c

3.090.25

BCF (Hz)
a

C-

6.630.10

C+

7.760.13

GSH 1mM

7.760.13

GSH 2mM

7.760.13

GSH 5mM

7.760.13

GSH 1mM+PG

7.760.13

GSH 2mM+PG

7.760.13

GSH 5mM+PG

7.760.13

a
a
a
a
a
a
a

b

10.880.41
a

a

8.170.23

7.880.24

a

7.280.10

b*
a

8.050.24

a

8.170.23

a

8.170.23

a

8.170.23

a

8.130.25

a

8.470.32

b*

8.880.37

b*

8.630.29

b*

11.420.38

b

a

a

c*

b*
b

c*

9.250.36

a

7.600.24

c*

6.700.18

10.290.49
10.590.58
11.680.47

c

14.180.74
7.780.24

10.170.37
8.870.24

7.580.24
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11.980.63
8.000.22

b*

7.910.22
6.490.22

b

11.240.45

b*
b*

b*

*

10.860.55b

b*

10.340.47

b*

12.290.53

Sperm were subjected to IVC and further IVAE as described in the Material and Methods
section. Likewise, determination of motion parameters through CASA and statistical analyses
has been also described in the Material and Methods section. Cells were incubated in a nocapacitating medium (C-) or in a capacitating medium without (C+) or with reduced
glutathione at final concentrations of 1mM (GSH 1mM), 2mM (GSH 2mM) and 5mM (GSH
5mM). Incubation was maintained during 4h and afterwards, progesterone was added as
described in the Material and Methods section. Simultaneously, three more aliquots were
incubated in capacitating medium and, after 4h of incubation were added with progesterone
and 1mM reduced glutathione (GSH 1mM+PG), progesterone with 2mM reduced glutathione
(GSH 2mM+PG) and progesterone with 5 mM reduced glutathione (GSH 5mM+PG). In all
cases, cells were subsequently incubated and aliquots were taken after 1 min, 5 min and 60
min. Separate superscripts indicate significant differences (P<0.05) among values in a row.
Asterisks indicate significant differences (P<0.05) when compared with the C+ value from the
same time of incubation. Results are shown as means±S.E.M. for 7 separate experiments.
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Figure 1. Effects of reduced glutathione on percentages of viability, true acrosome
exocytosis and total motility of boar sperm subjected to in vitro capacitation and
subsequent in vitro progesterone-induced acrosome exocytosis.
Sperm were subjected to IVC and further IVAE as described in the Material and Methods
section. Likewise, the determination of percentages of viability (A, B), true acrosome
exocytosis (C, D) and total motility (E, F) have been also described in the Material and
methods section. A, C, E: Boar spermatozoa were incubated in a no-capacitating medium ()
or in capacitating medium without () or with reduced glutathione at final concentrations of
1mM (▲), 2mM () or 5mM () during 4h. Afterwards, progesterone was added as
described in Material and Methods and cells were subsequently incubated during 1 min, 5 min
and 60 min. At the indicated times, aliquots were taken to determine the appropriate
parameters. B, D, F: One aliquot of boar sperm was incubated during 4h in a no-capacitating
medium (). Simultaneously, four more aliquots were incubated for 4h in capacitating
medium. After this time, the cells incubated in the no-capacitating medium was added with
progesterone, whereas the other aliquots were treated as follows: The first aliquot was added
with progesterone alone (), the second aliquot was added with progesterone and 1mM
glutathione (▲), the third aliquot was added with progesterone and 2mM glutathione (),
finally, the fourth aliquot was added with progesterone and 5mM glutathione ().
Subsequently, sperm was incubated during 1 min, 5 min and 60 min and aliquots were taken
at these times to determine the appropriate parameters. Results are shown as means±S.E.M.
for 7 separate experiments. Asterisks indicate significant differences (P<0.05) when compared
with the respective time point of cells incubated in a capacitated medium without addition of
reduced glutathione at any point.
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Figure 2. Effects of reduced glutathione on free cysteine radical levels from both head
and tail extracts and on the percentage of cells with detectable DNA fragmentation of
boar sperm subjected to in vitro capacitation and subsequent in vitro progesteroneinduced acrosome exocytosis.
Sperm were subjected to IVC and further IVAE as described in the Material and Methods
section. Likewise, determination techniques of free cysteine radical levels in both head
extracts (A, B) and tail ones (C, D), as well as percentage of DNA fragmentation (E, F) have
been also described in the Material and methods section. A, C, E: Boar spermatozoa were
incubated in a no-capacitating medium () or in capacitating medium without () or with
reduced glutathione at final concentrations of 1mM (▲), 2mM () or 5mM () during 4h.
Afterwards, progesterone was added as described in Material and Methods and cells were
subsequently incubated during 1 min, 5 min and 60 min. At the indicated times, aliquots were
taken to determine the appropriate parameters. B, D, F: One aliquot of boar sperm was
incubated during 4h in a no-capacitating medium (). Simultaneously, four more aliquots
were incubated for 4h in capacitating medium. After this time, the cells incubated in the nocapacitating medium was added with progesterone, whereas the other aliquots were treated as
follows: The first aliquot was added with progesterone alone (), the second aliquot was
added with progesterone and 1mM glutathione (▲), the third aliquot was added with
progesterone and 2mM glutathione (), finally, the fourth aliquot was added with
progesterone and 5mM glutathione (). Subsequently, sperm was incubated during 1 min, 5
min and 60 min and aliquots were taken at these times to determine the appropriate
parameters. Results are shown as means±S.E.M. for 7 separate experiments. Asterisks
indicate significant differences (P<0.05) when compared with the respective time point of
cells incubated in a capacitated medium without addition of reduced glutathione at any point.
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Figure 3. Effects of reduced glutathione on percentages of cells with capacitation-like
changes in cell membrane fluidity and those with high mitochondrial membrane
potential of boar sperm subjected to in vitro capacitation and subsequent in vitro
progesterone-induced acrosome exocytosis.
Sperm were subjected to IVC and further IVAE as described in the Material and Methods
section. Likewise, both YO-PRO-1/merocyanine 540 (A, B) and JC-1 (C, D) staining
determination techniques have been also described in the Material and methods section. A, C:
Boar spermatozoa were incubated in a no-capacitating medium () or in capacitating
medium without () or with reduced glutathione at final concentrations of 1mM (▲), 2mM
() or 5mM () during 4h. Afterwards, progesterone was added as described in Material and
Methods and cells were subsequently incubated during 1 min, 5 min and 60 min. At the
indicated times, aliquots were taken to determine the appropriate parameters. B, D: One
aliquot of boar sperm was incubated during 4h in a no-capacitating medium ().
Simultaneously, four more aliquots were incubated for 4h in capacitating medium. After this
time, the cells incubated in the no-capacitating medium was added with progesterone,
whereas the other aliquots were treated as follows: The first aliquot was added with
progesterone alone (), the second aliquot was added with progesterone and 1mM glutathione
(▲), the third aliquot was added with progesterone and 2mM glutathione (), finally, the
fourth aliquot was added with progesterone and 5mM glutathione (). Subsequently, sperm
was incubated during 1 min, 5 min and 60 min and aliquots were taken at these times to
determine the appropriate parameters. Results are shown as means±S.E.M. for 7 separate
experiments. Asterisks indicate significant differences (P<0.05) when compared with the
respective time point of cells incubated in a capacitated medium without addition of reduced
glutathione at any point.

- 114 -

- 115 -

Figure 4. Effects of reduced glutathione on percentages of cells with high superoxides
and high peroxides levels of boar sperm subjected to in vitro capacitation and
subsequent in vitro progesterone-induced acrosome exocytosis.
Sperm were subjected to IVC and further IVAE as described in the Material and Methods
section. Likewise, both superoxides levels (A, B) peroxides levels (C, D) determination
techniques have been also described in the Material and methods section. A, C: Boar
spermatozoa were incubated in a no-capacitating medium () or in capacitating medium
without () or with reduced glutathione at final concentrations of 1mM (▲), 2mM () or
5mM () during 4h. Afterwards, progesterone was added as described in Material and
Methods and cells were subsequently incubated during 1 min, 5 min and 60 min. At the
indicated times, aliquots were taken to determine the appropriate parameters. B, D: One
aliquot of boar sperm was incubated during 4h in a no-capacitating medium ().
Simultaneously, four more aliquots were incubated for 4h in capacitating medium. After this
time, the cells incubated in the no-capacitating medium was added with progesterone,
whereas the other aliquots were treated as follows: The first aliquot was added with
progesterone alone (), the second aliquot was added with progesterone and 1mM glutathione
(▲), the third aliquot was added with progesterone and 2mM glutathione (), finally, the
fourth aliquot was added with progesterone and 5mM glutathione (). Subsequently, sperm
was incubated during 1 min, 5 min and 60 min and aliquots were taken at these times to
determine the appropriate parameters. Results are shown as means±S.E.M. for 7 separate
experiments. Asterisks indicate significant differences (P<0.05) when compared with the
respective time point of cells incubated in a capacitated medium without addition of reduced
glutathione at any point.
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Figure 5. Effects of reduced glutathione on percentages of cells with high intracellular
calcium levels of boar sperm subjected to in vitro capacitation and subsequent in vitro
progesterone-induced acrosome exocytosis.
Sperm were subjected to IVC and further IVAE as described in the Material and Methods
section. Likewise, both Rhod 5 (A, B) and Fluo 3 (C, D) staining determination techniques
have been also described in the Material and methods section. A, C: Boar spermatozoa were
incubated in a no-capacitating medium () or in capacitating medium without () or with
reduced glutathione at final concentrations of 1mM (▲), 2mM () or 5mM () during 4h.
Afterwards, progesterone was added as described in Material and Methods and cells were
subsequently incubated during 1 min, 5 min and 60 min. At the indicated times, aliquots were
taken to determine the appropriate parameters. B, D: One aliquot of boar sperm was
incubated during 4h in a no-capacitating medium (). Simultaneously, four more aliquots
were incubated for 4h in capacitating medium. After this time, the cells incubated in the nocapacitating medium was added with progesterone, whereas the other aliquots were treated as
follows: The first aliquot was added with progesterone alone (), the second aliquot was
added with progesterone and 1mM glutathione (▲), the third aliquot was added with
progesterone and 2mM glutathione (), finally, the fourth aliquot was added with
progesterone and 5mM glutathione (). Subsequently, sperm was incubated during 1 min, 5
min and 60 min and aliquots were taken at these times to determine the appropriate
parameters. Results are shown as means±S.E.M. for 7 separate experiments. Asterisks
indicate significant differences (P<0.05) when compared with the respective time point of
cells incubated in a capacitated medium without addition of reduced glutathione at any point.
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Figure 6. Effects of reduced glutathione on tyrosine phosphorylation levels of the P32
protein of boar sperm subjected to in vitro capacitation and subsequent in vitro
progesterone-induced acrosome exocytosis.
Sperm were subjected to IVC and further IVAE as described in the Material and Methods
section. Likewise, Western blot technique has been also described in the Material and
Methods section. A,B: Boar spermatozoa incubated in capacitating medium without (C+) or
with reduced glutathione at final concentrations of 1mM (1mM GSH), 2mM (2mM GSH) or
5mM (5mM GSH) during 4h. Afterwards, progesterone was added as described in Material
and Methods and cells were subsequently incubated during 1 min, 5 min and 60 min. C,D:
Boar sperm incubated for 4h in capacitating medium and subsequently added with
progesterone and 1mM glutathione (1mM GSH), progesterone and 2mM glutathione (2mM
GSH) and progesterone and 5mM glutathione (5mM GSH). A,B,: representative pictures of
Western blot against tyrosine-phosphorylated P32 (P32) and -tubulin (-tubulin) in aliquots
taken at the indicated times B,D: Densitometry results of the P32 tyrosine phosphorylation/tubulin intensity ratios, taking the ratio of incubation in the CM at 0h of the point C+ as a
basal, arbitrary value of 100. Figure B corresponds to the results yielded from Western blots
shown in Figure A, whereas Figure D corresponds to the quantification of blots shown in
Figure C. (): cells without glutathione addition. (▲): sperm added with 1mM glutathione.
(): sperm added with 2mM glutathione. (): sperm added with 5mM glutathione. Images
and results are representative for 7 separate experiments.
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Figure 7. Effects of reduced glutathione on the location of overall protein tyrosine
phosphorylation of boar sperm subjected to in vitro capacitation and subsequent in vitro
progesterone-induced acrosome exocytosis.
Sperm were subjected to IVC and further IVAE as described in the Material and Methods
section. Likewise, the utilized immunocytochemistry technique has been also described in the
Material and Methods section. Boar spermatozoa were incubated in no-capacitating medium
(C-) or in a capacitating medium without (C+) or with reduced glutathione at final
concentration of 2mM (GSH 0h) during 4h. Afterwards, progesterone was added as described
in Material and Methods and cells were subsequently incubated during 1 min (1’), 5 min (1’)
and 60 min (60´). Additionally, another aliquot of boar sperm were incubated for 4h in a
capacitating medium and afterwards these cells were added with progesterone and 2mM GSH
together (GSH 4h). Subsequently, cells were incubated during 1 min (1’), 5 min (1’) and 60
min (60´). In all cases, at the indicated times aliquots were taken to determine their overall
protein tyrosine phosphorylation patterns. Figure shows representative images for 7 separate
experiments. –Primary Atb: a representative image for a negative control of
immunochemistry performed without the addition of the primary antibody. –Secondary Atb: a
representative image for a negative control of immunochemistry performed without the
addition of the secondary antibody. Bars indicate a size of 15m.
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8.
8.1

Melatonin
General function, roles and localization:

Melatonin, in chemical nomenclature N-acetyl-5-methoxy tryptamine, has been detected in
vegetables, fruits and a variety of herbs. In some plants, especially in flowers and seeds, which
are the most vulnerable plant areas to oxidative insults, melatonin concentrations are several
orders of magnitude higher than measured in the blood of vertebrates (Manchester et al., 2000;
Afreen et al., 2006). Considering the antioxidative activity of melatonin (Tan et al., 1993;
2003) and its presence in plant products that vertebrates consume, melatonin could be also
classified as an antioxidant vitamin (Tan et al., 2003). Melatonin in plants not only provides an
alternative exogenous source of melatonin for herbivores but also suggests that melatonin may
be an important antioxidant in plants which protects them from a hostile environment that
includes extreme heat, cold and pollution, all of which generate free radicals (Tan et al., 2000).
Regarding mammalians, melatonin was found for the first time in 1950 in bovine pineal tissue
(Lerner et al., 1958), showing an intricate relationship with the control of animal reproductive
physiology and neuroendocrine physiology (Hoffman and Reiter, 1965; Ashrafi et al., 2011;
Cebrián-Pérez et al., 2014).
Melatonin is a small lipophilic indolamine derivated from the amino acid tryptophan. Although
it has been considered that the main mammalian organ that synthesizes melatonin is the pineal
gland, there are many other organs that can produce melatonin, such as eyes, lymphocytes,
bone marrow, skin, and the ovarian follicle (Reiter et al., 2000; Cebrián-Pérez et al., 2014). The
general synthesis pathway in the pineal gland is a four-step process. Firstly, tryptophan is
converted into 5-hydroxytryptophan by tryptophan-5-hydroxylase (T5M; EC 1.14.16.4), which
is transformed to 5-hydroxytryptamine by aromatic-L-amino-acid decarboxylase (AAAD; EC
4.1.1.28), which is subsequently synthesized to N-acetylserotonin by serotoninNacetyltransferase (SNAT; EC 2.3.1.87). The last step in this biosynthetic pathway is catalysed
- 123 -

by hydroxyindol-O-methyltransferase (ASMT; EC 2.1.1.4), which leads to melatonin
production (Boutin et al., 2005). Pineal melatonin is secreted into blood following a circadian
rhythm that shows a nocturnal maximums and diurnal basal levels (Tamura et al., 2008;
Cebrián-Pérez et al., 2014). The circadian rhythm of melatonin synthesis is managed by the
rate limiting enzyme serotonin N-acetyltransferase (NAT) activity. The final result of this
secreting pattern is to preview a low concentration during daylight and peaks of activity under
dark environment. However, there are other enzymes linked to melatonin processing, like
methyltransferase that don’t show dependence from light exposition.
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Fig. 8: Biosynthesis of melatonin from tryptophan in mammalian pinealocytes. From:
http://photobiology.info.
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Moreover, besides its well known role in the control of circadian rhythms and possibly sleep
processes in diurnal species (Ashrafi et al., 2011), melatonin acts on other function points like
sugar and lipid metabolism, oxidative stress defence acting as a universal reactive oxygen
(ROS) or nitrogen (RNS) species scavenger, protection against carcinogenesis (Cebrián-Pérez
et al., 2014), immune regulation and additionally, melatonin also supports in vitro maturation
and fertilization and embryo development in species like pig, rat, sheep and cow (CebriánPérez et al., 2014).

Fig.

8.1:

trigger

point
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https://sadam001.files.wordpress.com/2014/05/2.png.
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melatonin

secretion.

From:

To exert its function melatonin needs membrane receptors or nuclear binding site (Tamura et
al., 2008). At this moment, three types of receptors have been identified in mammals: MT1,
present above all in brain of all vertebrates; MT2, expressed in the retina in all vertebrates and
a third receptor called MT3, which is also known to be the enzyme quinone reductase 2 (QR2;
Tan et al., 2007). However the melatonin-linked signal transduction cascade induced from the
activation of the MT3 receptor has not been identified yet. Meanwhile, the melatonin nuclear
binding site corresponds to two nuclear receptors from the retinoic acid receptor family named
RZR and ROR. The acronym RZR is for retinoid Z receptor, whereas ROR is for retinoid acid
receptor-related orphan receptor (Becker-André et al., 1994; Cebrián-Pérez et al., 2014).
Although the exact role of the melatonin-induced activation of these receptors is not well
known, there are some evidences that it can play a modulator role in events like cell
proliferation and differentiation as well as in cellular homeostasis (Evans, 2005). Otherwise,
the melatonin cell membrane MT receptors are G protein-coupled cell surface (GPPCRs)
characterized by specific high amino acid sequence homology. These receptors are implicated
in the inhibition of the production of cyclic AMP (cAMP; Cebrián-Pérez et al., 2014). In this
way, the melatonin activation of the MT-linked pathways would lead to a subsequent inhibition
of the PKA (Tamura et al., 2008). Furthermore, each MT receptor plays a specific function in
the SNC. Thus, MT1 seems to have an inhibitory function versus melatonin and androgen
production (Pintor et al., 2001), whereas MT2 is involved in the circadian rhythm by
desensitization at the beginning of the night due to internalization after exposure to melatonin,
as with most GPCRs (Evans, 2005). Finally, the molecular pathways activated by the MT3
receptor are not known at this moment. In fact, the only function that has been described for
the MT3 receptor is linked to the reduction of the intraocular pressure (Pintor et al., 2001).
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8.2

How melatonin can modifies sperm dynamics:

Several studies have shown a direct beneficial effect of melatonin on cells, and several of these
studies are been focalized on its effect on spermatic cells. Regarding sperm quality, the in vitro
treatments conducted on human, ram and pig spermatozoa showed that melatonin can improve
the motility and several other quality parameters in these species (Cebrián-Pérez et al., 2014).
Concerning the mechanism of action, it has been postulated that could be linked to a reduction
of the levels of oxidative stress. In this way, melatonin could act through its free radical
scavenging properties after crossing the sperm plasma membrane (Reiter et al., 2000). In this
sense, in vitro treatment with melatonin has resulted in decreased oxidative cell damage and
intracellular levels of ROS and NO (Rao and Gangadharan, 2008; Du Plessis et al., 2010; Jang
et al., 2010), reduced membrane lipid peroxidation (Gadella et al., 2008; Du Plessis et al.,
2010), apoptosis markers (Casao et al., 2010; Espino et al., 2011) and DNA fragmentation
(Sarabia et al., 2009). Another study conducted on ram sperm suggests that melatonin can have
a modulatory role during capacitation (Casao et al., 2010). Of course, the identification in ram
sperm plasma membrane of MT1 and MT2 melatonin receptors (Evans, 2005), suggests that
modulation of capacitation by melatonin is a mechanism mediated through these receptors
(Cebrián-Pérez et al., 2014). Differences in melatonin levels seem to be also a part of natural
reproduction pattern. In fact, during the breeding season ram seminal plasma has high
melatonin levels, which seems play a role in protecting sperm from oxidative damage (Reiter et
al., 2000; Drevet, 2006). At the same time, spermatozoa in the oviduct are exposed to low
levels of melatonin. These low levels would promote sperm capacitation through a mechanism
of action linked to the scavenger of extracellular ROS, taking into account that ROS by
themselves can act as potent capacitation modulators (De Lamirande et al., 1984). The effects
of melatonin on sperm capacitation are not exclusive to ram. Thus, melatonin is able to
promote capacitation in buffalo sperm (Di Francesco et al., 2010). There are no other reports
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centred on this point, which could be one of the most important roles for melatonin in the
reproductive tract.
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ABSTRACT

The main aim of this work was to assess the putative effects that melatonin could have in the
achievement of boar sperm in vitro capacitation (IVC) and subsequent progesterone induced
acrosome exocytosis (IVAE). For this purpose, boar sperm samples were subjected to a
standard protocol to achieve both IVC and IVAE in the presence or absence of increasing
concentrations of melatonin added either at the start of the incubation or together with
progesterone in sperm that have previously achieved the capacitates status. Several indicative
parameters of the achievement of capacitation were carried out, as well as other
complementary determinations such as intracellular levels of peroxides, superoxides, free
cysteine levels and cell distribution of determined lectins were also performed. Our results
indicate that melatonin did not affect the majority of parameters associated with the
achievement of capacitation, as percentages of cells with capacitation-like changes in lipid
membrane fluidity or the increase in the tyrosine phosphorylation levels of the P32 protein.
Likewise, melatonin did not affect the launching of IVAE both added to pre-capacitated cells
and to previously capacitated spermatozoa. However, melatonin counteracted the IVCconcomitant changes in sperm motion parameters, reaching to a complete immobilizing effect
at a concentration of 5 µM. This effect was accompanied by a very intense and significant
increase in the percentage of agglutinated sperm, which was already high in control samples,
capacitated samples (84.7%±8.2% with 5µM melatonin vs. 60.9%±7.5% in control cells, after
4 h of incubation). This agglutination activating effect was not accompanied by highly
noticeable changes in the distribution of markings from lectins WGA, STL, PSA and PNA.
Furthermore, melatonin had no effect on the dynamics of the sperm rate with high peroxide
levels, whereas only induced a slight decrease in the percentage of cells with high superoxide
levels when was applied after 4 h of incubation together with progesterone. Notwithstanding,
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melatonin did have an intense and significant (P<0.05) decreasing action on the head-located
intracellular free cysteine levels (4.8 nmol/g protein±0.7 nmol/g protein in cells incubated
with 0.5 µM melatonin vs. 17.2 nmol/g protein±2.3 nmol/g protein in control cells after 4 h of
incubation), which was only observed in tail-located free cysteine levels when melatonin was
added at the 0 h of incubation in the capacitation medium. Taken together, these results would
suggest that melatonin acts as a strong modulator of the agglutination phenomena appeared in
capacitating conditions with high bicarbonate levels. Furthermore, melatonin effects seem not
to be related either with an antioxidant effect or with noticeable changes in the composition
and distribution of the sperm glycocalix. Meanwhile, melatonin could act on IVC-related
changes in processes controlled by changes in the number and location of disulfide bonds, like
motility patterns and stability of the nucleoprotein structure.

