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Introducción
El sector ovino español mantiene un alto grado de diversidad genética debido al sin fin de
peculiaridades geográficas, climatológicas y culturales con las que nos encontramos. Según el
Real Decreto 45/2019, de 8 de febrero, por el que se establece el programa nacional de
conservación, mejora y fomento de las razas ganaderas, España cuenta con un total de 50 razas
ovinas reconocidas oficialmente, de las cuales 33 están en peligro de extinción.
La gran mayoría de ellas se acogen a programas de cría, bien sea para la conservación de las
mismas o para la selección y mejora de las características productivas. En este punto las
diferentes técnicas de Reproducción Asistida adquieren suma importancia, siendo la
inseminación artificial (IA) una de las más empleadas ya que se utiliza como herramienta para
apoyar a los esquemas de selección a incrementar la tasa de progreso genético y diseminación
de la mejora (O’Hara y cols., 2010). No obstante, en el ganado ovino, la IA es una técnica que
no se ha implementado de forma rutinaria, como puede ser el caso del ganado vacuno o porcino.
Las razones por las cuales su uso no está tan extendido pueden ser, entre otras, una menor
rentabilidad económica de las explotaciones, la variabilidad en los resultados de fertilidad
obtenidos y una mayor rapidez de pérdida de calidad seminal acorde a su tiempo de
almacenamiento (Mata-Campuzano y cols., 2014), lo que dificulta el traslado del semen a larga
distancia y su almacenamiento durante días.
La aplicación exitosa de la IA en ganado ovino se ve afectada por multitud de variables: la
compleja anatomía del cérvix (Halbert y cols., 1990), la preservación del semen, el manejo del
ganado, el sistema de explotación, la sanidad de los rebaños, el estado fisiológico de las
hembras, la técnica de deposición del semen, factores ambientales diversos, el factor humano,
la concentración espermática de la dosis o el diluyente empleado, entre otros (Anel y cols.,
2005).
Como ya adelantaron López-Saéz y cols. (2000), en la actualidad en los países mediterráneos
la técnica predominante de IA sigue siendo la deposición cervical de semen diluido con
soluciones de leche desnatada y refrigerado a 15ºC, siendo una técnica económica y fácil de
aplicar. No obstante, en los últimos años se tiende al estudio de diluyentes que no contienen
productos de origen animal, con el fin de evitar posibles riesgos sanitarios debidos a transmisión
de enfermedades o contaminación microbiana que pueda derivar en la proliferación de
endotoxinas (Toker y cols., 2016), siendo una alternativa las lecitinas derivadas de las plantas,
como es el caso de aquellas obtenidas de la soja (Chelucci y cols., 2015).
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El uso de semen criopreservado para IA no está tan extendido en el ganado ovino, aunque se
hayan obtenido resultados satisfactorios (Anel y cols., 2006). La técnica requiere de la
deposición seminal intrauterina mediante vía laparoscopia, lo que conlleva mayores costos
económicos, además de resultar más laboriosa (Fair y cols., 2005). En cambio, la IA de semen
congelado-descongelado con deposición cervical presenta bajos y muy variables resultados de
fertilidad (Valente y cols., 2010; Álvarez y cols., 2012).
La técnica de criopreservación de semen más común en la mayoría de especies de mamíferos,
incluyendo la especie ovina, es la congelación convencional o la congelación lenta (Curry,
2000). Se considera que la formación intracelular de cristales de hielo es una de las principales
causas de daño celular durante este tipo de congelación y, por lo tanto, es uno de los factores
responsables de la baja fertilidad. La formación de cristales está asociada con la reducción de
motilidad espermática, ruptura irreversible de la membrana plasmática de los espermatozoides,
disminución del potencial mitocondrial de los espermatozoides y la fragmentación del ADN
espermático (Barrio y cols., 2000; O’Connell y cols., 2002; Coyan y cols., 2012). A esto hay
que añadir que los espermatozoides de carnero son células particularmente sensibles al choque
por frío, a las variaciones osmóticas y a la toxicidad generada por los solutos empleados durante
los diferentes procesos de preservación del semen. Esta sensibilidad extrema es atribuida al bajo
ratio colesterol:fosfolípidos y a la alta proporción de ácidos grasos poliinsaturados, los cuales
requieren la implementación de diversas estrategias con el fin de mejorar la calidad y viabilidad
espermática.