Key words: boar sperm, capacitation, acrosome exocytosis, melatonin
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INTRODUCTION

In the last years increasing evidence has been accumulated regarding the existence of the
complete and functional machinery to sustain a feasible melatonin metabolism in the
mammalian reproductive tract from several species (Reiter et al., 2009). Linked to these
findings, sperm cells of species like ram, human, hamster, stallion, dog, boar, deer and bull
show the presence of melatonin receptors MT1 and MT2 (González-Arto et al., 2016). The
presence of both receptors in all of these species is remarkable, since it is inferred that they
are present in both seasonal and non-seasonal species. These findings are concomitant with
the presence of significant levels of melatonin in the seminal plasma of all of these species
(Luboshitzky et al., 2002; Casao et al., 2010; Perez- Patiño et al., 2016), suggesting thus the
existence of an active messenger-receptor melatonin pathway system in mammalian
spermatozoa. Classically, the main role of melatonin has been linked to the regulation of the
physiology of circadian rhythms, among them those linked with the launching and switching
of reproductive function (Reiter et al., 2009). However, although in species like ram the
semen-linked melatonin content and metabolism could be associated with a circadian
modulatory role (Casao et al., 2010), in other species like boar the circadian-like effects seem
to be dismissed (González-Arto et al., 2016). Centring on the known effects on sperm
function, melatonin seems to have a prominent modulatory role on ram and water buffalo
sperm capacitation (Casao et al., 2009; Ashrafi et al., 2013). Furthermore, in vitro treatments
carried out in human, ram and pig spermatozoa showed that melatonin improves motility and
several other quality parameters in these species (Cebrián-Pérez et al., 2014). It has been
postulated that the melatonin action mechanism could be linked to a reduction in the levels of
oxidative stress, acting through its free radical scavenging properties after crossing the sperm
plasma membrane (Reiter et al., 2000). In this sense, in vitro treatment with melatonin of
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sperm from several species resulted in decreased oxidative damage and intracellular levels of
ROS and NO (Rao and Gangadharan, 2008; Du Plessis et al., 2010; Jang et al., 2010),
membrane lipid peroxidation (Gadella et al., 2008; Du Plessis et al., 2010), apoptosis markers
(Casao et al., 2010; Espino et al., 2011) and DNA fragmentation (Sarabia et al., 2009).
Despite all of these data, little is known regarding the possibility that melatonin could exert
any effect on sperm function through receptor-linked pathways that were not uniquely related
with the anti-oxidative properties of the molecule. This is especially relevant is sperm cells
from species like boar, in which ROS production seems not to be prominent when compared
with other such as bull or horse (Bilodeau et al., 2000; Yeste et al., 2015a; 2015b). In this
way, ROS production or accumulation seems to play a minor role in explaining phenomena
like boar sperm cryodamage (Yeste et al., 2015b). Likewise, changes in ROS levels are low
during the achievement of in vitro boar sperm capacitation (IVC; see Awda et al., 2009),
suggesting that ROS play a minor role in the achievement of boar sperm IVC. Taking all these
data into account, we can hypothesize that melatonin could affect the sperm function through
a receptor-linked mechanism. To prove this hypothesis, the main aim of this study was to
determine the effects of melatonin in the achievement of a feasible IVC and subsequent
progesterone-induced in vitro acrosome exocytosis (IVAE) in boar spermatozoa. For this
purpose, boar spermatozoa were subjected to the IVC/IVAE procedure in the presence of
increasing concentrations of melatonin, added either before or after 4 h of incubation in
capacitating conditions. Several parameters indicative of the achievement of both IVC and
IVAE were subsequently determined, highlighting thus the putative effects of melatonin on
both phenomena.
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MATERIALS AND METHODS
Seminal samples
A total of 62 ejaculates collected from 35 healthy Pietrain boars aged between two and three
years, were used in this study. These animals were housed in climate-controlled commercial
farms (Servicios Genéticos Porcinos, S.L., Roda de Ter, Spain), fed with a commercial
adjusted diet and provided with water ad libitum. Furthermore, boar housing followed all the
ethical guidelines established for the European laws regarding domestic animal and,
specifically, pig farm management. Furthermore, and even though it was not required as the
authors did not manipulate any boar and only worked with seminal doses donated by the
commercial firm, the experimental protocol was approved by the Ethics Committee of our
institution. This ethics committee was known as ‘‘Bioethics Commission of the Autonomous
University of Barcelona’’ (Bellaterra, Cerdanyola del Vallès, Spain). Utilized samples came
from sperm-rich fractions that were obtained through manual collection after applying the
conventional hand-gloved method. Samples were immediately diluted after collection in a
commercial extender (Androstar Plus®; Minitub Ibérica SL, Tarragona, Spain) to a final
sperm concentration of 2×107 spermatozoa⁄mL and cooled to 16ºC–17°C. Diluted semen was
then distributed in 90-ml commercial AI doses. The resulting 90-mL doses were placed in a
thermal packaging container at 16ºC for approximately 45 min, which was the time required
to arrive at our laboratory.
Experimental design, in vitro capacitation and subsequent acrosome exocytosis
procedures
Two separate experimental designs were carried out. In the first experimental procedure, we
tested how the addition of increasing concentrations of melatonin to the capacitation medium
(CM) before incubation affected the achievement of a feasible IVC. In the second
experimental procedure, melatonin was added after 4 h of incubation in CM, an incubation
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time that has been previously reported as able to induce IVC in boar spermatozoa (Ramió et
al., 2008), together with the IVAE-induced progesterone (Jimenéz et al. 2003; Wu et al.
2006). This second experimental design was performed to evaluate the putative effects of
melatonin in the achievement of IVAE in fully in vitro capacitated boar sperm. Thus, in both
experimental designs there were 5 separate experimental points: a positive control (C+):
spermatozoa incubated in CM containing bicarbonate and bovine serum albumin (BSA); three
different melatonin treatments in which the cells were resuspended in CM supplemented
either at 0 h or after 4 h of incubation with increasing concentrations of melatonin (0.5µM,
1µM, 5µM); and a negative control (C-): spermatozoa re-diluted in a non-capacitating
medium (NCM) without melatonin, neither NaHCO3 nor BSA.
In the first experiment, 50 mL of each ejaculate was utilized through division between all five
treatments. Thus, aliquots were firstly centrifuged at 600 xg for 10 min at 16 ºC and
subsequently resuspended at a final concentration of 2-3×107 sperm ⁄ mL in NCM composed
of 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes) buffer (pH 7.4), 112
mM NaCl, 3.1 mM KCl, 5 mM glucose, 21.7 mM sodium L-lactate, 1 mM sodium pyruvate,
0.3 mM NaHPO4, 0.4 mM MgSO4 and 4.5 mM CaCl2 (osmolarity: 287 mOsm/Kg ± 6
mOsm/Kg). 40 mL of the resuspended sample were taken separately and 5 mg ⁄mL BSA and
37.6 mM NaHCO3 were added in order to transform the NCM in the CM (pH=7.4;
osmolarity: 304 mOsm/Kg ± 5 mOsm/Kg). This implied that the remaining 10 mL-aliquot
was taken as the C- experimental point. Subsequently, the 40-mL CM sperm sample was
further divided in four separate 10-mL aliquots. One of these 10-mL aliquots was lent without
further addition of any substance, whereas the other three CM-aliquots were added with
melatonin to final concentrations of 0.5 µM, 1 µM and 5 µM, respectively. Afterwards, all
aliquots were incubated for 4 h at 38.5 ºC in a 5% CO2 atmosphere, as previously described in
Ramió et al. (2008). Samples were taken at 0 h and 4 h of incubation to perform the
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appropriate analysis. After 4 h of incubation, spermatozoa were subjected to progesteroneinduced in vitro acrosome exocytosis (IVAE) by addition of 10 mg/mL progesterone
following the procedure described in previous reports (Jiménez et al., 2003; Wu et al., 2006)..
After thoroughly mixing, sperm samples were further incubated for an additional 1 h at 38.5
ºC in a 5% CO2 atmosphere. Aliquots were taken at 1 min, 5 min and 60 min after the
addition of progesterone to perform the required analyses.
The general procedure for the second experimental design was similar to that described
above. The main difference was that in the melatonin-treated experimental points the effector
was added only after 4 h of incubation in the CM and simultaneously to progesterone.
Melatonin concentrations and sampling procedure were the same as in the first experimental
design.
Analysis of parameters indicative of the achievement of in vitro capacitation acrosome
exocytosis
The parameters determined in order to analyse the achievement of both IVC and IVAE were
the computer-assisted (CASA) motility analysis, the spectrophotometric determination of the
free-cysteine residues in both head and tail sperm extracts, cytometric analysis of sperm
viability, acrosome integrity, membrane lipid disorder, ROS levels, mitochondrial membrane
potential (MMP) and intracellular calcium levels in both head and midpiece location, and
finally the immunological detection of phosphorylation levels of protein tyrosine residues,
with an especial emphasis in the P32 protein as an specific capacitation marker of boar sperm
(Bravo et al., 2005).
Sperm motility analysis
Sperm motility analysis was performed by utilizing a commercial CASA system (Integrated
Sperm Analysis System V1.0; Proiser, Valencia, Spain). This system is based upon the
analysis of 25 consecutive digitalized photographic images obtained from a single field at a
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magnification of 100× in a negative phase-contrast field (Olympus BX41 microscope;
Olympus 10 x 0.30 PLAN objective lens, Olympus-Europa GmbH, Hamburg, Germany).
These 25 consecutive photographs were taken in a time lapse of 1 s, which implied a velocity
of image capturing of one photograph every 40 ms. Five to six separate fields were taken for
each replicate, and five replicates were run per sample and treatment. The obtained sperm
motility descriptors were described following Ramió et al. (2008). Settings taken into account
for all of the utilized motility parameters were as following:
Range of particles area: 10–80 µm2.
Connectivity: a minimum of 11 images for all parameters, but a minimal of 10 images for
only the mean amplitude of lateral head displacement (ALH).
Parameter ranges:
Curvilinear velocity (VCL): 1–500 µm⁄ s.
Mean velocity (VAP): 1–500 µm⁄ s.
Linear coefficient (LIN): 10–98%.
Straightness coefficient (STR): 10–98%.
Mean amplitude of lateral head displacement (ALH): 0–100 µm.
Frequency of head displacement (BCF): 0–100 Hz.
In this procedure, samples were previously warmed at 37 ºC for 5 min in a water bath, and 5
µl aliquots of these samples were then placed onto a warmed (37 ºC) slide and covered with a
22 × 22 mm coverslip. Finally, total motility was defined as the percentage of spermatozoa
that showed a VAP >10 µm⁄s.
Evaluation of free-cysteine residues in sperm nucleoproteins
The determination of free cysteine radicals in sperm head and tail proteins as an indirect
measure of disrupted disulphide bridges within nucleoproteins was carried out following the
protocol adapted to boar spermatozoa and described by Flores et al. (2011). Briefly, samples
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were centrifuged at 600 xg and 16 ºC for 10 min and resuspended in an ice-cold 50 mM Tris
buffer (pH 7.4) containing 150 mM NaCl, 1% (v:v) Nonidet, 0.5% (w:v) sodium
deoxycholate, 1 mM benzamidine, 10 µg/mL leupeptin, 0.5mM phenylmethylsulfonyl
fluoride, and 1mM Na2VO4. Spermatozoa were subsequently homogenized through sonication
(Ikasonic U50 sonicator; Ika Labortechnick, Staufen, Germany). Obtained homogenates were
centrifuged at 850 xg for 20 min at 4 ºC. The resultant supernatants were reserved to measure
the free-cysteine in sperm tail proteins and the pellets were resuspended in 300 µL of Tris
buffer to measure the free-cysteine in sperm head proteins. The presence of both tails in
supernatants and heads in pellets were determined by a previous observation under optical
microscopy. This observation determined that the percentage of tails in supernatants and
heads in pellets were of above of 85% of the total content in both cases (data not shown).
The levels of free cysteine radicals in both tails and heads fractions were determined by using
the 2,2’-dithiodipyridine technique (2,2’-dipyridyl disulfide; Sigma-Aldrich) as described by
Brocklehurst et al. (1979). With this purpose, 10-µL aliquots of resuspended, isolated sperm
heads were added to 990 mL of an aqueous solution of 0.4mM 2,2’-dithiodipyridine. The
same process were repeated with 10-µL aliquots of supernatants that were added to 990 mL of
an aqueous solution of 0.4 mM 2,2’-dithiodipyridine. Aliquots of 10 µL of cysteine standards
from 0.1mM to 5mM (Sigma-Aldrich) were also added to 990 mL of 0.4 mM 2,2’dithiodipyridine for evaluation. In all cases, mixtures were incubated at 37ºC for 60 min, and
levels of free cysteine radicals were finally determined through spectrophotometric analysis at
a wavelength of 340 nm. The results obtained were normalized through a parallel
determination of the total protein content of samples by the Bradford method (1976), using a
commercial kit (Quick Start Bradford Protein Assay; BioRad, Hercules, CA, USA). Five
replicates per sample and treatment were evaluated, and the corresponding mean ± SEM was
calculated.
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Flow cytometric analysis
Information about flow cytometry analyses is given according to the recommendations of the
International Society for Advancement of Cytometry (ISAC; Lee et al., 2008). These analyses
were conducted to evaluate some sperm functional parameters, such as sperm viability
(membrane integrity), sperm membrane lipid disorder, acrosome integrity, and intracellular
peroxide and superoxide levels. In each case, the sperm concentration in each treatment was
adjusted to 1×106 spermatozoa/ mL in a final volume of 0.5 mL, and spermatozoa were then
stained with the appropriate combinations of fluorochromes, following the protocols
described below (i.e. SYBR-14/PI, M540/YO-PRO®-1, PNA-FITC/PI, H2DFCDA/PI,
HE/YO-PRO®-1, JC-1 or PI after hypotonic treatment to correct raw data).
Samples were evaluated through a Cell Laboratory QuantaSCTM cytometer (Beckman
Coulter, Fullerton, CA, USA; Serial Number AL300087, Technical specification at
https://www.beckmancoulter.com/wsrportal/ajax/downloadDocument/721742AD.pdf.)

This

instrument, which had not been altered in the original configuration provided by the
manufacturer, was equipped with two light sources: an arch-discharge lamp and an argon ion
laser (488 nm) set at a power of 22 mW. In our case, only the singleline visible light (488 nm)
from the argon laser was used to perform the analyses. Cell diameter/volume was directly
measured with the Cell Lab QuantaTM SC cytometer employing the Coulter principle for
volume assessment, which is based on measuring changes in electrical resistance produced by
non-conductive particles suspended in an electrolyte solution. This system, thus, has forward
scatter (FS) replaced by electronic volume (EV). Furthermore, the EV channel was calibrated
using 10 µm Flow- Check fluorospheres (Beckman Coulter) by positioning this size bead in
channel 200 on the volume scale.
Optical filters were also original and they were FL1, FL2 and FL3. In this system, the optical
characteristics for these filters were as follows: FL1 (green fluorescence): Dichroic/Splitter,
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DRLP: 550 nm, band pass filter: 525 nm, detection width 505– 545 nm; FL2 (orange
fluorescence): DRLP: 600 nm, BP filter: 575 nm, detection width: 560–590 nm); and FL3
(red fluorescence): long pass filter: 670/30 nm. Signals were logarithmically amplified and
photomultiplier settings were adjusted to particular staining methods. FL-1 was used to detect
green fluorescence (SYBR14, PNA-FITC, YO-PRO®-1, H2DFCDA and Fluo 3), whereas
FL3 was used to detect red fluorescence (M-540, HE, PI and Rhod 5).
Sheath flow rate was set at 4.17 µL/ min in all analyses; while EV and side scatter (SS) were
recorded in a linear mode (in EE vs. SS dot plots) for a minimum of 10000 events per
replicate. The analyser threshold was adjusted on the EV channel to exclude subcellular
debris (particle diameter<7 µm) and cell aggregates (particle diameter>12 µm). Therefore, the
sperm-specific events, which usually appeared in a typically L-shaped scatter profile, were
positively gated on the basis of EV and SS distributions, whereas the others were gated out. In
some protocols, as described below, compensation was used to minimize spill-over of the
fluorescence into a different channel.
Information on the events was collected in List-mode Data files (LMD), and these generated
files were then analysed using Cell Lab Quanta_SC MPL Analysis Software (version 1.0;
Beckman Coulter) to quantify dot-plot sperm populations (FL1 vs. FL3) and to analyse the
cytometric histograms. In PNA-FITC/PI, H2DFCDA/PI and HE/YO-PRO®-1 assessment,
data obtained from flow cytometry experiments were corrected according to the procedure
described by Petrunkina et al. (2010). Each assessment for each sample and parameter was
repeated three times in independent tubes prior to calculating the corresponding mean ± SEM.
Unless otherwise stated, all fluorochromes used for these analyses were purchased from
Molecular Probes® (Invitrogen, Eugene, OR, USA) and diluted with dimethyl sulfoxide
(DMSO; Sigma).
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Cytometric determination of sperm viability
Sperm viability was assessed using the LIVE/DEAD® Sperm Viability Kit (SYBR-14/ PI),
according to the protocol described by Garner & Johnson (1995). Briefly, sperm samples were
incubated at 38°C for 10 min with SYBR-14 at a final concentration of 100 nM, and then with
PI at a final concentration of 10 µM for 5 min and at the same temperature. FL-1 was used for
measuring SYBR-14 fluorescence, whereas PI fluorescence was detected through FL-3. After
this assessment, three sperm populations were identified: (i) viable green-stained spermatozoa
(SYBR-14+/ PI-); (ii) non-viable red-stained spermatozoa (SYBR-14-/PI+); and (iii) non-viable
spermatozoa that were stained both Green and red (SYBR-14+/PI+). Non sperm particles
(debris) were found in the SYBR-14-/PI- quadrant.
Single-stained samples were used for setting the EV gain, FL-1 and FL-3 PMT-voltages and
for compensation of SYBR-14 spill over into the PI/FL-3 channel (2.45%).
Cytometric analysis of true acrosome exocytosis
True acrosome exocytosis was determined through co-staining of sperm with ethidium
homodimer (3,8-Diamino-5-ethyl-6-phenylphenanthridinium bromide; EthD-1) and Arachis
hypogaea agglutinin (PNA) conjugated with fluorescein isothiocyanate (FITC-PNA). This
protocol was originally described by Cooper and Yeung (1998) and has been adapted to boar
spermatozoa in our laboratory. The utilization of this protocol was due to the fact that it has a
higher specificity for the detection of true acrosome exocytosis than that previously utilized in
our studies (see Yeste et al., 2015b, as an example). Briefly, samples were incubated with
EthD-1 (final concentration: 2.5 µg·mL-1) at 38 °C for 5 minutes in the dark. Following this
step, samples were washed by centrifugation at 2000 xg for 30 s and then resuspended with
PBS containing 4 mg·mL-1 bovine serum albumin (BSA) to remove free dye. Thereafter,
samples were again centrifuged and then fixed and permeabilized by adding 100 µL of icecold methanol (100%) for 30 s. Methanol was removed by centrifugation at 2000g for 30 s
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and resuspension with PBS containing 4 mg·mL-1 BSA. The resulting pellet was resuspended
in 250 µL BTS. Following this step, 0.8 µL PNA-FITC (final concentration: 2.5 µM) were
added and samples were incubated at room temperature in the dark for 15 min. Next, samples
were washed twice with PBS at 2000g for 30 s finally were resuspended in BTS.
After this assessment, four sperm populations were identified: (i) viable spermatozoa with an
intact acrosome membrane (PNA-FITC+/EthD-1-); (ii) viable spermatozoa with a non-intact
acrosome membrane (PNA-FITC-/EthD-1-); (iii) non-viable spermatozoa with an intact
acrosome membrane (PNA-FITC+/EthD-1+); (iv) non-viable spermatozoa with a non-intact
acrosome membrane (PNA-FITC-/EthD-1+). Fluorescence of EthD-1 was detected through
FL-3, while that of PNA-FITC was detected through FL-1.
Determination of sperm membrane lipid disorder compatible with capacitation
Lipid disorder of boar sperm membrane was evaluated by Merocyanine-540 (M540) and YOPRO-1 co-staining, following a modified procedure from Rathi et al. (2001). Briefly,
spermatozoa were stained with M540 (final concentration: 400 µM) and YO-PRO®1 (final
concentration: 40 µM) and incubated for 10 min at 38 °C in the dark. Red fluorescence from
M540 was collected through FL-3 and green fluorescence from YO-PRO®1 was collected
through FL-1. A total of four sperm populations were observed in flow cytometry dot plots:
(i) viable spermatozoa with low membrane lipid disorder (M540-/YO-PRO-1-); (ii) viable
spermatozoa with high membrane lipid disorder (M540+/YOPRO-1-); (iii) non-viable
spermatozoa with low membrane lipid disorder (M540-/YO-PRO-1+) and (iv) non-viable
spermatozoa with high membrane lipid disorder (M540+/YO-PRO-1+). In this test, data were
not compensated.
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Assessment of intracellular superoxide and peroxide levels
Intracellular superoxide (O2_●) and peroxide (H2O2) levels were determined using two
different

oxidation-sensitive

fluorescent

probes:

hydroethidine

(HE)

and

2′,7′-

dichlorodihydrofluorescein diacetate (H2DCFDA). Following a procedure modified from
Guthrie & Welch (2006), a simultaneous differentiation of viable from non-viable
spermatozoa was performed by containing the spermatozoa either with PI or with YO-PRO®1.
In the case of superoxides, samples were stained with HE (final concentration: 4 µM) and YO
PRO®-1 (final concentration: 40 µM) and incubated at 25°C for 40 min in the dark (Guthrie &
Welch, 2006). Hydroethidine is freely permeable to cells and is oxidized by O2 _● to ethidium
(E) and other products. Fluorescence of ethidium (E+) was detected through FL-3, and that of
YO-PRO®-1 was collected through FL-1. Data were not compensated.
Data are expressed as means ± SEM of percentages of viable spermatozoa with high
intracellular H2O2 levels (high DCF+ fluorescence) and of viable spermatozoa with high O2 _●
levels (high ethidium fluorescence; E+).
In the case of peroxides, spermatozoa were stained with H2DCFDA at a final concentration of
200 µM and PI at a final concentration of 10 µM, and incubated at 25°C for 60 min in the
dark. H2DCFDA is a stable cell-permeable non-fluorescent probe that is intracellularly deesterified and becomes highly fluorescent 2′,7′-dichlorofluorescein (DCF) upon oxidation
(Guthrie & Welch, 2006). This DCF fluorescence was collected through FL-1, whereas PI
fluorescence was detected through FL-3.
Unstained and single-stained samples were used for setting the EV gain, FL-1 and FL-3 PMTvoltages and data were not compensated.
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Western blot assay
A total of seven ejaculates were selected for the Western blot assay. For this purpose, 1 mLaliquot belonging to each experimental point was centrifuged at 1000 xg for 30 s and pellets
were stored at -80 °C until the beginning of the assay. When stated, pellets were then
resuspended and sonicated in 300 µL of ice-cold lysis buffer (pH 7.4) containing 50mM TrisHCl, 1mM EDTA, 10mM EGTA, 25mM dithiothreitol, 1,5 % (v:v) Triton® X-100, 1mM
phenylmethanesulfonyl fluoride, 10 µg/mL leupeptin, 1mM ortovanadate and 1mM
benzamidine. After 30 min in ice, the homogenized suspensions were centrifuged at 4°C at
600 xg for 20 min and total protein amount in supernatants was calculated through the
Bradford method (1976) using a commercial kit (Bio-Rad Laboratories; Fremont, CA, USA).
Afterwards, samples were added to a loading buffer (1:5; v:v) containing 250mM Tris-HCl
(pH 6.8), 50mM dithiothreitol, 10 % (w:v) SDS, 0.5 % (v:v) bromophenol blue and 50%
(v:v) glicerol and stored at -20 °C until their subsequent assay.
To perform the Western blot, samples were loaded into 0.75 mm gels containing 10%
acrylamide (w:v) to perform SDS-PAGE (Laemmli, 1970). After running the gels at constant
voltage (180 V), the activated proteins of gels were transferred to an immune-blot lowfluorescence polyvinylidene fluoride (PVDF) membrane (Bio-Rad) in 7 min using the TransBlot® Turbo Transfer System (Bio-Rad) with Trans-Blot® Turbo Midi Transfer Packs.
Membranes were subsequently submerged for 60 min in blocking solution consisted in a Trisbuffered saline solution added with 5% (w:v) BSA and 0.1% (v:v) Tween-20. After this time,
membranes were then submerged in blocking solution containing the appropriate
concentration of the utilized primary antibody. Membranes were incubated with the antibody
at 4°C for a minimum of 8h. The utilized primary antibodies were a mouse monoclonal clone
PY20 anti-phosphotyrosine antibody (ref. P4110; Sigma-Aldrich; St. Louis, Missouri, USA)
and a mouse monoclonal anti-tubulin (ref. T5201; Sigma-Aldrich; St. Louis, Missouri, USA).
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In both cases, the utilized dilution was of 1:1000 (v:v). The β-tubulin was used as an internal
standard to normalize the volume of protein bands, stripping and reproving membranes when
necessary.
After three washes, the immunoreaction was tested for 60 min using a horseradish peroxidase
(HRP)-conjugated polyclonal rabbit anti-mouse secondary antibody (Dako; Glostrup,
Denmark) at a dilution of 1:5000 (v:v) in blocking solution.
After six washes, the reaction was developed for 2 min with a chemiluminescent HRP
substrate (ImmunoCruz Western Blotting Luminol Reagent; Santa Cruz Biotechnology®,
Dallas, Texas, USA) according to the manufacter’s instructions and the membranes were
revealed. Prestained protein standards with a molecular mass range of approximately 250–10
kDa were used. Finally, the image analysis system Image J 1.49 (National Institute of Health,
USA) was used to quantify the changes in intensity of various bands.
Detection of lectins distribution through fluorescence microscope
The lectins used in this study were the Triticum vulgaris agglutinin (WGA), the Solanum
lycopersicum lectin (STL), the Pisum Sativum agglutinin (PSA) and the Arachis Hypogaea
agglutinin (PNA). All of them were obtained from Molecular Probes® (Invitrogen, Eugene,
OR, USA). Furthermore, all four lectins were FITC-conjugated. Briefly, 400 µL-aliquots of
sperm cells at the appropriated incubation times and treatments, were centrifuged at 1000 xg
for 30 s and the resultant pellets were fixed through of their resuspension in 400 µL of 4%
(w:v) paraformaldehyde in PBS. Fixation was conducted for a minimum of 2 h at 4 ºC in the
dark. Afterwards, samples were spread onto poly-lysine (1% w:v poly-lysine solution in H2O;
Sigma, St Louis, MO, USA) microscope slides and then were left to air-dry. After this,
samples were permeabilized by incubation for 10 min at room temperature in a standard
phosphate-buffered solution (PBS; pH 7.4) added with 0.3% (v:v) Triton® X-100. Next,
slides were washed three times with PBS and they were then blocked through incubation with
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PBS including 0.1% (v:v) Tween-20® and 5% (w:v) BSA for 60 min at 20ºC. After blocking,
the cover slip was incubated with the lectin at a different final concentration of: 1:200 (w:v)
for WGA and PSA, 1:300 (w:v) for PNA and 1:50 (w:v) for STL. All lectins solutions were
performed in PBS, and samples were incubated for 1 h at 20 ºC in a humid chamber. After
incubation, slides were further washed three times in PBS for 5 min each time and then
mounted with the anti-fading medium Vectashield H-1000 (Vector laboratories, Burlingame
CA, USA). After being covered, the slides were compressed to eliminate any excess of liquid.
Coverslips were finally sealed with colourless nail polish, and slides were stored at 4 ºC in the
dark until their microscopic observation. Negative control experiments were performed
omitting the lectin. Fluorescent images were obtained with a Leica TCS 4D confocal scanning
microscope (Leica Lasertechnik, Heidelberg, Germany) adapted to an inverted LeitzDMIRBE
microscope and a 63× (NA 1.4 oil) Leitz Plan-Apo lens (Leitz, Wetzlar, Germany). The light
source was an argon⁄ krypton laser. Successive confocal slices of images (image thickness: 0.5
µm) were integrated to perform three-dimensional spermatozoa images, which were further
stored as TIFF-format images. Each lectin used in this study generated distinct staining
patterns that were found in all non-capacitated, capacitated and AR sperm populations, with a
different intensity and position of marking.
Statistical evaluation of results
Statistical analyses were performed using a statistical package (IBM SPSS for Windows
version 2.0; SPSS Inc.; Chicago, Illinois, USA), and data from all assessments are presented
as the mean ± standard error of the mean (SEM). Data were first tested for normality and
variance homogeneity through Shapiro-Wilk and Levene tests, respectively. When required,
data (x) were transformed using the arcsine square root (arcsin Öx) before a general mixed
model (i.e. with repeated measures) was run. In this model, the intersubject factor was the
treatment (i.e. composition of capacitation media) and the intrasubject factor was the
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incubation time (i.e. 0h, 4h, 4h 1 min, 4h 5 min, 4h 60 min). In all cases, each sperm
functional parameter was the dependent variable, and multiple post-hoc comparisons were
calculated using Sidak’s test. When no transformation remedied the normality, nonparametric procedures were used with raw data. Friedman’s test and the Wilcoxon matchedpairs test were performed as non-parametric alternatives to repeated measures ANOVA. In all
statistical

analyses,

the

minimal

level
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of

significance

was

set

at P<0.05.

RESULTS
Effects of melatonin on viability, true acrosome exocytosis and capacitation-like changes
Incubation of boar spermatozoa in CM for 4 h induced a decline in the percentage of viability,
which went from 80.4%±3.7% at 0 h to 67.9%±2.8% after 4 h of incubation (Figure 1). This
decline was maintained after the addition of progesterone. Cells incubated in NCM showed an
even greater rhythm of decline (Figure 1A,B). The addition of melatonin to the CM either at 0
h of incubation or after 4 h together with progesterone did not significantly modify the
observed drop in viability (Figure 1A,B).
Percentages of true acrosome exocytosis were very low in cells incubated in CM during 4 h.
The addition of progesterone after this incubation time induced an increase in this percentage,
which reached maximal values after 60 min of the progesterone addition (67.4%±2.3%, see
Figure 1C,D). This increase was not observed in cells incubated in NCM. The addition of
melatonin either at 0 h of incubation or after 4 h together with progesterone did not modify
the observed increased in control cells incubated in CM (Figure 1C,D).
Incubation of boar sperm in the CM was concomitant with a progressive, significant (P<0.05)
increase in the percentage of viable cells with capacitation-like changes in membrane fluidity
(from 9.4%±2.6% at 0 h of incubation to 54.3%±4.9% after 4 h of incubation, see Figure
2A,B). The subsequent addition of progesterone was associated with a progressive decrease of
this percentage, underwent values of 34.6%±3.0% after 60 min of further incubation (Figure
2A,B). The addition of melatonin both at 0 h and after 4 h of incubation in CM together with
progesterone did not have any noticeable effect on the dynamic observed in control cells
(Figure 2A,B).
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Effects of melatonin on total motility and motion patterns
The percentage of total motility of cells incubated in CM underwent a progressive decline,
reaching minimal values of 27.0%±2.5% after 5 h of incubation (60 min after the addition of
progesterone, see Figure 2C,D). Incubation of sperm in NCM yielded even worse total
motility values, with a complete immobilization at the final incubation time. The addition of
melatonin at 0 h of incubation induced an immediate decrease in total motility, which was
more evident at the maximal concentration of melatonin utilized (47.2%±3.0% with 5µM
melatonin at 0 h of incubation vs. 64.0%±3.9% in control cells, see Fig. 2C). The effect of
melatonin was maintained during all of the incubation time and, in fact with 5 M a complete
immobilization after 4 h of incubation in CM was found (Figure 2C). The addition of
melatonin after 4 h of incubation together with progesterone also induced a significant
(P<0.05) decrease in total motility when compared with control cells, reaching values near the
complete immobility after 60 min of incubation at both melatonin concentrations of 1 M and
5 M (Figure 2D).
Regarding motion parameters, sperm incubated during 4 h in CM showed significant
increases of several parameters like VCL, VAP and ALH (Table 1,3). The addition of
melatonin at time 0 h significantly (P<0.05) decreased VAP values at melatonin
concentrations that did not inhibit motility (Table 1). The addition of melatonin together with
progesterone after 4 h of incubation in CM induced a decrease in VAP, LIN and STR values
after 1 min of the addition of both effectors. A slight further recovery was found with all of
the utilized melatonin concentrations excepting of 5 M in which effects were in an overall
overview more intense and more extended in time than with the lower concentrations (Table
1, 2).
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Effects of melatonin on agglutination
The incubation in CM induced a notorious percentage of agglutinated sperm, which increased
during the incubation, reaching values of 60.9%±7.5% after 4 h of incubation (Figure 3A,B).
Agglutinations were of medium size (Complementary Figure 1D,E) and the percentage of
agglutinated sperm that showed appreciable tail movement was about 45% after 4 h of
incubation (Figure 3C,D). The percentage of agglutinated sperm was roughly maintained
afterwards, without great variations after the addition of progesterone (Figure 3A,B and
Complementary Figure 1F). However, the percentage of agglutinated sperm with appreciable
tail movements showed a transient increment during the first 5 min post-progesterone
addition, and afterwards it was gradually decreasing, reaching values of only 17.3%±2.6%
after 60 min of progesterone addition (Figure 3C, D). Spermatozoa incubated in NCM did
show low percentages of agglutinated sperm (Figure 3A, B and Complementary Figure 1AC). The addition of melatonin at 0 h of incubation induced an immediate and intense,
significant (P<0.05) increase in the percentage of agglutinated sperm (56.2%±6.4% with
melatonin 5 M vs. 26.1%3.8% in control cells, see Figure 3A and Complementary Figure
1G). This increase was further maintained, reaching values of about 80-85%, depending on
the melatonin concentration, after 4 h of incubation. At these times, the size of the observed
agglutinations was very large, showing the presence of hundreds of sperm in a single
agglutination (Complementary Figure 1H). Afterwards, the percentage of agglutinated sperm
as well as the size of agglutinations was roughly maintained during all of the experimental
period (Figure 3A and Complementary Figure 1I). Regarding the percentage of agglutinated
sperm with appreciable tail movements, melatonin induced a significant (P<0.05) decrease at
all the tested concentrations, reaching minimal values after 4 h of incubation (for example,
12.8%±1.9% in cells incubated with 5 M melatonin vs. 43.2%3.2% in control cells
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incubated in CM, see Figure 3C). Further addition of progesterone induced a similar dynamics
to that observed in control cells incubated in CM, although the intensity of the peak found
after the first 5 min post-progesterone addition was much lower, or even practically abolished
with 5 M melatonin (Figure 3C). Finally, the addition of melatonin after 4 h of incubation in
CM together with progesterone had not a clear effect either on the percentage of agglutination
or in the percentage of agglutinated sperm with tail movements (Figure 3B, D). The only
remarkable effect was observed after 60 min of post-progesterone addition in which cells
incubated with progesterone and 1 M or 5 M melatonin maintained the percentage of
agglutinated sperm with tail movements at similar levels to those observed during the first 5
min of post-progesterone incubation (Figure 3D and Complementary Figure 1J).
Effects of melatonin on the peroxide or superoxide concentrations
Incubation of boar sperm in CM induced a slight but significant (P<0.05) increase in the
percentage of cells with high H2O2 intracellular level, which went from 1.6%±0.2% at 0 h of
incubation to 5.8%±1.3% after 4 h (Figure 4A,B). This is in contrast with cells incubated in
CM in which the increase of this percentage was remarkably greater (9.4%±2.5% after 4 h of
incubation, Figure 4A, B). The subsequent addition of progesterone did not significantly
modify the percentage of high-H2O2 cells in sperm incubated in CM, whereas those incubated
in NCM showed a slight, gradual increase, reaching values of 13.6%±2.9% after 60 min of
progesterone addition (Figure 4A,B). The addition of melatonin to the CM at 0 h of
incubation did not significantly affect the dynamics observed in control cells except with 5M
melatonin in which there was a significant (P<0.05) decrease of this percentage after 1 min of
the progesterone addition that was not further recovered (Figure 4A). The addition of
melatonin together with progesterone after 4 h of incubation in CM did also show a
significant (P<0.05) decrease of this percentage compared to control cells with both 1 M and
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5 M melatonin at 1 min post-progesterone addition, although subsequent incubation
recovered this effect (Figure 4B).
The percentage of cells with high intracellular O2_● levels in boar sperm samples incubated in
CM went from 1.4%±0.2% at 0 h to 6.2%±1.7% after 4 h of incubation (Figure 4C,D).
Subsequent addition of progesterone did not have a remarkable effect on this point, showing
only a gradual increase with values of 9.0%±2.8% after 60 min of the progesterone addition
(Figure 4C,D). This percentage was significantly greater in cells incubated in NCM, reaching
values of 19.8%±4.1% after 60 min of the progesterone addition (Figure 4C,D). The addition
of melatonin at any of the tested concentrations both at 0 h and after 4 h of incubation
together with progesterone did not have any remarkable effect on the dynamics of the
percentage of cells with high O2_● levels observed in control cells incubated in CM (Figure
4C,D).
Effects of melatonin on the free-cysteine residues in both head and tail extracts of boar
spermatozoa
The incubation of boar sperm samples in CM induced a progressive increase in the free
cysteine levels from head extracts which went from 3.9 nmol/g protein±0.3 nmol/g protein at
0h of incubation to 17.2 nmol/g protein±2.3 nmol/g protein after 4 h of incubation (Figure
5A,B). This increase was not observed in cells incubated in NCM. Subsequent addition of
progesterone did not increase these levels, and there were even a slight gradual decrease with
values of 11.3 nmol/g protein±1.7 nmol/g protein 1h after the progesterone addition (Figure
5A,B). The addition of melatonin at 0 h of incubation had a dramatic effect on free cysteine
levels from head extract, inducing a practical abolishing of the increase observed in control
cells. Thus, as observed in Figure 5A, the addition of 0.5 M melatonin caused an increase of
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these levels after 4 h of incubation to levels of only 4.8 nmol/g protein±0.7 nmol/g protein,
whereas higher melatonin concentrations inhibited any increase. This abolishing effect was
maintained after the addition of progesterone. When melatonin was added after 4 h of
incubation with progesterone, a similar abolishing effect on free cysteine levels from head
extract was also observed. In this way, the addition of the lowest concentration of melatonin
utilized lowered these levels after only 1 min of the addition to values of 9.4 nmol/g
protein±2.0 nmol/g protein, whereas higher concentrations of the effector even had a greater
effect.
Similarly to that observed in head extracts, the free cysteine levels from tail extracts
underwent a progressive increase during the incubation of cells in CM. Thus, these values
went from 3.7 nmol/g protein±0.6 nmol/g protein at 0 h of incubation to 9.3 nmol/g
protein±1.9 nmol/g protein after 4 h of incubation (Figure 5C,D). These values were roughly
maintained after the addition of progesterone. The addition of melatonin to the CM at 0 h
induced a practically complete abolition of this increase at any concentration tested (Figure
5C). On the contrary, the addition of melatonin after 4 h of incubation together with
progesterone had no any clear effect on this parameter until 60 min post-progesterone
addition, in which the free cysteine levels from tail extracts increased in a melatonin dosedependent manner (12.8 nmol/g protein±2.4 nmol/g protein in cells treated with 5 M
melatonin vs. 8.9 nmol/g protein±1.7 nmol/g protein in control sperm, see Figure 5C).
Effects of melatonin on tyrosine phosphorylation levels of P32 protein
As expected, incubation of boar sperm in CM during 4 h induced a noticeable increase in the
tyrosine phosphorylation levels of the P32 protein, which was roughly maintained after the
progesterone addition (Figure 6,7). The addition of melatonin at time 0 h in the CM did not
appreciably modified the increase in P32 tyrosine phosphorylation after 4 h of incubation in
- 156 -