Una técnica alternativa a la congelación convencional es la vitrificación del semen, la cual se
fundamenta en tres pilares básicos: velocidad de enfriamiento ultra-rápida, alta viscosidad del
medio y pequeños volúmenes de muestra, de tal forma que se intenta evitar la formación de
cristales intracelulares (Vizuete y cols., 2013). Aunque dicha técnica ha sido más estudiada en
oocitos y embriones de diferentes especies de mamíferos (Asgari y cols., 2012; Domínguez y
cols., 2013), estudios recientes han sido publicados en referencia a la vitrificación de semen en
peces (Cuevas-Uribe y cols., 2011; Castelo-Branco y cols., 2015; Kasa y cols., 2016), perro
(Sánchez y cols., 2011), gato (Vizuete y cols., 2013), conejo (Rosato y cols., 2013), hombre
(Isachenko y cols., 2004, 2008, 2012), caballo (Pérez-Marín y cols., 2018) y carnero (JiménezRabadán y cols., 2015). No obstante, hasta la fecha los resultados obtenidos en la especie que
nos ocupa (ovino) no son suficientes como para implementar dicha técnica en programas de IA,
como ocurre en la mayoría de especies estudiadas.
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En este contexto, varias son las investigaciones que previamente han demostrado que los
espermatozoides de carnero son células altamente sensibles a los procesos de congelacióndescongelación, reduciendo la tasa de fecundidad y éxito de los programas de inseminación
artificial. Esto se debe a que los procesos de refrigeración o congelación, derivan en cambios
bioquímicos, estructurales y funcionales de los espermatozoides (Bailey y cols., 2000), los
cuales afectan a su capacidad fecundante. Uno de los factores que repercuten negativamente
durante dichos procesos es el estrés oxidativo, como consecuencia del aumento de las especies
reactivas de oxigeno (EROs).
Las principales fuentes donde se generan los radicales libres, aparte de en las mitocondrias, son
los leucocitos y las células espermáticas inmaduras, defectuosas, dañadas o muertas (Saraswat
y cols., 2014). Por ello, el uso de la centrifugación con gradientes de densidad podría ser una
herramienta interesante para separar los espermatozoides móviles y con morfología normal de
aquellas que promueven la formación de EROs (Morrell y cols., 2009).
En este contexto, el coloide más utilizado para la separación de espermatozoides ha sido el
Percoll®, que está hecho de partículas de sílice recubiertas con polivinilpirrolidona (PVP)
disueltas en una solución salina y que ha sido utilizado en numerosas especies: hombre (Kaneko
y cols., 1986); toro (Samardzija y cols., 2006); perros (Kim y cols., 2010); carnero (Valcárcel
y cols., 1996); caballo (Trein y cols., 2008). Sin embargo, debido al riesgo de contaminación
con endotoxinas y su posible efecto negativo sobre los espermatozoides se ha reducido su uso.
Esto ha hecho que se hayan desarrollado nuevos preparados comerciales para evitar las
desventajas del Percoll®. Los coloides de sílice recubiertos con silano son actualmente los más
utilizados, ya que son soluciones más estables y estandarizadas (Morrell y cols., 2009a). Estos
coloides se utilizan siguiendo diferentes procedimientos, como la centrifugación con gradiente
de densidad (DGC) o una simplificación de la técnica mencionada, llamada centrifugación de
una sola capa (SLC) (Morrel y cols., 2009).
Aunque el uso de los gradientes permite separar todos aquellos elementos que pueden hacer
proliferar las EROs, cabe destacar que estas tienen un efecto contrapuesto en los
espermatozoides, dependiendo de su naturaleza y concentración. Las bajas concentraciones de
EROs intervienen favorablemente en la capacitación, reacción acrosómica y en la unión del
espermatozoide a la zona pelúcida (Saraswat y cols., 2014). No obstante, elevadas
concentraciones están asociadas con la inhibición del funcionamiento normal de los
espermatozoides y su viabilidad, debido al estrés oxidativo y a la consecuente peroxidación de
los ácidos grasos polinsaturados presentes en la membrana plasmática (Aziz y cols., 2004).
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En condiciones normales, los espermatozoides tienen mecanismos endógenos para hacer frente
al estrés oxidativo, siendo los antioxidantes presentes en el plasma seminal tales como la
superoxido dismutasa (SOD), catalasa (CAT) o el glutathion peroxidasa/gluthation reductasa
(GPx), los encargados de mantener el equilibrio necesario para evitar dicho estrés (Budai y
cols., 2014). En cambio, cuando el espermatozoide es sometido a condiciones estresantes
derivadas del manejo del semen o del descenso de temperatura, los antioxidantes endógenos no
son capaces de contrarrestar el exceso de radicales libres, siendo necesaria la suplementación
con antioxidantes exógenos, ya sean de origen natural (Moradi y cols., 2013; Allai y cols., 2015;
Fang y cols., 2015) o sintéticos (Kheradmand y cols., 2006; Bucak y cols., 2007; Coyan y cols.,
2010; Mata-Campuzano y cols., 2014).