CM (Figure 6). Variations in the tyrosine phosphorylation of P32 were only found with 5 M
melatonin, but only after the addition of progesterone and in a non-uniform manner, with a
great variability in the observed changes among the performed experiments (Figure 6 and data
not shown). Furthermore, the addition of melatonin together with progesterone after 4 h of
incubation in CM only showed a noticeable decrease in the tyrosine phosphorylation intensity
mark of P32 at 5 min and 60 min post-progesterone addition and with 5 M melatonin (Figure
7).
Effects of melatonin on spatial location of separate lectins
At the beginning of incubation in CM, boar sperm showed a specific WGA signal located at
the head and the whole tail, although the maximal intensity of the signal was observed at the
acrosomal edge (Figure 8). Cells incubated in the NCM showed a similar marking, although
the acrosomal signal was much less intense. The incubation for 4 h in the CM induced an
evident increase in the intensity of the acrosome-located signal that was uniformly distributed
through the entire acrosomal structure (Figure 8). These changes were not detected in cells
incubated in the NCM for 4 h. The subsequent addition of progesterone to the CM induced
further modifications in the acrosome signal of WGA. Thus, after 1 min of progesterone
addition there were small changes, with some cells showing a certain degree of loss of the
inner lectin signal and other with an irregular acrosome marking. The progesterone-induced
changes were more evident after 5 min of its addition, with a much greater number of cells
showing a diffuse inner acrosomal signal or an irregular acrosome marking (Figure 8). These
patterns were also detected after 60 min post-progesterone addition. The incubation of boar
sperm in CM added with 1  melatonin from the start of the incubation induced after 4 h of
incubation the appearance of a noticeable number of sperm in which the incubation-linked
increase of the acrosomal signal observed in control cells was altered. Thus, there were sperm
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in which the lectin signal of the triangular post-acrosomal area was totally lost, whereas the
majority of cells showed a much more intense acrosome signal than that of control sperm
(Figure 8). There were even cells in which the head signal was practically lost at all (Figure
8). Furthermore, the addition of progesterone to sperm incubated for 4 h in melatonin-added
CM did not induce evident and immediate changes in the WGA acrosome signal. However,
after 60 min of incubation a whole acrosome signal (without markings in the triangular postacrosomal area) slightly more intense than that observed in control CM cells was found
(Figure 8). The addition of 1 M melatonin to the CM after 4 h of incubation together with
progesterone did not induce evident changes in the distribution of the WGA signal (Figure 8).
Regarding the spatial location of the STL signal, it was located in boar sperm at the head and
the midpiece at 0 h of incubation in CM (in some cells, STL was evident in the entire tail),
with a more prominent intensity signal at the whole acrosome area (Figure 9). The signal in
cells incubated in the NCM at 0 h was similar, although there was a noticeable heterogeneity
in the distribution of the acrosome marking. The incubation for 4 h in the CM induced the
appearance of at least two separate types of STL markings. The first type was formed by cells
with and intense and uniform signal through the entire acrosome area. The other type of cells
showed a less intense signal, with the greater intensity concentrated at the acrosomal edge
(Figure 9). In all types, the midpiece STL signal was much decreased or even totally
disappeared. The addition of progesterone after 4 h of incubation induced a rapid loss of the
acrosome signal in practically all cells, that was already evident 1 min post-progesterone
addition, whereas tail signal prominently increased (Figure 9). The loss and the increase in the
heterogeneity of the acrosome signal were maintained afterwards, together with the
maintenance of the tail marking. The addition of 1 M melatonin at the start of the incubation
with CM was also accompanied with an increased heterogeneity of the STL acrosome signal
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after 4 h of incubation, together with a noticeable marking of the tail (Figure 9). The addition
of progesterone also induced a clear loss of STL acrosome signal in those sperm incubated in
the presence of melatonin, showing the majority of cells a more intense signal at the acrosome
edge. Subsequent incubation times did not clearly modify this loss; although the majority of
cells showed a more or less uniform intensity signal on the entire acrosome area until 60 min
post-progesterone addition (Figure 9). The addition of 1 M melatonin to the CM together
with progesterone did not clearly affected the observed STL signal in control CM cells,
although in contrast to control CM sperm, several cells showed a clearly intense acrosome
signal after 1 min of the melatonin-plus-progesterone addition (Figure 9).
The signal linked to the PSA marking of boar sperm at the start of the incubation in CM was
observed in the whole cell, although the most intense marking was detected at the entire
acrosomal area. In case of cells incubated in NCM, the acrosomal signal was much less
intense, with a well-marked acrosome edge (Figure 10). The incubation for 4 h in CM induced
an overall increase of the intense signal both at the head and the tail, although the triangular
post-acrosomal area was left without PSA signal. The subsequent addition of progesterone
induced a rapid loss of the PSA signal linked to acrosome, that was evident in a high
percentage of cells as soon as 1 min after the hormone addition, whereas other showed a clear
disorganization of the acrosome signal (Figure 10). The presence of separate types of sperm
with various degrees of disorganization of the acrosome signal (from an intense signal to its
loss), was maintained after 60 min of the progesterone addition. The addition of 1 M
melatonin to the CM at 0 h of incubation did not seem to have a clear effect on the PSA
location during the incubation time, even after 4h of the progesterone addition (Figure 10).
Likewise, the addition of 1 M melatonin after 4 h of incubation in CM together with
progesterone did not show any clear effect on the PSA distribution signal.
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Regarding the location of the PNA signal in boar sperm incubated in CM for 0 h, this lectin
was exclusively located at the whole acrosome surface. This distribution did not change after
4 h of incubation either in CM or in NCM (Figure 11). The addition of progesterone did not
modify the main location of the PNA signal, although there were cells that showed
heterogeneity of the acrosome signal and, surprisingly, there were even sperm with a clear
PNA marking located at the entire tail (Figure 11). The addition of progesterone after 4 h of
incubation in the CM induced the appearance of a greater heterogeneity of the acrosome
signal, starting to appear cells less intensity of marking and others with a faint marking
uniquely limited to the acrosome edge associated with an intense signal in the triangular postacrosomal area (Figure 11). These changes were very rapid, starting at only 1 min postprogesterone addition and melatonin did not have any clear effect on the observed dynamics
of the PNA signal, either when added at the time 0h of incubation or after 4h together with
progesterone (Figure 11).
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DISCUSSION
The results shown in this manuscript unveil a complex overview on the role of melatonin
during the achievement of the capacitation status and subsequent sensitization to launch
acrosome exocytosis in boar sperm. Thus, whereas on one side melatonin seems not to have a
definite effect on the achievement of IVC and further launching of IVAE, on the other side
the hormone profoundly affects sperm through promoting sperm agglutination. In this sense,
our results seem to indicate that the yielding of capacitation status requires the coordination of
a myriad of separate groups of events that could be a common basis in the initial activation of
the cAMP-dependent protein kinase PKA (Ickowicz et al., 2012). From the activation of PKA
onwards, however, there are a very wide array of PKA-sensitive molecular cascades that
regulate specific points of the capacitation process. In many cases, these cascades are
activated by separate and specific PKA-activated pathways. For instance, it is well known that
PKA can activate the Ca2+-dependent pathway linked to the activation of kinases like PKC
through a canonical phosphoinositol modulation system (Ickowicz et al., 2012). Meanwhile at
the same time the same PKA activation leads to a subsequent activation of the molecular
cascade linked to the pp60sc-src (SRC) factor (Mitchell et al., 2008). These examples are
important, since both of them acts on sperm motility regulation (Ickowicz et al., 2012)
although through separate ways. In this way, it is possible that factors like melatonin could act
on only one or a very few points of the separate PKA-activated molecular pathways in a
manner that could act on only specific points of the whole capacitation process.
Taking into account the effects of melatonin on sperm motility, results seem to show that, in
fact, these effects were more likely due to a stimulation of agglutination than a direct action of
motion parameters. In fact, the launching of IVC in several species is accompanied with an
increase in the percentage of agglutinated sperm ((monkey (Boatman & Bavister, 1984), bull
- 161 -

(Ehrenwald et al., 1990, Lefebvre & Suarez, 1996), pig (Funahashi & Day, 1993)). In this
way, sperm agglutination can be caused by phenomena other than the presence of antibodies
(Yakirevich et al., 1999) simple cell degeneration (Harayama et al., 1998) as capacitation by
itself. Thus, many components of the capacitation media in separate species can activate
agglutination through mechanisms that are only poorly understood. In this way, substances
like heparin in many species (Boatman and Bavister, 1984; Ehrenwald et al., 1990; Funahashi
and Day, 1993; Lefebvre and Suarez, 1996) BSA in horse (Bromfield et al., 2014) or
bicarbonate and calcium in boar, bull and monkey (Lindahl & Sjöblom, 1981; Boatman and
Bavister, 1984; Harayama et al., 1998; Harayama and Kato, 2002) can act as agglutinationactivating factors. In this way, in our conditions melatonin could simply act as an activator of
another component of the CM that has a potent agglutinating effect by itself. In fact, our
results suggest that in our conditions bicarbonate could be the agglutinating factor that would
be potentiated by the addition of melatonin. This hypothesis is based in previous works from
our own laboratory, in which boar sperm IVC was achieved in a medium without
supplementation of bicarbonate. In these cases, both IVC and subsequent IVAE were
achieved but without the presence of significant amounts of sperm agglutination (Ramió et al.,
2008; Ramió-Lluch et al., 2011, 2014 and unpublished data). On the contrary, the addition of
bicarbonate to the CM, which was the only change that the CM had in this work when
compared with previous reports (Yeste et al., 2015b) induced by itself a noticeable percentage
of agglutination from the 0h incubation time onwards. The mechanism by which bicarbonate
would induce head-to-head sperm agglutination seems to be related with the increase of
intracellular cAMP via activation of the bicarbonate-sensitive adenylyl cyclase and the
subsequent PKA activation (Harayama and Kato, 2002). At this moment, we cannot
determine the exact mechanism of action by which melatonin could potentiate this putatively
bicarbonate-mediated effect. Despite this, we could hypothesize a putative melatonin
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potentiating action on the cAMP-mediated, bicarbonate induced sperm agglutination in CM.
Regardless of this hypothesis; our results also indicate that boar sperm IVC/IVAE could be
better conducted in a medium without the addition of bicarbonate. The lack of appreciable
levels of sperm agglutination accompanied with the achievement of feasible IVC and further
IVAE could indicate, in fact, that the low, endogenously produced bicarbonate after the
incubation for 4h in a 5% CO2 atmosphere is enough to launch the appropriate cAMP-PKAdependent molecular changes conducting to a feasible capacitated status. Finally, regarding
the mechanism/s of action by which melatonin induced sperm agglutination, our results are
not conclusive. Despite this, these mechanisms seem not to be related with notorious changes
in the glycocalix composition of sperm membrane surface, since results obtained after the
incubation with separate lectins did not show any prominent change on this point. Thus, other
mechanisms like changes in the ionic strength of the sperm cell membrane could be more
adequate to explain the observed agglutinating effects.
Regarding the effects of melatonin on the percentage of sperm with high intracellular ROS,
our results indicate that the antioxidant action of melatonin seems not to play a prominent role
in the observed effects during IVC and IVAE and, specifically, on the agglutination
stimulation. This conclusion could be surprising at a first glance. However, we must remind
that, in fact, boar sperm is characterized by a very low ROS production rate, even when
subjected to treatments that induces the appearance of high intracellular ROS in other species,
such as freezing-thawing (Bilodeau et al., 2000; Yeste et al., 2015a; 2015b). Thus, if high
ROS levels are a fairly rare event in boar sperm, it would be logical that any antioxidant effect
caused by an effector should very subtle, if detectable. The main cause by which boar sperm
don’t accumulate high ROS levels in practically no circumstance could be linked to a speciesspecific mitochondria function. Thus, previous reports pointed out that mitochondrial energy
production of boar sperm is very low, even though important to maintain several functions
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like motility (Rodríguez-Gil and Bonet, 2015). When centring in the launching of boar sperm
IVC and subsequent progesterone-induced IVAE, results also showed that the O2
consumption rate was maintained low, as well as the overall intracellular ATP levels, during
almost all of the procedure (Ramió-Lluch et al., 2014). Even more, when cells were incubated
in the presence of olygomicin A, a specific inhibitor of the mitochondrial ATP synthase
(Ramió-Lluch et al., 2014), both the O2 consumption rate and the ATP levels were not
diminished (Ramió-Lluch et al., 2013). This lack of effect of olygomicin A on O2
consumption rate could suggest that in the majority of the lifespan of boar sperm
mitochondria would be in an uncoupled status. One consequence of this uncoupled status
would be the yielding of a low rate of ROS production due to a sub-stimulation of the
electronic chain, which is the most important ROS-synthesizing point (Rodríguez-Gil and
Bonet, 2015). Interestingly, the progesterone-modulated launching of IVAE is concomitant
with a sudden and intense peak in both O2 consumption rate and intracellular ATP levels
(Balis et al., 1999; Ramió-Lluch et al., 2011), which could be related with a progesteroneconcomitant mitochondria coupling. Following this rationale, the moment of the
progesterone-concomitant mitochondrial coupling would be associated with a temporary
increase in ROS formation, especially in form of peroxides (Tait et al., 2012). This is
interesting, since the addition of melatonin together with progesterone induces a decrease in
the percentage of high peroxides levels, which would be compatible with the above described
hypothesis. Notwithstanding, regardless of the existence of a putative relationship between the
progesterone-induced launching of IVAE and the adoption of a temporary mitochondrial
coupling status, our results also indicate that peroxides levels seems not to be instrumental in
the fully achievement of the progesterone-induced IVAE, since the melatonin-induced
decrease when the effector is added together with progesterone did not modify the IVAE
dynamics observed in control cells.
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Another striking result observed following the incubation of melatonin was the intense drop in
the intracellular free cysteine levels from both head and tail extracts. In fact, a noticeable
result that can be observed from our results is that the achievement of boar sperm IVC is
concomitant with an increase of both head and tail free cysteine levels. This parameter is an
indirect marker of the number of broken disulfide bonds present in the cellular extracts, since
although not all of the determined free cysteine radicals would be originated after the
breaking of disulfide bonds, a significant percentage of them would have this origin (Yeste et
al., 2014). We can only hypothesize about the biological significance of this result. In any
case, an increase in the number of broken disulfide bonds in boar sperm head would be linked
with a loss in the number of linking points among boar sperm DNA and the surrounding
nuclear protamines, since disulfide bonds are one of the most important linkage mechanisms
between both structures (Yeste et al., 2013). As a consequence, boar sperm achieving IVC
would have a nucleoprotein structure less tightly structured than that from sperm at the start of
the incubation in the CM. Obviously, this change would not be present in cells incubated with
melatonin. Our results also indicated that the melatonin-induced inhibition of the IVCconcomitant increase in head boar sperm free cysteine levels had no effect in the achieving of
this status, as well as in the fully accomplishment of the subsequent progesterone-induced
IVAE. However, one possibility would be that the maintenance of a proper number of head
sperm free cysteine levels and hence of DNA-protamines disulfide bonds, would be of
importance in further events of boar sperm biology, such as the proper decondensation of
head sperm after oocyte penetration. Further work involving studies of in vitro fecundation
will be needed in order to elucidate this point. Another matter would be the concomitant
increase of tail sperm free cysteine levels during the achievement of the IVC status and its
melatonin inhibition. It is well known that disulfide bonds are important in the maintenance of
a proper structure in the whole sperm flagellum structure (Ijiri et al., 2014). Specifically,
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disulfide bonds linked to a protein linked to the outer dense fiber 1 (Cabrillana et al., 2011)
Thus, it would be logical to assume that changes in the tail sperm free cysteine levels would
be related with changes in flagellum structure that, in turn, would yield in subtle changes of
the precise sperm motion dynamics. In this sense, it has been described that the cleavage of
disulfide bonds in mouse hexokinase-I isozyme 1 is related with the initiation of sperm
motility (Nakamura et al., 2008). In this manner, it would be logical to suppose that subtle
changes in the number and location of disulfide bonds along the flagellum or in flagellumbond related proteins like sperm hexokinase-1 (Cabrillana et al., 2011; 2016) could be
involved in the changes of motion parameters observed during the achievement of IVC. In
fact, in our experimental design, melatonin at concentrations below 5µM effectively disrupted
the IVC-linked changes of motion parameters like VCL, VAP and ALH in non-agglutinated
sperm. Of course, this melatonin effect could be related with other mechanisms like the
agglutination activation by itself. Despite this, our results strongly suggest the existence of a
regulating mechanism of action linked to changes in the number and location of disulfide
bonds as a part of the whole mechanisms involved in the control of sperm motility changes
during IVC.
In summary, our results suggest that melatonin can play a significant role in the modulation of
the achievement of IVC and subsequent, progesterone-induced IVAE in boar sperm. The
main role of melatonin in this fact would be linked to effects on sperm motility, both through
stimulation of sperm agglutination and modulation of changes in sperm motion parameters
through stabilization of flagellum disulfide bonds, although other roles like modulation of
IVC-concomitant changes in nucleoprotein structure tightness through stabilization of head
sperm disulfide bonds could be also of importance. In any case, further studies will be needed
in order to establish the precise mechanism/s by which melatonin could exert these effects.
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Table 1. Effects of melatonin on curvilinear velocity and mean velocity of boar
spermatozoa subjected to in vitro capacitation and subsequent, progesterone-induced in
vitro acrosome exocytosis
Incubation time

0h

CC+
Melatonin 0.5µM
Melatonin 1 µM
Melatonin 5 µM
Melatonin 0.5 µM
+PG
Melatonin 1 µM +PG
Melatonin 5 µM +PG

77.02.9a*
65.72.1a
67.52.3a
56.21.8a*
62.52.5a

C-

65.72.1a
65.72.1a
65.72.1a
a*

35.51.4

a

C+

46.02.4

Melatonin 0.5 µM

48.12.0

Melatonin 1 µM

39.81.4

Melatonin 5 µM
Melatonin 0.5 µM
+PG
Melatonin 1 µM +PG

39.81.6

a

a*
a*
a

46.02.4

a

46.02.4

a

4h
1 min
VCL (µm/s)
39.01.1b*
39.10.9b*
72.92.9b
74.13.2b
55.61.5b*
57.91.7b*
60.72.5a*
59.12.6a*
N.D.
N.D.

5 min

60 min

38.51.2c*
81.43.7b
57.02.2b*
61.23.5a*
N.D.

N.D.
81.64.3b
44.51.2c*
41.22.8b*
N.D.

68.22.7a

90.84.7c

76.53.9b

72.92.9b
67.72.6a
72.92.9b
71.43.1ab
VAP (µm/s)

89.94.5c
81.14.3c

76.84.2b
66.84.0a*

72.92.9b

25.11.1

b*

62.63.2
44.62.2
37.41.2
N.D.

b

a*
a*

62.63.2
62.63.2

b
b
b

b*

27.51.6

b

59.82.7

a*

47.02.7

b*

47.22.6
N.D.

a*

40.82.0

a*

40.92.0

c*

33.60.9

b*

56.72.8
62.63.7
67.23.6
N.D.
72.24.1
71.93.9

b
b

c*

c*
c*
d

N.D.
b

56.83.3

c*

85.65.4

d*

92.46.1
N.D.

a

49.13.0

a

50.13.1

c*

Melatonin 5 µM +PG
46.02.4
62.63.2
38.81.8
55.43.1
39.51.7
Sperm were subjected to IVC and further IVAE as described in the Material and Methods
section. Likewise, determination of motion parameters through CASA and statistical analyses
has been also described in the Material and Methods section. Cells were incubated in a nocapacitating medium (C-) or in a capacitating medium without (C+) or with melatonin at final
concentrations of 0.5 µM (Melatonin 0.5 µM), 1 µM (Melatonin 1 µM) and 5 µM (Melatonin
5 µM). Incubation was maintained during 4h and afterwards, progesterone was added as
described in the Material and Methods section. Simultaneously, three more aliquots were
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incubated in capacitating medium and, after 4h of incubation were added with progesterone
and 0.5 µM melatonin (Melatonin 0.5 µM +PG), progesterone with 1 µM melatonin
(Melatonin 1 µM +PG) and progesterone with 5 µM (Melatonin 5 µM +PG). In all cases, cells
were subsequently incubated and aliquots were taken after 1 min, 5 min and 60 min. Separate
superscripts indicate significant differences (P<0.05) among values in a row. Asterisks
indicate significant differences (P<0.05) when compared with the C+ value from the same
time of incubation. Results are shown as means ± S.E.M. for 7 separate experiments.
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Table 2. Effects of melatonin on linearity coefficient and straightness coefficient of boar
spermatozoa subjected to in vitro capacitation and subsequent, progesterone-induced in
vitro acrosome exocytosis
Incubation time

0h

4h
LIN (%)
a*

C-

23.61.1

C+

36.21.4

Melatonin 0.5 µM

42.01.9

Melatonin 1 µM

36.21.7

Melatonin 5 µM

39.82.2

Melatonin 0.5 µM
+PG
Melatonin 1 µM
+PG
Melatonin 5 µM
+PG

36.21.4

a
a
a
a
a

a

36.21.4

a

36.21.4

35.11.3

b*

44.82.4
34.81.8

b

b*

30.82.1
N.D.

a*

44.82.4
44.82.4
44.82.4

b

b

b

1 min

5 min
b

36.31.6

a

39.91.7

b

33.51.6

a

33.61.4
N.D.

c*

26.81.2

c*

25.71.6

c*

26.01.3

33.61.5

60 min
b*

47.92.3

b

43.22.2
44.92.4
N.D.
36.51.8
36.31.9
30.11.9

a

b

a*

a*

c*

N.D.
a

37.12.0

b

33.22.1

a

35.31.8
N.D.

a

32.71.5

a

33.21.8

c*

28.21.2

STR (%)
C-

a*

55.82.3

a

C+

63.32.4

Melatonin 0.5 µM

64.72.3

Melatonin 1 µM

62.12.4

Melatonin 5 µM

63.12.4

a
a
a

48.52.4

b*

70.93.0
83.93.4
52.11.5
N.D.

b

b*
b*

b*

44.62.0

ab

67.72.8

a

67.13.0

ab

68.62.5
N.D.

43.61.9

b*

71.02.9

b

69.03.6
79.13.6
N.D.

a
c

N.D.
b

76.23.3

b

81.24.5

b

73.93.1
N.D.

a
b
a
b
b
Melatonin 0.5 µM
63.32.4
70.93.0
60.62.5
76.13.7
77.14.4
+PG
a
b
a
b
b
Melatonin 1 µM
63.32.4
70.93.0
58.11.8
70.52.6
76.04.5
+PG
a
b
b*
a*
a*
Melatonin 5 µM
63.32.4
70.93.0
55.61.6
64.61.9
64.82.9
+PG
Sperm were subjected to IVC and further IVAE as described in the Material and Methods
section. Likewise, determination of motion parameters through CASA and statistical analyses
has been also described in the Material and Methods section. Cells were incubated in a no- 179 -

capacitating medium (C-) or in a capacitating medium without (C+) or with melatonin at final
concentrations of 0.5 µM (Melatonin 0.5 µM), 1 µM (Melatonin 1 µM) and 5 µM (Melatonin
5 µM). Incubation was maintained during 4h and afterwards, progesterone was added as
described in the Material and Methods section. Simultaneously, three more aliquots were
incubated in capacitating medium and, after 4h of incubation were added with progesterone
and 0.5 µM melatonin (Melatonin 0.5 µM +PG), progesterone with 1 µM melatonin
(Melatonin 1 µM +PG) and progesterone with 5 µM (Melatonin 5 µM +PG). In all cases, cells
were subsequently incubated and aliquots were taken after 1 min, 5 min and 60 min. Separate
superscripts indicate significant differences (P<0.05) among values in a row. Asterisks
indicate significant differences (P<0.05) when compared with the C+ value from the same
time of incubation. Results are shown as means± S.E.M. for 7 separate experiments.
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Table 3. Effects of melatonin on mean amplitude of lateral head displacement and
frequency of head displacement of boar spermatozoa subjected to in vitro capacitation
and subsequent, progesterone-induced in vitro acrosome exocytosis
Incubation time

0h

4h
ALH (µm)
a*

C-

2.560.05

C+

3,800,12

Melatonin 0.5 µM

3,310,09

Melatonin 1 µM

3.500.14

Melatonin 5 µM

3.890.13

Melatonin 0.5 µM
+PG
Melatonin 1 µM
+PG
Melatonin 5 µM
+PG

3,800,12

a

a*
a
a
a

a

3,800,12

a

3,800,12

2.570.09

a*

4.130.13
2.880.08
2.720.09
N.D.

b

b*
b*

4.130.13
4.130.13
4.130.13

b

b

b

1 min

5 min
b*

2.180.11

c

4.930.15

c*

4.100.12

a*

3.680.08
N.D.

b

4.820.20

c

5,380.25

c

5.180.20

60 min

2.140.10

b*

4.640.15
3.630.12

c

ac*

3.490.11
N.D.

a*

5.090.20

b

4.960.19
4.930.18

c

c

N.D.
b

4.000.11

d*

5.130.21

a

3.850.10
N.D.

a

3.810.14

d*

3.090.11

d*

2.990.06

BCF (Hz)
C-

a*

2.920.04

a

C+

6.680.17

Melatonin 0.5 µM

6.730.15

Melatonin 1 µM

6.160.11

Melatonin 5 µM

6.050.10

a

a*
a*

3.970.26

b*

6.540.19
6.700.16
5.950.11
N.D.

a
a

a*

b*

3.880.21

b

7.180.18

b

7.200.12

b*

6.760.20
N.D.

4.010.24

b*

6.280.21
6.970.24
6.900.24
N.D.

a

b*
b*

N.D.
c

6.030.19

ab*

6.850.21

c*

7.200.27
N.D.

a
a
b*
Melatonin 0.5 µM 6.680.17a
4.370.06c*
6.540.19
6.860.21
5.460.09
+PG
a
b
c*
d*
Melatonin 1 µM 6.680.17a
6.540.19
7.480.29
4.980.09
3.910.08
+PG
ab
b*
c*
d*
Melatonin 5 µM 6.680.17a
6.540.19
6.440.17
4.920.08
3.850.07
+PG
Sperm were subjected to IVC and further IVAE as described in the Material and Methods
section. Likewise, determination of motion parameters through CASA and statistical analyses
has been also described in the Material and Methods section. Cells were incubated in a no- 181 -

capacitating medium (C-) or in a capacitating medium without (C+) or with melatonin at final
concentrations of 0.5 µM (Melatonin 0.5 µM), 1 µM (Melatonin 1 µM) and 5 µM (Melatonin
5 µM). Incubation was maintained during 4h and afterwards, progesterone was added as
described in the Material and Methods section. Simultaneously, three more aliquots were
incubated in capacitating medium and, after 4h of incubation were added with progesterone
and 0.5 µM melatonin (Melatonin 0.5 µM +PG), progesterone with 1 µM melatonin
(Melatonin 1 µM +PG) and progesterone with 5 µM (Melatonin 5 µM +PG). In all cases, cells
were subsequently incubated and aliquots were taken after 1 min, 5 min and 60 min. Separate
superscripts indicate significant differences (P<0.05) among values in a row. Asterisks
indicate significant differences (P<0.05) when compared with the C+ value from the same
time of incubation. Results are shown as means± S.E.M. for 7 separate experiments.
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Figure 1. Effects of melatonin on percentages of viability and true acrosome exocytosis of
boar sperm subjected to in vitro capacitation and subsequent progesterone-induced
acrosome exocytosis.
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Parameters and the achievement of both IVC and IVAE have been described in the Material
and Methods section. A,B): percentages of viability. C,D): percentages of true acrosome
exocytosis. A,C): results obtained after incubation of sperm in the presence of melatonin from
the time 0h of incubation. B,D): results obtained through the addition of melatonin after 4h of
incubation in the appropriate medium, either CM or NCM, together with progesterone. :
sperm incubated in the NCM medium. : cells incubated in the CM medium. : spermatozoa
incubated in CM in the presence of 0.5µM melatonin.: spermatozoa incubated in CM in the
presence of 1µM melatonin. : spermatozoa incubated in CM in the presence of 5µM
melatonin. Asterisks indicate significant (P<0.05) differences when comparing with results
obtained in cells incubated in the CM alone. Figure shows means± S.E.M. for 6 separate
experiments.
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Figure 2. Effects of melatonin on percentages of sperm with capacitation-like changes in
membrane fluidity and total motility of boar sperm subjected to in vitro capacitation
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and subsequent progesterone-induced acrosome exocytosis.
Parameters and the achievement of both IVC and IVAE have been described in the Material
and Methods section. A,B): percentages of changes in membrane fluidity. C,D): percentages
of total motility. A,C): results obtained after incubation of sperm in the presence of melatonin
from the time 0h of incubation. B,D): results obtained through the addition of melatonin after
4h of incubation in the appropriate medium, either CM or NCM, together with progesterone.
: sperm incubated in the NCM medium. : cells incubated in the CM medium. :
spermatozoa incubated in CM in the presence of 0.5µM melatonin.: spermatozoa incubated
in CM in the presence of 1µM melatonin. : spermatozoa incubated in CM in the presence of
5µM melatonin. Asterisks indicate significant (P<0.05) differences when comparing with
results obtained in cells incubated in the CM alone. Figure shows means± S.E.M. for 6
separate experiments.
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Figure 3. Effects of melatonin on percentages of agglutinated sperm and agglutinated
sperm with noticeable tail movements of boar sperm subjected to in vitro capacitation
and subsequent progesterone-induced acrosome exocytosis.
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Parameters and the achievement of both IVC and IVAE have been described in the Material
and Methods section. A,B): percentages of agglutinated sperm. C,D): percentages of
agglutinated sperm with tail movement. A,C): results obtained after incubation of sperm in the
presence of melatonin from the time 0h of incubation. B,D): results obtained through the
addition of melatonin after 4h of incubation in the appropriate medium, either CM or NCM,
together with progesterone. : sperm incubated in the NCM medium. : cells incubated in
the CM medium. : spermatozoa incubated in CM in the presence of 0.5µM melatonin.:
spermatozoa incubated in CM in the presence of 1µM melatonin. : spermatozoa incubated
in CM in the presence of 5µM melatonin. Asterisks indicate significant (P<0.05) differences
when comparing with results obtained in cells incubated in the CM alone. Figure shows
means± S.E.M. for 6 separate experiments.
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Figure 4. Effects of melatonin on percentages of cells with high intracellular peroxides
and superoxides levels of boar sperm subjected to in vitro capacitation and subsequent
progesterone-induced acrosome exocytosis.
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Parameters and the achievement of both IVC and IVAE have been described in the Material
and Methods section. A,B): percentages of high peroxides. C,D): percentages of high
superoxides. A,C): results obtained after incubation of sperm in the presence of melatonin
from the time 0h of incubation. B,D): results obtained through the addition of melatonin after
4h of incubation in the appropriate medium, either CM or NCM, together with progesterone.
: sperm incubated in the NCM medium. : cells incubated in the CM medium. :
spermatozoa incubated in CM in the presence of 0.5µM melatonin.: spermatozoa incubated
in CM in the presence of 1µM melatonin. : spermatozoa incubated in CM in the presence of
5µM melatonin. Asterisks indicate significant (P<0.05) differences when comparing with
results obtained in cells incubated in the CM alone. Figure shows means± S.E.M. for 6
separate experiments.
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Figure 5. Effects of melatonin on intracellular free cysteine radicals levels from both
heads and tails extracts of boar sperm subjected to in vitro capacitation and subsequent
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progesterone-induced acrosome exocytosis.
Parameters and the achievement of both IVC and IVAE have been described in the Material
and Methods section. Sperm were subjected to IVC and further IVAE as described in the
Material and Methods section. Likewise, determination techniques of free cysteine radical
levels in both head extracts (A, B) and tail ones (C, D) have been also described in the
Material and methods section. A,C): results obtained after incubation of sperm in the presence
of melatonin from the time 0h of incubation. B,D): results obtained through the addition of
melatonin after 4h of incubation in the appropriate medium, either CM or NCM, together with
progesterone. : sperm incubated in the NCM medium. : cells incubated in the CM
medium. : spermatozoa incubated in CM in the presence of 0.5µM melatonin.:
spermatozoa incubated in CM in the presence of 1µM melatonin. : spermatozoa incubated
in CM in the presence of 5µM melatonin. Asterisks indicate significant (P<0.05) differences
when comparing with results obtained in cells incubated in the CM alone. Figure shows
means± S.E.M. for 6 separate experiments.
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Figure 6. Effects of melatonin added at the 0h time of incubation on the tyrosine
phosphorylation intensity levels of the P32 protein in boar sperm subjected to in vitro
capacitation and subsequent progesterone-induced acrosome exocytosis.
Techniques and the achievement of both IVC and IVAE have been described in the Material
and Methods section. A): P32 bands obtained through the Western blot analysis. B): β-tubulin
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bands obtained in the corresponding Western blot in which P32 phosphorylation has been
previously analyzed. In this case, both P32 and β-tubulin bands are from the same samples.
C+: sperm incubated in the CM medium. 0.5µM melatonin: cells incubated in the CM
medium and added with 0.5µM melatonin from the 0h time of incubation. 1µM melatonin:
cells incubated in the CM medium and added with 1µM melatonin from the 0h time of
incubation. 5µM melatonin: cells incubated in the CM medium and added with 5µM
melatonin from the 0h time of incubation. 0h,4h: incubation times. 1’,5’,60’: incubation times
after the addition of progesterone. Bands shown here are representative for 5 separate
experiments.
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Figure 7. Effects of melatonin added after 4h of incubation together with progesterone
on the tyrosine phosphorylation intensity levels of the P32 protein in boar sperm
subjected to in vitro capacitation and subsequent progesterone-induced acrosome
exocytosis.
Techniques and the achievement of both IVC and IVAE have been described in the Material
and Methods section. A): P32 bands obtained through the Western blot analysis. B): β-tubulin
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bands obtained in the corresponding Western blot in which P32 phosphorylation has been
previously analyzed. In this case, both P32 and β-tubulin bands are from the same samples.
C+: sperm incubated in the CM medium. 0.5µM melatonin: cells incubated in the CM
medium and added with 0.5µM melatonin after 4h of incubation together with progesterone.
1µM melatonin: cells incubated in the CM medium and added with 1µM melatonin after 4h of
incubation together with progesterone. 5µM melatonin: cells incubated in the CM medium
and added with 5µM melatonin after 4h of incubation together with progesterone. 0h, 4h:
incubation times. 1’,5’,60’: incubation times after the addition of progesterone. Bands shown
here are representative for 5 separate experiments.

- 196 -

- 197 -

Figure 8. Effects of 1µM melatonin on the WGA lectin distribution of boar sperm
subjected to in vitro capacitation and subsequent progesterone-induced acrosome
exocytosis.
Techniques and the achievement of both IVC and IVAE have been described in the Material
and Methods section. C-: cells incubated in the NCM medium. C+: sperm incubated in the
CM medium. Mt 0h: sperm incubated in the CM and added with 1µM melatonin at the time
0h of incubation. Mt 4h: cells incubated in the CM medium and added with 1µM melatonin
after 4h of incubation together progesterone. 0h, 4h: incubation times. 1’,5’,60’: incubation
times after the addition of progesterone. Figure shows representative images for 5 separate
experiments. Bars indicate a size of 20 µm.
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Figure 9. Effects of 1µM melatonin on the STL lectin distribution of boar sperm
subjected to in vitro capacitation and subsequent progesterone-induced acrosome
exocytosis.
Techniques and the achievement of both IVC and IVAE have been described in the Material
and Methods section. C-: cells incubated in the NCM medium. C+: sperm incubated in the
CM medium. Mt 0h: sperm incubated in the CM and added with 1µM melatonin at the time
0h of incubation. Mt 4h: cells incubated in the CM medium and added with 1µM melatonin
after 4h of incubation together progesterone. 0h, 4h: incubation times. 1’,5’,60’: incubation
times after the addition of progesterone. Figure shows representative images for 5 separate
experiments. Bars indicate a size of 20 µm.
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Figure 10. Effects of 1µM melatonin on the PSA lectin distribution of boar sperm
subjected to in vitro capacitation and subsequent progesterone-induced acrosome
exocytosis.
Techniques and the achievement of both IVC and IVAE have been described in the Material
and Methods section. C-: cells incubated in the NCM medium. C+: sperm incubated in the
CM medium. Mt 0h: sperm incubated in the CM and added with 1µM melatonin at the time
0h of incubation. Mt 4h: cells incubated in the CM medium and added with 1µM melatonin
after 4h of incubation together progesterone. 0h, 4h: incubation times. 1’,5’,60’: incubation
times after the addition of progesterone. Figure shows representative images for 5 separate
experiments. Bars indicate a size of 20 µm.
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Figure 11. Effects of 1µM melatonin on the PNA lectin distribution of boar sperm
subjected to in vitro capacitation and subsequent progesterone-induced acrosome
exocytosis.
Techniques and the achievement of both IVC and IVAE have been described in the Material
and Methods section. C-: cells incubated in the NCM medium. C+: sperm incubated in the
CM medium. Mt 0h: sperm incubated in the CM and added with 1µM melatonin at the time
0h of incubation. Mt 4h: cells incubated in the CM medium and added with 1µM melatonin
after 4h of incubation together progesterone. 0h, 4h: incubation times. 1’,5’,60’: incubation
times after the addition of progesterone. Figure shows representative images for 5 separate
experiments. Bars indicate a size of 20 µm.
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Complementary Figure 1. Images showing the effect of 1µM melatonin on the formation
of cell agglutinations in boar sperm subjected to in vitro capacitation and subsequent
progesterone-induced acrosome exocytosis.
The CASA analysis and the achievement of both IVC and IVAE have been described in the
Material and Methods section. The AVI files shown here are representative for 7 separate
experiments. A: general view of sperm incubated in NCM at 0h of incubation. B: sperm
incubated in NCM after 4h of incubation. C: general aspect of sperm incubated in NCM after
60 min of progesterone addition subsequently to a previous incubation in NCM for 4h. D:
sperm incubated in CM at 0h of incubation. E: sperm incubated in CM after 4h of incubation.
F: sperm incubated in CM after 60 min of progesterone addition subsequently to a previous
incubation in CM for 4h. G: sperm incubated in CM and added with 1µM melatonin at 0h of
incubation. H: General view of sperm incubated in CM and added with 1µM melatonin after
4h of incubation. I: view of sperm incubated in CM and added with 1µM melatonin after 60
min of progesterone addition subsequently to a previous incubation in CM with melatonin for
4h. J: view of sperm incubated in CM for 4h and then added with 1µM melatonin and
progesterone together in an AVI clip taken 60 min after the addition of melatonin and
progesterone.
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Part 4. Conclusions

9. Conclusions

Results yielded in this PhD thesis would contribute to a better comprehension of the molecular
mechanisms launched during capacitation and acrosome reaction of boar sperm. Thus, we
tested different molecules recognized as antioxidants to observe how mammalian sperm
achieve capacitation through a sequence of biochemical modifications that lead to the
establishment of fully fertilizing ability.

In particular, the first research showed that reduced glutathione (GSH) caused changes on “in
vitro” acrosome reaction (IVAE) only when added at the start of the incubation in a
capacitating medium (CM). This fact could suggest that GSH effects on IVAE are linked to
previous actions of GSH on capacitation-launching mechanisms. Thus, when GSH was added
at the start of the incubation, the effector inhibited the observed capacitation-related increase of
free cysteine levels in sperm head. Moreover, the addition of both GSH and progesterone
together after 4h of incubation in the CM exacerbates the observed decrease in sperm incubated
in the CM alone. Similarly, incubation of boar sperm in the CM induced a parallel increase in
the levels of free cysteine in the sperm tail, although this increase was maintained after
induction of the acrosome exocytosis. These results can be explained taking as a basis the
protective role of GSH on disulfide bonds. This protective action would be due to the
antioxidant action of GSH, which includes a potent anti-ROS effect. These results are in
accordance with previous researches that have demonstrate that levels of intact disulfide bonds
have been connected to processes such as cryoresistance and achievement of a feasible in vitro
capacitation (Chatterjee et al., 2001; Jacob et al., 2003).
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The aim of second work was to study effect of melatonin in the achievement of feasible IVAE
induced by progesterone in boar spermatozoa. Again, we centred our study on an antioxidant
agent, since melatonin acts as a potent free radical scavenger with a great ability to pass trough
plasma membrane. The combination of both factors implies that melatonin would effectively
counteract the deleterious effects of an excessive intracellular ROS exposition (Reiter et al.,
2000). The most evident effect of this study it has been observed on sperm motility. Thus, the
addition of 5µM melatonin induced a rapid and intense drop of total sperm motility, mainly
due to an increase in the number of agglutinated sperm. In this way, it would be possible to
hypothesize that melatonin would to stimulate the launching of capacitation process, since the
head-to-head agglutination process is a phenomenon associated with the status of capacitation
acquired by sperm cells (Harayama and Kato, 2002). Furthermore, likewise to GSH, melatonin
protects sperm disulfide bonds, as indicated by the results obtained through the analysis of
intracellular free cysteine levels. In fact, melatonin would be involved in the reduction of free
cysteine radicals after the launching of IVAE. In this way, our results seem to suggest that the
presence of melatonin provokes a recovery of the disulfide bonds of head sperm, preventing a
premature nuclear decondensation process that would be necessary to the sperm after the
oocyte penetration.

The overall analysis of the obtained results, thus, seem to indicate that boar sperm
progesterone-induced IVAE may be, at least partially modulated through GSH- and melatoninsensitive mechanisms. These mechanisms would be thus linked to the regulation of the stability
of disulfide bonds. In turn, the stability of these bonds would be related with the launching of
phenomena like IVAE, since disulfide bonds are linked to the maintenance of proper motility
and optimal nuclear sperm condensation status. In this way, the maintenance of proper
disulfide bonds levels would be instrumental in launching subsequent optimal oocyte
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penetration and further syngamia. Further researches are necessary to fully understand the
effect of both GSH and melatonin on the IVAE induction and the possible influences of both
effectors on the specific in vitro fertilizing ability of boar spermatozoa in order to consider the
possibility of utilizing GSH and melatonin to improve the efficiency of in vitro fertilization
techniques in pig.
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10. Appendix
Publications derived from the Doctoral Thesis
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of Human Reproduction).
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10.1. List of Abbreviations:
Abbreviation

Meaning

A

axoneme

AAAD

aromatic-L-amino-acid decarboxylase

ALH

amplitude of lateral head displacement

AP

acrosomal protuberance

Ar

acrosomal region

AR

acrosome reaction

AS

shape abnormalities of spermatozoa

ASMT

hydroxyindol-O-methyltransferase

ATP

adenosine triphosphate

BCF

head beat-cross frequency

BM

inner mitochondrial membrane

BSA

bovine serum albumin

cAMP

cyclic adenosine monophospahate

CASA

Computer Assisted Sperm Analysis

CM

capacitation medium
- 213 -

DCF

2′,7′-dichlorofluorescein

DCFH-DA

dichlorofluorescin diacetate

DHE

dihydroethidium

DNA

deoxyribonucleic acid

FD

dense fibres

GCL

gamma glutamylcysteine synthetase enzyme

GlcNAc

N-acetylglucosamine

GP

peripheral granules

GPPCRs

G protein-coupled cell surface

GPX

glutathione peroxidase

GSH

reduced glutathione

GSSG

glutathione oxidized form

H2O2

hydrogen peroxide

HOST

hypo-osmotic swelling test

HRT

hyper-osmotic resistance test

IVAE

in vitro progesterone-induced acrosome exocytosis

IVC

in vitro capacitation
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JC-1

5,5’-6,6’-tetrachloro-1,1’-3,3’tetraethylbenzimidazolcarbocyanine iodide

LIN

linearity

M-540

merocyanine fluorochrome

NAT

N-acetyltransferase

NO

nitrogen oxide

O2_●

superoxide anion radical

ORT

osmotic resistance test

OS

oxidative stress

P4

progesterone

PI

propidium iodide

PKA

protein kinase A activated

PKC

protein Kinase C

PLA2

phospholipases A2

PLC

phospholipases C

PNA

Arachis Hypogaea agglutinin

PR

postacrosomal region
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PSA

Pisum Sativum agglutinin

QR2

enzyme quinone reductase 2

RNS

reactive nitrogen species

ROR

retinoid acid receptor-related orphan receptor

ROS

reactive oxygen species

RZR

retinoid Z receptor

SCDt

sperm chromatin dispersion test

SNAT

serotoninN-acetyltransferase

SNC

central nervous system

SR

sperm reservoir

ST

seminiferous tubules

STL

Solanum lycopersicum lectin

STR

straightness

T5M

tryptophan-5-hydroxylase

VAP

average path velocity

VCL

curvilinear velocity

VSL

straight-line velocity
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WGA

wheat germ agglutinin

WOB

wobbleness

ZP3

zona pellucida protein

Δψm

mitochondrial membrane potential

- 217 -

10.2. Text References in alphabetic order:
Adeniji D. A., Oyeyemi M. O., Olugbemi J. B. (2010) Sperm morphological characteristic and
mating behaviour of Proviron® treated West African dwarf bucks with testicular degeneration.
Int. J. Morphol., 28(2): 623-626.
Afreen F., Zobayeb S.M., Kozai T. (2006) Melatonin in Glycyrrhiza uralensis: response of
plant roots to spectral quality of light and UV-B radiation. Journal of Pineal Research, 41:
108-115.
Agarwal A., Gupta S., Sharma R.K. (2005) Role of oxidative stress in female
reproduction. Reproductive Biology and Endocrinology, 3: article 28.
Agarwal A., Makker K., Sharma R. (2008) Clinical relevance of oxidative stress in male factor
infertility: an update. American Journal of Reproductive Immunology, 59(1): 2–11.
Agarwal A., Saleh R. A., Bedaiwy M. A. (2003) Role of reactive oxygen species in the
pathophysiology of human reproduction. Fertility and Sterility, 79(4): 829–843.
Agarwal A., Virk G., Ong C., du Plessis S.S. (2014) Effect of Oxidative Stress on Male
Reproduction. World J. Mens Health, 32(1): 1-17.
Agrawal Y.P., Vanha-Perttula T. (1988) Glutathione L-glutamic acid and gamma-glutamyl
transpeptidase in the bull reproductive tissues. Int. J. Androl., 11: 123–31.
Aitken R.J., Smith T.B., Jobling M.S., Baker M.A., De Iuliis G.N. (2014) Oxidative stress and
male reproductive health. Asian J Androl, 16(1): 31–38.
Aitken R.J. (1999) The amoroso lecture. The human spermatozoon – a cell in crisis?. Journal
of Reproduction and Fertility, 115: 1-7.
- 218 -