A los extractos obtenidos a partir de las hojas, semillas o raíces de plantas naturales se les
atribuye capacidad antioxidante debido a su alto contenido en polifenoles, flavonoides,
carotenos, ácido gálico, taninos y aceites esenciales, y se ha demostrado que son mejores que
los antioxidantes sintéticos debido a una menor citotoxicidad y formación de residuos (Zhong
y cols., 2013).
El fruto del olivo (Olea europea) y, por lo tanto, el aceite de oliva y sus derivados, contienen
un alto porcentaje de componentes fenólicos, a los cuales se les atribuye efecto antioxidante
(Fernández-Bolaños y cols., 2008), cualidad relacionada con efectos beneficiosos para la salud
humana (de Roos y cols., 2011). Uno de los componentes fenólicos con mayor capacidad
antioxidantes es el hydroxytyrosol (3.4 dyhroxyphenylethanol, HT), un fenol simple
predominante en la aceituna y que se extrae del alperujo, uno de sus subproductos (FernándezBolaños y cols., 2008). Se ha descrito que el HT reduce la oxidación de las lipoproteínas de
baja densidad, protege contra la citotoxicidad del H2O2 y minimiza la actividad del lactato
deshidrogenasa (Hashimoto y cols., 2004; Roche y cols., 2009; Cicerale y cols., 2010), lo que
lo hace potencialmente interesante para la conservación espermática.
A su vez, otro componente fenólico presente en el aceite de oliva y extraído también del alperujo
es el 3,4-dihydroxyphenylglycol (DHPG), similar al HT, pero con un grupo hidróxilo adicional
en la posición β, al cual se le han documentado propiedades antiinflamatorias (Rodríguez y
cols., 2007). La capacidad antioxidante, antirradical y reductora del DHPG es comparable con
la vitamina E (Al-Dajari, 2012).
En este contexto y al hilo de lo expuesto anteriormente, la presente tesis doctoral busca generar
nuevos conocimientos que puedan mejorar la calidad seminal tras los diferentes procesos de
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criopreservación en la especie ovina, mejorando así los índices de fertilidad en aras de facilitar
la aplicación de la IA de forma rutinaria, para lo que se han planteado diversos objetivos
específicos que pasan a describirse a continuación.

7

OBJETIVOS

9

Objetivos
El objetivo fundamental de la presente tesis doctoral ha sido profundizar en nuevos
procedimientos de conservación espermática, así como el estudio de nuevas herramientas que
permitan mantener la calidad del semen ovino para su posterior utilización. Para ello se
establecieron diferentes objetivos específicos que se relacionan a continuación:
Objetivo 1. Evaluar la técnica de vitrificación espermática en la especie ovina introduciendo
para ello ciertas variaciones en la temperatura de refrigeración previa y en las
concentraciones de los crioprotectores empleados.
Objetivo 2. Describir los cambios subcelulares que se producen en los espermatozoides
sometidos a vitrificación para conocer qué nuevas estrategias pueden conducir hacia un
procedimiento más eficiente.
Objetivo 3. Analizar el efecto de la suplementación de antioxidantes derivados del aceite de
oliva (3.4 dihydroxyphenylethanol y 3,4-dihydroxyphenylglycol) sobre la calidad del semen
de morueco durante los procesos de congelación y refrigeración.
Objetivo 4. Comparar el efecto de diferentes diluyentes comerciales sobre la calidad y fertilidad
del semen ovino refrigerado a 5º y 15ºC.
Objetivo 5. Evaluar las diferentes poblaciones espermáticas separadas mediante gradientes de
densidad en semen ovino, aplicando diferentes concentraciones espermáticas.