Aitken R.J., Paterson M., Fisher H., Buckingham D.W., Van Duin M. (1995) Redox regulation
of tyrosine phosphorylation in human spermatozoa and its role in the control of human sperm
function. Journal of Cell Science, 108: 2017–2025.
Aitken R.J., Nixon B. (2013) Sperm capacitation:

a

distant

landscape

glimpsed

but

unexplored. Molecular Human Reproduction, 19: 785‐793.
Alvarez J.G., Storey B.T. (1989) Role of glutathione peroxidase in protecting mammalian
spermatozoa from loss of motility caused by spontaneous lipid peroxidation. Gamete Res, 23:
77–90.
Amann R.P., Seidel G.E. Jr., Mortimer R.G. (2000) Fertilizing potential in vitro of semen from
young beef bulls containing a high or low percentage of sperm with a proximal droplet.
Theriogenology, 54:1499–515.
Amann R.P., Waberski D. (2014) Computer-assisted sperm analysis (CASA): Capabilities and
potential developments. Theriogenology, 81(1): 5–17.
Ashrafi I., Kohram H., Naijian H., Bahreini M., Poorhamdollah M. (2011) Protective effect of
melatonin on sperm motility parameters on liquid storage of ram semen at 5°C. African
Journal of Biotechnology, vol. 10, no. 34, pp. 6670–6674
Attaran M., Pasqualotto E., Falcone T. (2000) The effect of follicular fluid reactive oxygen
species on the outcome of in vitro fertilization. International Journal of Fertility and Women's
Medicine, 45(5): 314–320.
Aussel C., Bernard G., Breittmayer J.P., Pelassy C., Zoccola D., Bernard A. (1993)
Monoclonal antibodies directed against the E2 protein (MIC2 gene product) induce exposure of
phosphatidylserine at the thymocyte cell surface. Biochemistry, 32:10096–10101.
- 219 -

Austin C.R. (1951) Activation and the correlation between male and female elements in
fertilization. Nature, 168: 558‐559.
Austin, C.R. (1952) The “capacitation” of the mammalian sperm. Nature, 170: 326.
Avilés M., Coy P., Rizos D. (2015) The oviduct: a key organ for the success of early
reproductive events. Animal Frontiers, 5: 25‐31.
Bach S., Neundorf P., Stemmler K.H., Mudra K., Ueckert H. (1982) Höhe und Bewertung des
Anteiles anomaler Spermien beim Eber. Mh. Vet.-Med., 37: 463–467.
Badia E. (2003) Estudi Estructural, Ultraestructural I Histoquímic de les Glàndules Sexuals
Accessòries del Mascle Reproductor Porcí. Doctoral Thesis. Ed Universitat de Girona.
Badia E., Briz M., Pinart E., Sancho S., Garcia-Gil N., Bassols J., Pruneda A., Bussalleu E.,
Yeste M., Casas I., Bonet S. (2006) Structural and ultrastructural features of boar bulbourethral
glands. Tissue Cell, 38:7–18.
Badia E., Briz M., Pinart E., Sancho S., Garcia-Gil N., Bassols J., Pruneda A., Bussalleu E.,
Yeste M., Casas I., Bonet S. (2006) Structural and ultrastructural features of boar seminal
vesicles. Tissue Cell, 38(2):79–91.
Badia E., Pinart E., Briz M., Pastor L.M., Sancho S., Garcia-Gil N., Bassols J., Kádár E.,
Pruneda A., Bussalleu E., Yeste M., Bonet S. (2005) Lectin histochemistry of the boar
bulbourethral glands. Eur J Histochem, 49:131–138.
Badia E., Pinart E., Briz M., Pastor L.M., Sancho S., García-Gil N., Badia E., Bassols J.,
Pruneda A., Bussalleu E., Yeste M., Casas I., Bonet S. (2005) Lectin histochemistry of the boar
prostate. Reprod Domest Anim, 40(4):355.
- 220 -

Baldi E., Luconi M., Bonaccorsi L., Krausz C., Forti G. (1996) Human sperm activation during
capacitation and acrosome reaction: role of calcium, protein phosphorylation and lipid
remodelling pathways. Frontiers in Bioscience, 1: 189–205.
Balhorn R. (2007) The protamine family of sperm nuclear proteins. Genome Biol, 8: 227–238.
Bassols J. (2006) Cultiu de les Cèl.lules Epitelials Epididimàries de Sus domesticus: Anàlisi
Estructural, Funcional i Proteòmic. Doctoral Thesis. Ed Universitat de Girona.
Bearer E.L., Friend D.S. (1990) Morphology of mammalian sperm membranes during
differentiation, maturation, and capacitation. J Electron Microsc Tech, 11(4): 281–297.
Becker-Andre M., Wiesenberg I., Schaeren-Wiemers N., Andre E., Missbach M., Saurat J.H.,
Carlberg C. (1994) Pineal gland hormone melatonin binds and activates an orphan of the
nuclear receptor superfamily. J Biol Chem, 269:28531–28534.
Bedford J. M. (1994) Hum. Reprod. 9, 842-858.
Bedford J.M. (1998) Mammalian fertilization misread?. Biology of Reproduction, 59: 1275–
1287.
Bedford J.M. (2004) Enigmas of mammalian gamete form and function. Biological
Reviews, 79: 429–460.
Benoff S. (1997) Carbohydrates and fertilization: an overview. Molecular Human
Reproduction, 3: 599–637.
Berridge M.J. (1993) Inositol triphosphate and calcium signalling. Nature, 361(6410): 315-25.
- 221 -

Blom E. (1977) Sperm morphology with reference to bull infertility. In: First All-India
Symposium on Anim. Reprod., Ludhiana, India, 61–81.
Blom E., Andersen A.B. (1975) The ultrastructure of a characteristic sperm head – defect in the
boar: the SME – defect. Andrologia, 7: 199–209.
Bonet S., Briz M.D., Yeste M. (2012) Aproper assessment of boar sperm function may not
only require conventional analyses but also others focused on molecular markers of epididymal
maturation. Reproduction Domestic Animal, 47: 1-13.
Bonet S., Casas I., Holt W.H., Yeste M. (2013) Boar Reproduction: Fundamentals and New
Biotechnological Trends. Springer Science & Business.
Boutin J.A., Audinot V., Ferry G., Delagrange P. (2005) Molecular tools to study melatonin
pathways and actions. Trends Pharmacol Sci., 26: 412–419.
Breitbart H., Naor Z. (1999) Protein kinases in mammalian sperm capacitation and the
acrosome reaction. Reviews of Reproduction, 4: 151–159.
Brewer L., Corzett M., Lau E.Y., Balhorn R. (2003) Dynamics of protamine-1 binding to
single DNA molecules. J Biol Chem, 278: 42403–42408.
Briz M. (1994) Anàlisi Microscòpica de l’Esperma Ejaculada I de la Maduració Epididimària
dels Espermatozoides de Sus domesticus. Doctoral Thesis. Ed Universitat de Girona.
Briz M., Fabrega A. (2013) Boar Reproduction: Fundamentals and New Biotechnological
Trends. Springer Science & Business.
Brocklehurst K. (1979) Specific covalent modification of thiols: applications in the study of
enzymes and other biomolecules. Int. J. Biochem., 10: 259-274.
- 222 -

Broekhuijse M.L.W.J., Feitsma H., Gadella B.M. (2012) Artificial insemination in pigs:
Predicting male fertility. Veterinary Quarterly: 1-7.
Brouwers J.F., Silva P.F.N., Gadella B.M. (2005) New assays for detection and localization of
endogenous lipid peroxidation products in living boar sperm after BTS dilution or after freezethawing. Theriogenology, 63: 458–469.
Brüssow K.P., Torner H., Rátky J., Manabe N., Tuchscherer A. (2006) Experimental evidence
for

the

influence

of

cumulus‐oocyte‐complexes

on

sperm

release

from

the

porcine oviductal sperm reservoir. Journal of Reproduction and Development, 52: 249‐257.
Bucak M.N., Sariözkan S., Tuncer P.B. (2010) The effect of antioxidants on post-thawed
Angora goat (Capra hircus ancryrensis) sperm parameters, lipid peroxidation and antioxidant
activities. Small Ruminant Research, 89(1): 24–30.
Burkman L.J. (1990) Hyperactivated motility of human spermatozoa during in vitro
capacitation and implications for fertility. In Gagnon C (Ed): Controls of Sperm Motility. Boca
Raton, CRC Press, 303-329.
Burks D.J., Carballada R., Moore H.D., Saling P.M. (1995) Interaction of a tyrosine kinase
from human sperm with the zona pellucida at fertilization. Science, 269: 83–86.
Bussalleu E., Yeste M., Sepúlveda L., Torner E., Pinart E., Bonet S. (2011) Effects of different
concentrations of enterotoxigenic and verotoxigenic E. coli on boar sperm quality. Anim
Reprod Sci., 127(3–4): 176–182.
Carrera A., Moos J., Ning X.P., Gerton G.L., Tesarik J., Kopf G.S., Moss S.B. (1996)
Regulation of protein tyrosine phosphorylation in human sperm by a calcium/calmodulin- 223 -

dependent mechanism: identification of A kinase anchor proteins as major substrates for
tyrosine phosphorylation. Developmental Biology, 180: 284–296.
Casao A., Mendoza N., Perez-Pe R., Grasa P., Abecia J-A., Forcada F., Cebrian-Perez J.A.,
Muino-Blanco T., (2010) Melatonin prevents capacitation and apoptotic-like changes of ram
spermatozoa and increases fertility rate. J Pineal Res, 48: 39–46.
Casas I., Sancho S., Ballester J., Briz M., Pinart E., Bussalleu E., Yeste M., Fàbrega A.,
Rodríguez-Gil J.E., Bonet S. (2010) The HSP90AA1 sperm content and the prediction of the
boar ejaculate freezability. Theriogenology, 74: 940–950.
Cebrián-Pérez J., Casao A., González-Arto M., dos Santos Hamilton T., Pérez-Pé R., MuiñoBlanco T. (2014) Melatonin in Sperm Biology: Breaking Paradigms. Reprod Dom Anim, 49:
11–21.
Celeghini E.C.C., de Arruda R.P., de Andrade A.F.C., Nascimento J., Raphael C.F. (2007)
Practical techniques for bovine sperm simultaneous fluorimetric assessment of plasma,
acrosomal and mitochondrial membranes. Reprod Dom Anim., 42: 479-488.
Čeřovský J., Frydrychová S., Lustyková A., Rozkot M. (2005): Changes in boar semen with a
high and low level of morphologically abnormal spermatozoa. Czech J. Anim. Sci., 50: 289–
299.
Chang H., Suarez S.S. (2010) Rethinking the relationship between hyperactivation and
chemotaxis in mammalian sperm. Biology of Reproduction, 83: 507–513.
Chang M. (1951). Fertilizing capacity of spermatozoa deposited into the fallopian tubes.
Nature. 168: 697‐698.
- 224 -

Chatterjee S., de Lamirande E., Gagnon C. (2001) Cryopreservation alters membrane
sulfhydryl status of bull spermatozoa: Protection by oxidized glutathione. Mol Reprod
Develop, 60: 498-506.
Chemineau P., Guillaume D., Migaud M., Thiéry J.C., Pellicer-Rubio M. T., Malpaux B.
(2008) Seasonality of reproduction in mammals: intimate regulatory mechanisms and practical
implications. Reproduction Domestic Animal, 43(Suppl. 2):40-47.
Cheng F-P., Gadella B.M., Voorhout W.F., Fazeli A., Bevers M.M., Colenbrander B. (1998)
Progesterone-Induced Acrosome Reaction in Stallion Spermatozoa Is Mediated by a Plasma
Membrane Progesterone Receptor. Biology of Reproduction, 59: 733-742.
Christensen P., Stryhn H., Hansen C. (2005). Discrepancies in the determination of sperm
concentration using Bürker-Türk, Thoma and Makler counting chambers. Theriogenology, 63:
992–1003.
Christova Y., James P.S., Cooper T.G., Jones R. (2002) Lipid diffusion in the plasma
membrane of mouse spermatozoa: changes during epididymal maturation, effects of pH,
osmotic pressure, and knockout of the c-ros gene. J Androl, 23(3):384–392.
Cohen-Dayag A., Ralt D., Tur-Kaspa I., Manor M., Makler A., Dor J., Mashiach S., Eisenbach
M. (1994) Sequential acquisition of chemotactic responsiveness by human spermatozoa. Biol
Reprod., 50: 786–790.
Corcuera B., de Alba C., Hernández – Gil R., Sagüés A. (2002) Identifying abnormalities in
boar semen. Pig Progress, 18: 24–27.
- 225 -

Cormier N., Bailey J.L. (2003) A differential mechanism is involved during heparin- and
cryopreservation-induced capacitation of bovine spermatozoa. Biology of Reproduction, 69:
177–185.
Correa L.M., Thomas A., Meyers S.A. (2007) The macaque sperm actin cytoskeleton
reorganizes in response to osmotic stress and contributes to morphological defects and
decreased motility. Biol Reprod., 77: 942–953.
Costello S., Michelangeli F., Nash K., Lefievre L., Morris J., Machado-Oliveira G., Barratt C.,
Kirkman-Brown J., Publicover S. (2009) Ca2 + -stores in sperm: their identities and functions.
Reproduction, 138: 425–437.
Coy P., García-Vásquez F.A., Visconti P.E., Avilés M. (2012) Roles of the oviduct in
mammalian fertilization. Reproduction, 144: 649–660.
Coy P., Jiménez-Movilla M., García-Vázquez F.A., Mondéjar I., Grullón L., Romar R. (2012)
Oocytes use plasminogen-plasmin system to remove supernumerary spermatozoa. Human
Reproduction, 27: 1985–93.
Coy P., Lloyd R., Romar R., Satake N., Matas C., Gadea J., Holt W.V. (2010) Effects of
porcine pre-ovulatory oviductal fluid on boar sperm function. Theriogenology, 74: 632–642.
Curtis S.K. & Benner D.B. (1991) Movement of spermatozoa of Megaselia scalaris (Diptera:
Brachycera: Cyclorrhapha: Phoridae) in artificial and natural fluids. J Morphol, 210(1): 85–99.
Cumming R.C., Andon N.L., Haynes P.A., Shubert D. (2004) Protein Disulfide Bond
Formation in the Cytoplasm during Oxidative Stress. Journal of Biological Chemistry,
279(21): 21749-58.
- 226 -

Davis R.O. and Katz D.F. (1989) Computer-aided sperm analysis (CASA): Image digitization
and processing. Biomater. Artif. Cells Artif. Organs, 17: 93–116.
Davis R.O., Katz D.F. (1992) Standardization and comparability of CASA instruments. J.
Androl., 13: 81–86.
Davis R.O., Katz D.F. (1993a) Computer-aided sperm analysis: Technology at a crossroads.
Fertil. Steril., 59: 953–955.
Davis R.O., Katz D.F. (1993b) Operational standards for CASA instruments. J. Androl., 14:
385–394.
De la Fuente S., Fonteriz R.I., Montero M., Alvarez J. (2012) Dynamics of mitochondrial [Ca
(2+)] measured with the low-Ca (2+)-affinity dye Rhod-5N. Cell Calcium, 51: 65–71.
De Lamirande E., Eiley D., Gagnon C. (1993) Inverse relationship between the induction of
human sperm capacitation and spontaneous acrosome reaction by various biological fluids and
the superoxide scavenging capacity of these fluids. Int J Androl., 16: 258-266.
De Lamirande E. and Gagnon C. (1995) Impact of reactive oxygen species on spermatozoa: a
balancing act between beneficial and detrimental effects. Hum Reprod, 10(1I): 15- 21.
De Lamirande E., Gagnon C. (1984) Origin of a motility inhibitor within the male reproductive
tract. J Androl., 5: 269–276.
De Lamirande E., Leclerc P., Gagnon C. (1997) Capacitation as a regulatory event that primes
spermatozoa for the acrosome reaction and fertilization. Molecular Human Reproduction, 3(3):
175–194.
- 227 -

Ded L., Dostalova P., Dorosh A., Dvorakova-Hortova K., Peknicova J. (2010) Effect of
estrogens on boar sperm capacitation in vitro. Reproductive Biology and Endocrinology, 8:
8:87.
Di Francesco S., Mariotti E., Tsantarliotou M., Sattar A., Venditto I., Rubessa M., Zicarelli L.,
Gasparrini B. (2010) Melatonin promotes in vitro sperm capacitation in buffalo (Bubalus
bubalis). Reprod Fertil Dev., 22: 311–312.
Diekman A.B. (2003) Glycoconjugates in sperm function and gamete interactions: How much
sugar does it take to sweet‐talk the egg? Cell Mol Life Sci., 60: 298–308.
Doherty C.M., Tarchala S.M., Radwanska E., De Jonge C.J. (1995) Characterization of two
second messenger pathways and their interactions in eliciting the human sperm acrosome
reaction. J. Androl., 16: 36-46.
Donadeu M. (2004) Advances in male swine artificial insemination (AI) techniques. The Pig
Journal, 54: 110-122.
Donnelly T.E., McClure N., Lewis E.M. (2000) Glutathione and hypotaurine in vitro: effect on
human sperm motility, DNA integrity and production of reactive oxygen species. Mutagenesis,
15(1): 61-68.
Dorigo B., Schalch T., Kulangara A., Duda S., Schroeder R.R., Richmond T.J. (2004)
Nucleosome arrays reveal the two-start organization of the chromatin fiber. Science, 306:
1571–1573.
Drevet J.R. (2006) The antioxidant glutathione peroxidase family and spermatozoa: a complex
story. Mol Cell Endocrinol., 250: 70–79.
- 228 -

Du Plessis S. S., Makker K., Desai N. R., Agarwal A. (2008) Impact of oxidative stress on
IVF. Expert Review of Obstetrics and Gynecology, 3(4): 539–554.
Du Plessis S.S., Hagenaar K., Lampiao F. (2010) The in vitro effects of melatonin on human
sperm function and its scavenging activities on NO and ROS. Andrologia, 42: 112–116.
Dube C., Leclerc P., Baba T., Reyes-Moreno C., Bailey J.L. (2005) The proacrosin binding
protein, sp32, is tyrosine phosphorylated during capacitation of pig sperm. Journal of
Andrology, 26: 519–528.
Dugum M., Sandlow J.I., Brannigan R.E. (2011) Sperm DNA damage evaluation techniques. J
Androl, 32: 207–209.
Dyce K.M., Sack W.O., Wensing C.J.G. (1999) Anatomía Veterinaria, México, McGraw-Hill
Interamericana Eds.
Eisenbach M. (2004) Chemotaxis. Imperial College Press, London.
Emmett M. (2014) Acetaminophen Toxicity and 5-Oxoproline (Pyroglutamic Acid): A Tale of
Two Cycles, One an ATP-Depleting Futile Cycle and the Other a Useful Cycle. Clin. J. Am.
Soc. Nephrol., 9: 191–200.
Enciso M., Lopez-Fernandez C., Fernandez J.L., Garcia P., Gosalbez A., Gosalvez J. (2006) A
new method to analyze boar sperm DNA fragmentation under bright-field or fluorescence
microscopy. Theriogenology, 65: 308-316.
Espino J., Ortiz A., Bejarano I., Lozano G.M., Monllor F., García J.F., Rodríguez A.B.,
Pariente J.A. (2011) Melatonin protects human spermatozoa from apoptosis via melatonin
- 229 -

receptor- and extracellular signal-regulated kinase-mediated pathways. Fertil Steril, 95: 2290–
2296.
Estrada E., Rodríguez-Gil J.E., Rocha L.G., Balasch S., Bonet S., Yeste M. (2014)
Supplementing cryopreservation media with reduced glutathione increases fertility and
prolificacy of sows inseminated with frozen-thawed boar semen. Andrology, 2: 88–99.
Evans R.M. (2005) The Nuclear Receptor Superfamily: A Rosetta Stone for Physiology.
Molecular Endocrinology, 19(6): 1429–1438.
Evenson D.P., Thompson L., Jost L. (1994) Flow cytometric evaluation of boar semen by the
sperm chromatin structure assay as related to cryopreservation and fertility. Theriogenology,
41: 637–651.
Falkenberg H., Ritter E., Stienhans H. (1984): Zur züchterischen Bewertung der Beziehungen
zwischen Spermaqualität und Fruchtbarkeitsleistung von Ebern. Arch. Tierzucht, Berlin, 27:
523–534.
Ferramosca A., Zara V. (2014) Bioenergetics of Mammalian Sperm Capacitation. BioMed
Research International, ID 902953: 8 pages.
Ficarro S., Chertihin O., Westbrook V.A., White F., Jayes F., Kalab P., Marto J.A.,
Shabanowitz J., Herr J.C., Hunt D.F. (2003) Phosphoproteome analysis of capacitated human
sperm. Evidence of tyrosine phosphorylation of a kinase-anchoring protein 3 and valosincontaining protein/p97 during capacitation. Journal of Biological Chemistry, 278: 11579–
11589.
Flesch F.M., Gadella B.M. (2000) Dynamics of the mammalian sperm plasma membrane in
the process. Biochimica et Biophysica Acta, 1496: 197-235.
- 230 -

Flores E., Fernández- Novell J.M., Peña A., Rigau T., Rodríguez-Gil J.E. (2010)
Cryopreservation –induced alterations in boar spermatozoa mitochondrial function are related
changes in the expression and location of midpiece mitofusion-2 and actin network.
Theriogenology, 74: 354-363.
Forman H.J., Zhang H., Rinna A. (2009) Glutathione: overview of its protective roles,
measurement, and biosynthesis. Mol Aspects Med., 30: 1–12.
Foxcroft G.R., Dyck M.K., Ruiz-Sanchez A., Novak S., Dixon W.T. (2008) Identifying useable
semen. Theriogenology, 70: 1324-1336.
Franco R., Schoneveld O.J., Pappa A., Panayiotidis M.I. (2007) The central role of glutathione
in the pathophysiology of human diseases. Arch Physiol Biochem, 113: 234–258.
Frandson R.D., Wilke W.L., Dee F.A. (2009) Anatomy and Physiology of Farm Animals.
Wiley-Blackwell. ISBN: 978-0-8138-1394-3.
Fraser L., Gorszczaruk K., Strzezek J. (2001) Relationship between motility and membrane
integrity of boar spermatozoa in media varying in osmolality. Reprod Domest Anim., 36(6):
325–329.
Fraser L., Parda A., Filipowicz K., Strzezek J. (2010) Comparison of post-thaw DNA integrity
of boar spermatozoa assessed with the neutral Comet assay and sperm-Sus Halomax test kit.
Reprod Domest Anim, 45: 155–160.
Fraser L.R. (2010) The “switching on” of mammalian spermatozoa: molecular events involved
in promotion and regulation of capacitation. Molecular Reproduction and Development, 77:
197‐208.
- 231 -

Frunză I., Cernescu H., Korodi G. (2008) Physical and chemical parameters of boar sperm.
lucrări ştiinłifice medicină veterinară, vol: xli.
Gabriel L.K., Franken D.R., van der Horst G., Kruger T.F. and Oehninger S.C. (1994). Wheat
germ agglutinin receptors on human sperm membranes and sperm morphology. Andrologia,
26: 5-8.
Gadea J. (2002) Sperm under the microscope. Pig Internat., 32: 24–27.
Gadea J., Selle´s E., Marco M.A., Coy P., Mata´s C., Romar R., Ruiz S. (2004) Decrease in
glutathione content in boar sperm after cryopreservation Effect of the addition of reduced
glutathione to the freezing and thawing extenders. Theriogenology, 62: 690-701.
Gadella B.M., Harrison R.A. (2000) The capacitating agent bicarbonate induces protein kinase
A-dependent changes in phospholipid transbilayer behavior in the sperm plasma membrane.
Development, 127: 2407–2420.
Gadella B.M., Tsai P.S., Boerke A., Brewis I.A. (2008) Sperm head membrane reorganisation
during capacitation. Int J Dev Biol., 52: 473–480.
Gadella B.M., Van Gestel R. (2004). Bicarbonate and its role in mammalian sperm function.
Animal Reproduction Science, 82: 307‐319.
Gagnon C., Iwasaki A., De Lamirande E., Kovalski N. (1991) Reactive oxygen species and
human spermatozoa. Annals of the New York Academy of Sciences, 637: 436–444.
Galantino-Homer H.L., Visconti P.E., Kopf G.S. (1997) Regulation of protein tyrosine
phosphorylation during bovine sperm capacitation by a cyclic adenosine 3’5’-monophosphatedependent pathway. Biology of reproduction, 56: 707-719. 76.
- 232 -

Gamčík P., Kozumplík J., Kol A. (1976) Umelá inseminácia a andrológia hospodárskych
zvierat. Príroda, Bratislava, 574 pp.
García-Herreros M. (2005) Boar sperm velocity and motility patterns under capacitating and
non-capacitating incubation conditions. Theriogenology, 63: 795–805.
Garde J., Roldan E.R. (2000) Stimulation of Ca (2C)-dependent exocytosis of the sperm
acrosome by cAMP acting downstream of phospholipase a2. Journal of Reproduction and
Fertility, 118: 57–68.
Garner D.L., Thomas C.A., Joerg H.W., DeJarnette J.M., Marshall C.E. (1997) Fluorometric
assessments of mitochondrial function and viability in cryopreserved bovine spermatozoa. Biol
Reprod., 57(6): 1401-6.
Gibson Ch.D. (1983) Clinical evaluation of the boar for breeding soundness: physical
examination and semen morphology. Comp. Cont. Educ., 5: 244–250.
Gillan L., Evans G., Maxwell W.M.C. (2005) Flow cytometric evaluation of sperm parameters
in relation to fertility potential. Theriogenology, 63: 445-457.
Gomez E., Buckingham D.W., Brindle J., Lanzafame F., Irvine D.S., Aitken R.J. (1996)
Development of an image analysis system to monitor the retention of residual cytoplasm by
human spermatozoa: correlation with biochemical markers of cytoplasmic space, oxidative
stress, and sperm function. J. Andrology, 17: 276–287.
Gómez-Torres M.J., Avilés M., Girela J.L., Murcia V., Fernández-Colom P.J., Romeu A., De
Juan J. (2012) Characterization of the lectin binding pattern in human spermatozoa after swimup selection. Histol Histopathol., 27: 1621-1628.
- 233 -

González‐Fernández L., Macías‐García B., Velez I.C., Varner D.D., Hinrichs K. (2012).Calciu
m-calmodulin and pH

regulate

protein

tyrosine

phosphorylation in stallion sperm.

Reproduction, 144: 411‐422.
Graham J.K. (2001) Assessment of sperm quality: a flow cytometric approach. Anim Reprod
Sci., 68: 239-247.
Guthrie H.D., Welch G.R. (2006) Determination of intracellular reactive oxygen species and
high mitochondrial membrane potential in Percoll-treated viable boar sperm using
fluorescence-activated flow cytometry. J Anim Sci, 84: 2089-100.
Guyonnet B., Marot G., Dacheux J.L., Mercat M.J., Schwob S., Jaffrézic F., Gatti J.L. (2009)
The adult boar testicular and epididymal transcriptomes. BMC Genomics, 10: 369.
Harrison R.A.P., Mairet B., Miller N.G.A. (1993) Flow cytometric studies of bicarbonatemediated Ca2+ influx in boar sperm populations. Mol Reprod Dev, 35: 197–208.
Hayato R., Higure Y., Kuba M., Nagai H., Yamashita H., Kuba K. (2011) b3-adrenergic
activation of sequential Ca(2+) release from mitochondria and the endoplasmic reticulum and
the subsequent Ca(2+) entry in rodent brown adipocytes. Cell Calcium, 49: 400–414.
Harayama H., Kato S. (2002) Relationship between bicarbonate and cyclic nucleotide in the
promoting effects on head-to-head agglutination in boar spermatozoa. Asian Journal of
Andrology, 4: 87–96.
Henkel R.R. (2011) Leukocytes and oxidative stress: dilemma for sperm function and male
fertility. Asian J Androl., 13:43–52.
- 234 -

Hinshaw D.B., Sklar L.A., Bohl B., Schraufstatter I.U., Hyslop P.A., Rossi M.W., Spragg
R.G., Cochrane C.G. (1986) Cytoskeletal and morphologic impact of cellular oxidant injury.
Am J Pathol., 123: 454– 464.
Hoffman R.A., Reiter R.J. (1965) Pineal gland: influence on gonads of male hamsters. Science,
148: 1609–1610.
Hollandbeck R., Foley C.M. (1964) Reproductive Organs of Boar and Sow. Historical
Documents of the Purdue Cooperative Extension Service.
Holt W.V., Brien, J.O., Abaigar T. (2007) Applications and interpretation of computerassisted
sperm analyses and sperm sorting methods in assisted breeding and comparative research.
Reprod. Fertil. Dev., 19: 709-718.
Holt W.V., Hernandez M., Warrell L., Satake N. (2010) The long and the short of sperm
selection in vitro and in vivo: swim-up techniques select for the longer and faster swimming
mammalian sperm. J Evol Biol., 23: 598–608.
Humphries S., Evans, J.P., Simmons L.W. (2008) Sperm competition: Linking form to
function. BMC Evol Biol, 8: 319.
Hunter R.H. (1981) Sperm transport and reservoirs in the pig oviduct in relation to the time of
ovulation. J Reprod Fertil., 63: 109–117.
Hunter R.H. (2012) Components of oviduct physiology in eutherian mammals.Biological
Reviews Cambridge Philosophical Society, 87: 244–255.
- 235 -

Hunter R.H.F., Nichol R. (1986) A preovulatory temperature gradient between the isthmus and
ampulla of pig oviducts during the phase of sperm storage. Journal of Reproduction and
Fertility, 77: 599–606.
Immler S. (2008) Sperm competition and sperm cooperation: the potential role of diploid and h
aploid expression. Reproduction, 135: 275‐283.
Irvine D.S. (1996) Gluthatione as a treatment for male infertility. Rev Reprod., 1: 6–12.
Itoh Y., Toyama Y. (1995) Characteristics and fertility of boar semen with a high proportion of
knobbed sperm. Jpn. J. Swine Sci., 32: 175–180.
Itoh Y., Toyama Y., Nomura T. (1996) A boar with a high proportion of decapitated and
decaudated spermatozoa. J. Reprod. Develop., 42: 7–13.
Jacob C., Giles G.L., Giles N.M., Sies H. (2003) Sulfur and selenium: The role of oxidation
state in protein structure and function. Angew Chem Int Ed, 42: 4742-4758.
Jang H.Y., Kim Y.H., Kim B.W., Park I.C., Cheong H.T., Kim J.T., Park C.K., Kong H.S., Lee
H.K., Yang B.K. (2010) Ameliorative effects of melatonin against hydrogen peroxide-induced
oxidative stress on boar sperm characteristics and subsequent in vitro embryo development.
Reprod Domest Anim, 45: 943–950.
Januskauskas A., Lukoseviciute K., Nagy S., Johannisson A., Rodriguez-Martinez H. (2005)
Assessment of the efficacy of Sephadex G-15 filtration of bovine spermatozoa for
cryopreservation. Theriogenology, 63(1): 160–178.
- 236 -

Jiménez I., González-Márquez H., Ortiz R., Betancourt M., Herrera J., Fierro R. (2002)
Expression of lectin receptors on the membrane surface of sperm of fertile and subfertile boars
by flow cytometry. Journal of Reproductive Systems, 48 (2): 159-166.
Johnson L.N., Barford D. (1993) The effects of phosphorylation on the structure and function
of proteins. Annual Review of Biophysics and Biomolecular Structure, 22: 199–232.
Johnson L.N., O’Reilly M. (1996) Control by phosphorylation. Current Opinion in Structural
Biology, 6: 762–769.
Kadirvel G., Kumar S., Kumaresan A., Kathiravan P. (2009) Capacitation status of fresh and
frozen-thawed buffalo spermatozoa in relation to cholesterol level, membrane fluidity and
intracellular calcium. Anim Reprod Sci, 116: 244–253.
Katz D. F. & Davis R.O. (1987) Automatic analysis of human sperm motion. J. Androl., 8:
170–181.
Kay V.J., Robertson L. (1998) Hyperactivated motility of human spermatozoa: A review of
physiological function and application in assisted reproduction. Hum. Reprod. Update, 4: 776–
786.
Keating J., Grundy C.E., Fivey P.S., Elliott M., Robinson J. (1997) Investigation association
between the presence of cytoplasmic residues on the human sperm midpiece and defective
sperm function. J Reprod Fertil., 110: 71–77.
Kim S.H., Yu D.H., Kim Y.J. (2010) Apoptosis-like change, ros, and DNA status in
cryopreserved canine spermrecovered by glass wool ﬁltration and percoll gradient
centrifugation techniques. Anim Reprod Sci., 119: 106–14.
- 237 -

King L., Holsberger D., Donoghue A. (2000) Correlation of CASA velocity and linearity
parameters with sperm mobility phenotype in turkeys. J. Androl., 21(1): 65-71.
Kirichok Y., Navarro B., Clapham D.E. (2006) Whole-cell patch-clamp measurements of
spermatozoa reveal an alkaline-activated Ca2+ channel. Nature. 439(7077): 737–740.
Kosower N.S., Marikovsky Y., Wertheim D., Danon D. (1971) Glutathione oxidation and
biophysical aspects of injury to human erythrocytes. Lab Clin Med., 78: 533-545.
Kozdrowski R., Dubiel A. (2004) The effect of season on the properties of wild boar (Sus
scrofa L.) semen. Theriogenology, 80: 281-289.
Kumaresan A., Johannisson A., Humblot P., Bergqvist A.S. (2012) Oviductal fluid modulates
the dynamics of tyrosine phosphorylation in cryopreserved boar spermatozoa during
capacitation. Molecular Reproduction and Development. 79: 525–540.
Langner M., Hui S.W. (1993) Merocyanine interaction with phosphatidylcholine bilayers.
Biochim Biophys Acta, 1149: 175–179.
Leclerc P., De Lamirande E., Gagnon C. (1997) Regulation of protein-tyrosine phosphorylation
and human sperm capacitation by reactive oxygen derivatives. Free Radical Biology &
Medicine, 22: 643–656.
Leidl

W.,

Schefels

W.,

Stolla

R.,

Metzger

E.

(1971)

Differenzierung

und

Befruchtungsvermögen pathologischer Spermien. Dtsch. Tierärztl. Wschr., 78: 129–134.
Lerner A.B., Case J.D., Takahashi Y. (1958) Isolation of melatonin, a pineal factor that
lightens melanocytes. Journal of the American Chemical Society, 80: 2587.
- 238 -

Lewis B., Aiken R.J. (2001) Impact of epididymal maturation on the tyrosine phosphorylation
patterns exhibited by rat spermatozoa. Biol. Reprod., 64: 1545-1556.
Lewis B., Aitken R.J. (2001) A redox-regulated tyrosine phosphorylation cascade in rat
spermatozoa. Journal of Andrology, 22: 611–622.
Leyton L., Saling P. (1989) 95 KD sperm proteins bind ZP3 and serve as tyrosine kinase
substrates in response to zona binding. Cell, 57: 1123–1130.
Li T.K. (1975) The glutathione and thiol content of mammalian spermatozoa and seminal
plasma. Biol Reprod., 12: 64–646.
Liguori L., De Lamirande E., Minelli A., Gagnon C. (2005) Various protein kinases regulate
human sperm acrosome reaction and the associated phosphorylation of Tyr residues and of the
Thr-Glu-Tyr motif. Molecular Human Reproduction, 11: 211–221.
Lishko P.V., Botchkina I.L., Kirichok Y. (2011) Progesterone activates the principal Ca2+
channel of human sperm. Nature, 471: 387–391.
Louda F., Čeřovský J., Ježková A., Stádník L. (2001) Inseminace hospodářských zvířat se
základy biotechnických metod. ČZU, Praha. 225 pp.
Lu J., Hou R., Booth C.J., Yang S.H., Snyder M. (2006) Defined culture conditions of human
embryonic stem cells. Proc Natl Acad Sci USA, 103: 5688-5693.
Luberda Z. (2001) Present conception regarding the effect on reactive oxygen species on
functions of mammalian spermatozoa. Postępy Biologii Komórki, 28: 309-316.
Luberda Z. (2005) The role of glutathione in mammalian gametes. Reproductive Biology, 5(1):
5-17.
- 239 -

Lyczynski A., Pawlak H. (1974) Technika pobierania i oceny przydatnosci nasenia knurów w
inseminacji. Przegl. Hodowl., 42: 18–20.
Mahfouz R., Sharma R., Lackner J., Aziz N., Agarwal A. (2008) Evaluation of
chemiluminescence and flow cytometry as tools in assessing production of hydrogen peroxide
and superoxide anion in human spermatozoa. Fertil Steril, 92(2): 819-27.
Mahony M.C., Gwathmey T. (1999) Protein tyrosine phosphorylation during hyperactivated
motility of cynomolgus monkey (Macaca fascicularis) spermatozoa. Biology of Reproduction,
60: 1239–1243.
Manchester L.C., Tan D.X., Reiter R.J., Park W., Monis K., Qi W. (2000) High levels of
melatonina in the seeds of edible plants: Possible function in germ tissue protection. Life
Sciences, 67: 3023-9.
Marek J., Urhinova I., Demjen E., Tomori Z. (2011) Parametric 3D model of sperm cell
surface applied in confocal microscopy. Conference paper (WSCG 2011), at Pilsen, Czech
Republic.
Marti J.I., Cebrian-Perez J.A., Muino-Blanco T. (2000) Assessment of the acrosomal status of
ram spermatozoa by RCA lectin-binding and partition in an aqueous two-phase system. J
Androl., 21: 541-548.
Martín Rillo S. (1982) Reproducción e Inseminación Artificial Porcina. Aedos, Barcelona,
España.
Martínez-Pastor F., Mata-Campuzano M., Alvarez-Rodríguez M., Alvarez M., Anel L., de Paz
P. (2010) Probes and techniques for sperm evaluation by flow cytometry. Reprod Domest
Anim., 45 (Suppl. 2): 67-78.
- 240 -

Mazzarri G., du Mesnil du Buisson F., Ortavant R. (1970) Acción de la temperatura y de la luz
sobre la producción y el poder fecundante de los espermatozoides del verraco. Agronomía
Tropical, 20: 173-184.
Medrano A., Fernández-Novell J.M., Ramió L., Alvarez J., Goldberg E., Montserrat Rivera M.,
Guinovart J.J., Rigau T., Rodríguez-Gil J.E. (2006) Utilization of citrate and lactate through a
lactate dehydrogenase and ATP-regulated pathway in boar spermatozoa. Mol Reprod Dev.,
73(3): 369–78.
Meister A. and Anderson M.E. (1983) 'Glutathione'. Ann Revi of Biochem., 52: 711-760.
Menon A.G., Barkema H.W., Wilde R., Kastelic J.P., Thundathil J.C. (2011) Associations
between sperm abnormalities, breed, age, and scrotal circumference in beef bulls. Canadian
Journal of Veterinary Research, 75(4): 241–247.
Miranda-Vilela AL., Alves P.C., Akimoto A.K., Pereira L.C., Nazaré Klautau-Guimarães M.,
Grisolia C.K. (2010) The effect of hydrogen peroxide-induced oxidative stress on leukocytes
depends on age and physical training in healthy human subjects carrying the same genotypes of
antioxidant enzymes' gene polymorphisms. Am J Hum Biol., 22: 807–812.
Mortimer D., Barratt C.L., Bjorndahl L., de Jager C., Jequier A.M., Muller C.H. (2013) What
should it take to describe a substance or product as ‘sperm-safe’. Hum Reprod Update,
19 Suppl 1: 11–45.
Mortimer D., Curtis E.F., Ralston A. (1988) Semi-automated analysis of manually
reconstructed tracks of progressively motile human spermatozoa. Hum. Reprod., 3: 303–309.
- 241 -

Mower D.A. Jr., Peckham D.W., Illera V.A., Fishbaugh J.K., Stunz L.L., Ashman R.F. (1994)
Decreased membrane phospholipid packing and decreased cell size precede DNA cleavage in
mature mouse B cell apoptosis. J Immunol., 152: 4832–4842.
Muratori M., Marchiani S., Tamburrino L., Forti G., Luconi M., Baldi E. (2010) Markers of hu
man sperm functions in the ICSI era. Frontiers in bioscience (Landmark edition), 16: 13441363.
Murphy M.P. (2009) How mitochondria produce reactive oxygen species. Biochem J., 417: 1–
13.
Nassar A., Mahony M., Morshedi M., Lin M.H., Srisombut C., Oehninger S. (1999)
Modulation of sperm tail protein tyrosine phosphorylation by pentoxifylline and its correlation
with hyperactivated motility. Fertility and Sterility, 71: 919–923.
Naz R.K., Ahmad K., Kumar R. (1991) Role of membrane phosphotyrosine proteins in human
spermatozoal function. Journal of Cell Science. 99: 157–165.
Naz R.K., Ahmad K., Kumar R. (1991) Role of membrane phosphotyrosine proteins in human
spermatozoal function. Journal of Cell Science. 102:487-494.
Naz R.K., Rajesh P.B. (2004) Role of tyrosine phosphorylation in sperm capacitation/acrosome
reaction. Reproductive Biology and Endocrinology, 2- 75.
Nikolaeva M.A., Golubeva E.L., Kulakov V.I., Sukhikh G.T. (1998) Evaluation of
stimulusinduced acrosome reaction by two-colour flow cytometric analysis. Mol. Hum.
Reprod., 4: 243-250.
- 242 -

O’Flaherty C., De Lamirande E., Gagnon C. (2006) Reactive oxygen species modulate
independent protein phosphorylation pathways during human sperm capacitation. Free Radical
Biology & Medicine, 40: 1045–1055.
Ochsendorf F.R., Buhl R., Baštlein A., Beschmann H. (1998) Glutathione in spermatozoa and
seminal plasma of infertile men. Hum Reprod., 13: 353–9.
Orlowski M., Meister A. (1970) The g-glutamyl cycle: A possible transport system for amino
acids. Proc Natl Acad Sci USA, 67: 1248– 1255.
Partyka A., Niżański W., Ochota M. (2012) Methods of assessment of cryopreserved semen.
In: Katkov II (Ed) Current Frontiers in Cryobiology. In Tech Open Access Publisher, Rijeka,
Croatia, pp 547574.
Peña A., Johannisson A., Linde-Forsberg C. (1999) Post-thaw evaluation of dog spermatozoa
using new triple fluorescent staining and flow cytometry. Theriogenology, 52: 965-980.
Petrocelli H., Batista C., Gosálvez J. (2015) Seasonal variation in sperm characteristics of
boars in southern Uruguay. Revista Brasileira de Zootecnia, 44: 1–7.
Petrunkina A.M., Friedrich J., Drommer W., Bicker G., Waberski D., Topfer-Petersen E.
(2001) Kinetic characterization of the changes in protein tyrosine phosphorylation of
membranes, cytosolic Ca2C concentration and viability in boar sperm populations selected by
binding to oviductal epithelial cells. Reproduction, 122: 469–480.
Petrunkina A.M., Harrison R.A.P., Töpfer-Petersen E. (2000) Only low levels of spermadhesin
AWN are detectable on the surface of live ejaculated boar spermatozoa. Reprod Fertil Dev.,
12: 361–371.
- 243 -

Petrunkina A.M., Simon K., Gunzel-Apel A.R., Topfer-Petersen E. (2003) Specific order in the
appearance of protein tyrosine phosphorylation patterns is functionally coordinated with dog
sperm hyperactivation and capacitation. Journal of Andrology, 24: 423–437.
Petrunkina A.M., Simon K., Gunzel-Apel A.R., Topfer-Petersen E. (2004) Kinetics of protein
tyrosine phosphorylation in sperm selected by binding to oviductal explants: how specific is
the regulation by the oviduct? Theriogenology, 61: 1617–1634.
Petrunkina A.M., Töpfer-Petersen E. (2000) Heterogeneous osmotic behaviour in boar sperm
populations and its relevance for detection of changes in plasma membrane. Reprod Fertil
Dev., 12: 297–305.
Pinart E., Sancho S., Briz M., Bonet S., Garcia-Gil N. (1999) Characterization of the semen
quality of postpuberal boars with spontaneous unilateral abdominal cryptorchidism on the right
side. Anim Reprod Sci., 55: 269–278.
Pintor J., Martin L., Pelaez T., Hoyle C.H., Peral A. (2001) Involvement of melatonin MT(3)
receptors in the regulation of intraocular pressure in rabbits. Eur J Pharmacol., 416: 251–254.
Pommer A.C., Rutllant J., Meyers S. (2003) Phosphorylation of protein tyrosine residues in
fresh and cryopreserved stallion spermatozoa under capacitating conditions. Biology of
Reproduction, 68: 1208–1214.
Publicover S., Harper C.V., Barratt C. (2007) [Ca2+]-signalling in sperm: making the most of
what you’ve got. Nature Cell Biol, 9: 235–242.
Publicover S.J., Giojalas L.C., Teves M.E., de Oliveira G.S., Garcia A.A., Barratt C.L., Harper
C.V. (2008) Ca2+ signalling in the control of motility and guidance in mammalian
sperm. Frontiers in Bioscience, 13: 5623–5637.
- 244 -

Puigmulé M., Fàbrega A., Yeste M., Bonet S., Pinart E. (2011) Study of proacrosin-acrosin
system in epididymal ejaculated and in Vitro capacitated boar spermatozoa. Reprod Fertil
Dev., 23: 837–845.
Purdy P.H. (2008) Ubiquitination and its influence in boar sperm physiologyand
cryopreservation. Theriogenology, 70: 818–826.
Qi H. (2007) All four CatSper ion channel proteins are required for male fertility and sperm
cell hyperactivated motility. Proc Natl Acad Sci USA, 104(4): 1219–1223.
Ramio- Lluch L., Fernández- Novell J., Peña A., Ramirez A., Concha I., Rodriguez- Gil J.E.
(2012) ‘In vitro’ capacitation and further ‘In vitro’ progesterone-induced acrosome exocytosis
are linked to specific changes in the expression and acrosome location of protein
phosphorylation in serine residues of boar spermatozoa. Reproduction Domestic Animals, 47:
766- 776.
Rao M.V., Gangadharan B. (2008) Antioxidative potential of melatonin against mercury
induced intoxication in spermatozoa in vitro. Toxicol In Vitro, 22: 935–942.
Reiter R.J., Tan D.X., Osuna C., Gitto E. (2000) Actions of melatonin in the reduction of
oxidative stress: A review. J Biomed Sci., 7: 444–58.
Remmen J.L.A.M., Tielen M.J.M. (1976) Sperma – onderzoek bij de beer. Tijdschr.
Diergeneesk., 101: 599–610.
Rijsselaere T., Maes D., Hoflack G., de Kruif A., Van Soom A. (2007) Effect of body weight,
age and breeding history on canine sperm quality parameters measured by the HamiltonThorne analyzer. Reproduction Domestic Animal, 42: 143-148.
- 245 -

Roca J., Parrilla I., Rodriguez-Martinez H., Gil M.A., Cuello C., Vazquez J.M., Martinez E.A.
(2011) Approaches towards efficient use of boar semen in the pig industry. Reprod. Domest.
Anim., 46: 79-83.
Rodríguez A.L. (2012) Fresh boar semen: quality control and production. Doctoral Thesis.
University of Ghent.
Rodríguez-Gil J.E., Bonet S. (2016) Current knowledge on boar sperm metabolism:
comparison with other mammalian species. Theriogenology, 85 (1): 4-11.
Rodríguez-Gil J.E., Montserrat A., Rigau T. (1994) Effects of hypoosmotic incubation on
acrosome and tail structure on canine spermatozoa. Theriogenology, 42(5): 815–829.
Rodriguez-Martinez H. (2007) Role of the oviduct in sperm capacitation.Theriogenology,
68(Suppl 1): S138–146.
Rodriguez-Martinez H., Tienthai P., Suzuki K., Funahashi H., Ekwall H., Johannisson A.
(2001) Involvement of oviduct in sperm capacitation and oocyte development in
pigs. Reproduction Supplement, 58: 129–145.
Roy S.C., Atreja S.K. (2008) Tyrosine phosphorylation of a 38-kDa capacitation-associated
buffalo (Bubalus bubalis) sperm protein is induced by L-arginine and regulated through a
cAMP/PKA-independent pathway. International Journal of Andrology, 31: 12–24.
Rybar R., Faldikova L., Faldyna M., Machatkova M., Rubes J. (2004) Bull and boar sperm
DNA integrity evaluated by sperm chromatin structure assay in the Czech Republic. Vet Med,
49: 1–8.
- 246 -

Sakkas D., Leppens-Luisier G., Lucas H., Chardonnens D., Campana A., Franken D.R., Urner
F. (2003) Localization of tyrosine phosphorylated proteins in human sperm and relation to
capacitation and zona pellucida binding. Biology of Reproduction, 68: 1463–1469.
Sakkas D., Ramalingam M., Garrido N., Barratt C.L. (2015) Sperm selection in natural
conception: what can we learn from Mother Nature to improve assisted reproduction
outcomes? Human Reproduction Update, 21(6): 711-26.
Sakkas D., Urner F., Bizzaro D. (1998) Sperm nuclear DNA damage and altered chromatin
structure: effect on fertilization and embryo development. Human Reproduction, 13(4): 11–19.
Saleh R.A., Agarwal A., Sharma R.K., Nelson D.R., Thomas A.J. Jr. (2002) Effect of cigarette
smoking on levels of seminal oxidative stress in infertile men: a prospective study. Fertil
Steril., 78: 491–499.
Salicioni A., Platt M.D., Wertheimer E.V., Arcelay E., Allaire A., Sosnik J., Visconti P.E. (200
7) Signalling pathways involved in

sperm

capacitation. Society of Reproduction and

Fertility supplement, 65: 245‐259.
Sancho S. (2002) Efectes del fotoperíode sobre la qualitat espermàtica de mascles porcins Sus
domesticus. Doctoral Thesis. Ed Universitat de Girona.
Sancho S., Pinart E., Briz M.D., Garc a N., Badia E., Bassols J., Kádár E., Pruneda A.,
Bussalleu E., Yeste M., Coll M.G., Bonet S. (2004) Semen quality of postpubertal boars
during increasing and decreasing natural photoperiods. Biotechnology of Porcine
Reproduction.
Sancho S., Vilagran I. (2013) Chapter 9. The boar ejaculate: sperm function and seminal
plasma analyses. In: Boar Reproduction, pp. 471–516.
- 247 -

Sarabia L., Maurer I., Bustos-Obregon E., (2009) Melatonin prevents damage elicited by the
organophosphorous pesticide diazinon on mouse sperm DNA. Ecotoxicol Environ Saf, 72:
663–668.
Saravia F., Hernández M., Wallgren M., Johannisson A., Rodríguez-Martínez H. (2007)
Controlled cooling during semen cryopreservation does not induce capacitation of spermatozoa
from two portions of the boar ejaculate. International Journal of Andrology, 30(6): 485–499.
Schroter S., Osterhoff C., McArdle W., Ivell R. (1999) The glycocalyx of the sperm
surface. Hum Reprod Update, 11(4): 302–313.
Sharma R.K. and Agarwal A. (1996) Role of reactive oxygen species in male
infertility. Urology, 48(6): 835–850.
Shukla K.K., Mahdi A.A., Rajender S. (2012) Ion channels in sperm physiology, male fertility
and infertility. J. Androl, 33: 777–788.
Si Y., Okuno M. (1999) Role of tyrosine phosphorylation of flagellar proteins in hamster
sperm hyperactivation. Biology of Reproduction, 61: 240–246.
Silva P.F., Gadella B.M. (2006) Detection of damage in mammalian sperm cells.
Theriogenology, 65(5): 958–978.
Sjaastad O.V., Sand O., Hove K. (2013) Fisiologia degli Animali Domestici. Casa Editrice
Ambrosiana, Rozzano (Milano).
Söderquist L. (1991) Sperm characteristics and fertility in diary AI bulls. PhD thesis, Uppsala
University, Sweden.
- 248 -

Stauss C.R., Votta T.J., Suarez S.S. (1995) Sperm motility hyperactivation facilitates
penetration of the hamster zona pellucida. Biology of Reproduction, 53: 1280–1285.
Stemmler K.H., Bach S., Neundorf P., Mudra K., Ueckert H. (1982) Der Einfluss von
Spermienanomalien auf die Befruchtungsleistung beim Eber. Mh. Vet.-Med., 37: 467–470.
Stone B.A., Alex A., Werlin L.B., Marrs R.P. (2013) Age thresholds for changes in semen
parameters in men. Fertility Sterility, 100: 952-958.
Suarez S.S., Ho H.C. (2003) Hyperactivated motility in sperm. Reproduction in Domestic
Animals, 38: 119–124.
Suarez S.S., Pacey A.A. (2006) Sperm transport in the female reproductive tract. Hum Reprod
Update, 12: 23–37.
Takahashi A., Camacho P., Lechleiter J.D., Herman B. (1999) Measurement of intracellular
calcium. Physiol Rev, 79: 1089–1125.
Talukdar D.J., Ahmed K., Talukdar P. (2015) Cryocapacitation and fertility of cryoprserved
semen. Internationa Journal of Livestock Research, 5: 11-18.
Tamura H., Nakamura Y., Terron MP., Flores LJ., Manchester L.C., Tan D.X., Sugino N.,
Reiter R.J. (2008) Melatonin and pregnancy in the human. Reprod Toxicol., 25: 291–303.
Tan D.X., Hardeland R., Manchester L.C., Poeggeler B., Lopez-Burillo S., Mayo J.C., Sainz
R.M., Reiter R.J. (2003) Mechanistic and comparative studies of melatonin and classic
antioxidants in terms of their interactions with the ABTS cation radical. Journal of Pineal
Research, 34: 249-259.
- 249 -

Tan D.X., Manchester L.C., Reiter R.J., Qi W.B., Karbownik M., Calvo J.R. (2000)
Significance of melatonin in antioxidative defense system: reactions and products. Biological
Signals and Receptors, 9: 137-159.
Tan D.X., Manchester L.C., Terron M.P., Flores L.J., Reiter R.J. (2007) One molecule, many
derivatives: a never-ending interaction of melatonin with reactive oxygen and nitrogen
species? J. Pineal. Res., 42: 28–42.
Tan D.X., Chen L.D., Poeggeler B., Manchester L., Reiter R.J. (1993) Melatonin: a potent,
endogenous hydroxyl radical scavenger. Endocrine Journal, 1: 57-60.
Tardif S., Dube C., Chevalier S., Bailey J.L. (2001) Capacitation is associated with tyrosine
phosphorylation and tyrosine kinase-like activity of pig sperm proteins. Biology of
Reproduction, 65: 784–792.
Tejerina F., Morrell J., Petterson J., Dalin A-M., Rodriguez-Martinez H. (2009) Routine
assessment of motility of ejaculated stallion spermatozoa using a novel computer-assisted
motility analyzer (Qualisperm™). Anim. Reprod., 6: 380-385.
Thonneau P., Bujan L., Multigner L., Mieusset R. (1998) Occupational heat exposure and male
fertility: a review. Human Reproduction, 13: 2122-2125.
Thundathil J., Palasz A.T., Barth A.D., Mapletoft R.J. (2001) The use of in vitro fertilization
techniques to investigate the fertilizing ability of bovine sperm with proximal cytoplasmic
droplets. Anim Reprod Sci., 65: 181–192.
Ullrich A., Schlessinger J. (1990) Signal transduction by receptors with tyrosine kinase
activity. Cell, 61: 203–212.
- 250 -

Urner F., Leppens-Luisier G., Sakkas D. (2001) Protein tyrosine phosphorylation in sperm
during gamete interaction in the mouse: the influence of glucose. Biology of Reproduction, 64:
1350–1357.
Vázquez J.M., Martinez E.A., Roca J., Gil M.A., Parrilla I., Cuello C., Carvajal G., Lucas X.,
Vazquez J.L. (2005) Improving the efficiency of sperm technologies in pigs: the value of deep
intrauterine insemination. Theriogenology, 63(2): 536–547.
Věžník Z. a kol. (2000) Hodnocení semene pro asistovanou reprodukci a výběr plemeníků.
VÚVeL, Brno, 95–101.
Visconti P.E., Johnson L.R., Oyaski M., Fornes M., Moss S.B., Gerton G.L., Kopf G.S. (1997)
Regulation, localization, and anchoring of protein kinase A subunits during mouse sperm
capacitation. Dev Biol., 192: 351–363.
Visconti P.E., Kopf G.S. (1998) Regulation of protein phosphorylation during sperm
capacitation. Biology of Reproduction, 59: 1–6.
Visconti P.E., Westbrook V.A., Chertihin O., Demarco I., Sleight S., Diekman A.B. (2002)
Novel signaling pathways involved in sperm acquisition of fertilizing capacity. Journal of
Reproductive Immunology, 53: 133–150.
Visconti P.E. (2009) Understanding the molecular basis of sperm capacitation through kinase d
esign. Proceedings of the National Academy of Sciences, 106: 667‐668.
Visconti P.E., Bailey J.L., Moore G.D., Pan D., Olds‐Clarke P., Kopf G.S. (1995) Capacitation
of mouse spermatozoa. I. Correlation between the capacitation state and protein
tyrosine phosphorylation. Development, 121: 1129‐1137.
- 251 -

Waberski D., Dirksen G., Weitze K.F., Leiding C., Hahn R. (1990) Spermienmotilität und
Morphologie in ihrer Auswirkung auf die Fruchtbarkeit von Besamungsebern in
Feldversuchen. Tieräztl. Prax., 18: 591–594.
Waberski D., Meding S., Dirksen G., Weitze K.F., Leiding C., Hahn R. (1994) Fertility of
long-term stored boar semen: Influence of extender (Androhep and Kiev), storage time and
plasma droplets in the semen. Anim. Reprod. Sci., 36: 145–151.
Wekerle L. (1982) A sertés kansperma laboratóriumi vizsgálata, kűlőnős tekintettel a
spermiumok morfológiájára. Magyar Allatorv. Lapja, 37: 41–45.
Werner M., Gack C., Speck T., Peschke K. (2007) Queue up, please! Spermathecal filling in
the rove beetle Drusilla canaliculata (Coleoptera, Staphylinidae). Naturwissenschaften, 94(10):
837–841.
Williamson P., Mattocks K., Schlegel R.A. (1983) Merocyanine 540, a fluorescent probe
sensitive to lipid packing. Biochim Biophys Acta, 732: 387–393.
Wilmington, J.A. (1981) Some investigations into the eﬀect of spermmorphology on the
fertility of semen used for artiﬁcial insemina-tion. In: Proceedings of the Association of
Veterinary Teachers andResearch Workers, Scarborough, pp. 1–11.
Woelders H. (1991) Overview of in vitro methods for evaluation of semen quality. Reprod
Domest Anim Suppl, 1: 145–164.
Xin A-J., Cheng L., Diao H., Wang P., Gu Y-H., Wu B., Wu Y-C., Chen G-W., Zhou SM., Guo S-J., Shi H-J., Tao S-C. (2014) Comprehensive profiling of accessible surface glycans
of mammalian sperm using a lectin microarray. Clinical Proteomics, 2014, Volume 11,
Number 1, Page 1.
- 252 -

Yanagimachi R. (1969) In vitro capacitation of hamster spermatozoa by follicular fluid.
Journal of Reproduction and Fertility, 18: 275–286.
Yanagimachi R. (1970) In vitro capacitation of golden hamster spermatozoa by homologous
and heterologous blood sera. Biol. Reprod., 3: 147.
Yanagimachi R. (2011) Mammalian sperm acrosome reaction: where does it begin before
fertilization?. Biology of Reproduction, 85: 4–5.
Yang Y., Song Y., Loscalzo J. (2007) Regulation of the protein disulfide proteome by
mitochondria in mammalian cells. Proceedings of the National Academy of Sciences 104(26):
10813-7.
Yeste M., Briz M., Pinart E., Sancho S., Bussalleu E., Bonet S. (2010) The osmotic tolerance
of boar spermatozoa and its usefulness as sperm quality parameter. Anim Reprod Sci., 119(3–
4): 265–274.
Yeste M., Briz M., Pinart E., Sancho S., Garcia-Gil N., Badia E., Bassols J., Pruneda A.,
Bussalleu E., Casas I., Bonet S. (2008) Hyaluronic acid delays boar sperm capacitation after 3
days of storage at 15°C. Anim Reprod Sci., 109: 236–250.
Yeste M., Estrada E., Rivera Del Alamo M.M., Bonet S., Rigau T., Rodríguez-Gil J.E. (2014)
The increase in phosphorylation levels of serine residues of protein HSP70 during holding time
at 17°C is concomitant with a higher cryotolerance of boar spermatozoa. PLoS ONE, 9,
e90887.
Yeste M., Fernández-Novell J.M., Ramio-Lluch L., Estrada E., Rocha L.G., Cebrián-Perez
J.A., Muino-Blanco T., Concha I.I., Ramírez A., Rodríguez-Gil J.E. (2015) Intracellular
calcium movements of boar spermatozoa during ‘in vitro’ capacitation and subsequent
- 253 -

acrosome exocytosis follow a multiple-storage place, extracellular calcium-dependent model.
Andrology, 3: 729–747.

Yeste M., Flores E., Estrada E., Bonet S., Rigau T., Rodríguez-Gil J.E. (2013) Reduced
glutathione and procaine hydrochloride protect the nucleoprotein structure of boar spermatozoa
during freeze-thawing by stabilising disulfide bonds. Reprod. Fertil. Dev., 25: 1036–1050.

Yoshida M., Kojima Y. (1989) Male pronuclear formation by a boar spermatozoon with
harpin-curved tail in zona-free hamster egg. Jpn. J. Vet. Sci., 51: 428–430.

Yoshida M., Yoshida K. (2011) Sperm chemotaxis and regulation of flagellar movement by
Ca2+. Molecular Human Reproduction, 17: 457–465.

Zhang X.Z., Liu J.H., Sheng H.Q., Wu H.J., Wu Y., Yao K.S., Lu J.C., Zhang F.B. (2013)
Seasonal variation in semen quality in China. Andrology, 1: 639-643.

Zhao H., Joseph J., Fales H.M., Sokoloski E.A., Levine R.L., Vasquez-Vivar J., Kalyanaraman
B. (2005) Detection and characterization of the product of hydroethidine and intracellular
superoxide by HPLC and limitations of fluorescence. Proc Natl Acad Sci USA, 102: 57275732.

Zumoffen C.M., Caille A.M., Munuce M.J., Cabada M.O., Ghersevich S.A. (2010) Proteins
from human oviductal tissue-conditioned medium modulate sperm capacitation. Human
Reproduction, 25: 1504–1512.

- 254 -

10.3. List of Images:
Fig 1. General representation of genital apparatus of boar: Singleton W. (1997) Diagram
of boar reproductive system, Purdue University. https://www.extension.purdue.edu
Fig 1. Pietrain boar: http:// www.upbgeneticworld.com
Fig 1.2. -1.8. Particulars of boar reproductive system: Dwane Davis picture:
http://www.powershow.com/view1/58067
Fig 1.4. Rete testis image: http://nabilariyantidclovers.blogspot.com.es
Fig 2. Sperm cell structure: http://www.slideshare.net/SSpencer53/ch16appt-reproductive
Fig 2.1. Sperm head: Briz M., Fabrega A. (2013) Boar Reproduction: Fundamentals and New
Biotechnological Trends. Springer Science & Business.
Fig 2.2. Tail sperm structure:
http://animalsciences.missouri.edu/reprod/Notes/sperm/tail.htm.
Fig 2.3. Mitochondrial structure: Bonet S., Briz M., Pinart E., Sancho S., García-Gil N.,
Badia E. (2000) Morphology of boar spermatozoa. J, eds. Insititu d’Estudis Catalans,
Barcelona (Spain), 8-47283-533-2.
Fig 2.4. Sperm tail structure citoskeletal: Claire L., Borg K., Wolski M., Gerard M., Gibbs
M., O'Bryan K. (2009) Phenotyping male infertility in the mouse: how to get the most out of a
'non-performer. Hum. Reprod. Update, 16(2): 205-24.
Fig 3. Journey of sperm: López-Úbeda R.., Matás C. (2015) An Approach to the Factors
Related to Sperm Capacitation Process. Andrology, 4: 128.
- 255 -

Fig 4. Sperm capacitation: Redgrove K.A., Aitken R.J., Nixon B. (2012) More than a simple
lock and key mechanism: unraveling the intricacies of sperm-zona pellucida binding. In:
Abdelmohsen K, editor. Binding Protein. Rijeka: InTech, 73–122.
Fig 4.1. Progressive and hyperactivated motility of mammalian spermatozoa: Florman
H.M., Fissore R.A. (2015) Fertilization in mammals. In: Knobil and Neill's Physiology of
Reproduction (Fourth Edition), 149-196.
Fig 5. Progesterone effect levels: Coy P., García-Vásquez F.A., Visconti P.E., Avilés M.
(2012) Roles of the oviduct in mammalian fertilization. Reproduction, 144: 649–660.
Fig 5.1. Acrosome reaction: Wassarman P.M. (1999) Mammalian fertilization: Molecular
aspects of gamete adhesion, exocytosis, and fusion. Cell, 96: 175– 183.
Fig 6. CASA system: Scheme of different velocities and parameters of sperm movement
measured by CASA system. From: http//www.mibio.org/en/metrics-used
Fig 6.1. Sperm anomalies: Pinart E., Camps R., Briz M., Bonet S., Egozcue J. (1998)
Unilateral spontaneous abdominal cryptorchidism: structural and ultrastructural study of sperm
morphology. Anim Reprod Sci., 49: 247–268.
Fig. 6.2. Viability with eosin-nigrosin: example of eosin- nigrosin stain in boar sperm. From:
http://www.thepigsite.com/articles/2596/quality-control-of-extended-boar-semen
Fig 6.3. Viability with SYBR/ PI: Pilane C., Audrey Bopape M., Helen Mapeka M., Richard
Netshirovha T. (2016) Assessment of the Susceptibility of Boar Semen to Oxidative
Stress. Open Journal of Animal Sciences, 6: 123-130.
Fig 6.4. Representation of Western blotting technique in principal four steps: Paint image.
- 256 -

Fig. 6.5. Schematic procedure used for the evaluation of free-cysteine residues in sperm
cells nucleoproteins: Paint image.
Fig 6.6. Halomax imagine: Alkmin D.V., Martinez-Alborcia M.J., Parrilla I., Vazquez J.M.,
Martinez E.A., Roca J. (2013) The nuclear DNA longevity in cryopreserved boar spermatozoa
assessed using the Sperm-Sus-Halomax. Theriogenology, 79 (9): 1294–1300.

10.4. Glutathione image reference:
Fig 7. Glutathione synthesis pathway: Emmett M. (2014) Acetaminophen Toxicity and 5Oxoproline (Pyroglutamic Acid): A Tale of Two Cycles, One an ATP-Depleting Futile Cycle
and the Other a Useful Cycle. Clin. J. Am. Soc. Nephrol., 9: 191–200.

10.5. Melatonin images reference:

Fig 8. Biosynthesis of melatonin from tryptophan in mammalian pinealocytes:
http://photobiology.info/Tosini.html
Fig 8.1. Melatonin secretion: https://sadam001.files.wordpress.com/2014/05/2.png

- 257 -