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The aim of this study was to analyse the characteristics of ram spermatozoa subjected to varying
concentrations of sucrose, and the inﬂuence of storage temperature (22 °C or 5 °C) prior to
vitriﬁcation. Ejaculated semen was diluted in TCFEY (tris-citric acid-fructose 20% egg yolk), and
two aliquots were prepared at a ﬁnal concentration of 100 × 106 spz/ml, one maintained at
room temperature (22 °C) and the other at 5 °C. In the ﬁrst experiment, the toxicity of sucrose
diluents on the sperm was analysed; sperm samples at diﬀerent temperatures were diluted (1:2)
in TCF-BSA 2% (control) or in the same extender supplemented with various sucrose concentrations (0.4 M, 0.6 M and 0.8 M). The eﬀects of vitriﬁcation were studied in the second experiment,
where sperm samples were mixed with diﬀerent concentrations of cryoprotectants (sucrose) and
vitriﬁed by being plunged directly into liquid nitrogen. In both experiments, the sperm quality
was assessed by measuring motility, morphology, membrane functionality (HOST), viability,
acrosome integrity and DNA fragmentation. The toxicity test revealed signiﬁcant diﬀerences
(p ≤ 0.05) when diﬀerent sucrose concentrations were used; lower total and progressive
motility, normal morphology and membrane functionality were noted when sucrose concentration was higher, compared to the control treatment. Samples maintained at room temperature
showed signiﬁcantly (p ≤ 0.05) higher viability than samples stored at 5 °C. In contrast, although
the quality of vitriﬁed sperm was drastically decreased in comparison with fresh sperm, sucrose
was associated with greater total motility, viability and membrane functionality. This improvement was closely linked to the temperature at which the sperm had been previously maintained,
showing higher values when sperm was stored at 5 °C. The main conclusions to be drawn from
the study are therefore that sucrose shows promising potential as a cryoprotectant, and storing
samples at 5 °C is linked to improved sperm quality following vitriﬁcation.

1. Introduction
Sperm cryopreservation is an important tool for the conservation of genetic resources. Germplasm banks, used in conjunction with
breeding programmes, provide promising strategies for the dissemination of genetic material, particularly in the case of endangered
breeds. The most widespread technique used for sperm preservation in mammalian species is the freezing method (Curry, 2000), but
this technique has so far proved to have limited application in ovine artiﬁcial insemination programmes. Acceptable results have been
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achieved when intrauterine insemination by laparoscopy is used, but this is a restrictive technique since it is both expensive and
diﬃcult to apply in the ﬁeld. When easier procedures, such as vaginal-cervical insemination, are used, variable and often low fertility
results have been achieved with frozen-thawed sperm (Alvarez et al., 2012; Del Valle et al., 2013). The development of new extenders
to improve the quality of cryopreserved spermatozoa is thus a research priority in ovine frozen semen, but new cryopreservation
protocols also need to be explored.
It is well known that the formation of intracellular ice crystals is one the main causes of sperm cell damage during freezing,
reducing reproductive eﬃciency after artiﬁcial insemination. It is reported that ice crystals induce a reduction in sperm motility,
irreversible rupture of the plasma membrane, damage in mitochondrial membrane potential and DNA fragmentation (Barrio et al.,
2000; Coyan et al., 2012; O’Connell et al., 2002). The propensity of various cryoprotectants (CPAs) to pass through the sperm
membrane and cause cell toxicity has been tested with a view to reducing the resulting damage and to increase sperm viability.
Moreover, new methods of sperm cryopreservation have been developed, such as vitriﬁcation, lyoﬁlisation or freeze-drying. The
advent of assisted reproductive techniques as intracytoplasmic sperm injection (ICSI) also increases the potential uses of such sperm
specimen since sperm motility or acrosome reaction are unnecessary (Gómez et al., 1997).
When cryopreservation is carried out in sperm cells, it is essential to prevent the osmotic injuries, in order to maintain sperm
quality. The osmotic tolerance of cells is related with time, type of solute, concentration of the solute and temperature. Studies
demonstrate that lower storage temperatures can reduce the spermolysis after exposition to hiperosmotic solutions (Gao et al., 1993),
and then, it was hypothesized that temperature variations before vitriﬁcation could aﬀect the sperm quality, moreover when they are
mixed with hyperosmotic solutions.
Sperm vitriﬁcation is a cryopreservation technique that combines an ultra-rapid cooling rate, high viscosity of medium and small
sample volume that consequently avoids the formation of intracellular ice crystals (Vizuete et al., 2014). This technique has been
used on the oocytes and embryos of various species (Asgari et al., 2012; Domínguez et al., 2013), and numerous studies have been
recently published on sperm vitriﬁcation in ﬁsh (Cuevas-Uribe et al., 2011; Kása et al., 2017), dogs (Sánchez et al., 2011), cats
(Vizuete et al., 2014), rabbits (Rosato and Iaﬀaldano, 2013), humans (Isachenko et al., 2012, 2008, 2004), and rams (JiménezRabadán et al., 2015), indicating increasing interest in this ﬁeld.
After reviewing recent ﬁndings on the vitriﬁcation technique, it was also hypothesised that sucrose might prove conducive to
sperm survival after vitriﬁcation in ovine semen. However, little is known about the impact of vitriﬁcation on ram sperm functions
and which CPAs work best.
The aim of this study was to analyse the inﬂuence of pre-vitriﬁcation storage temperature and the eﬀect of diﬀerent
concentrations of sucrose extenders on sperm quality after vitriﬁcation.

2. MaterialS and methods
2.1. Animals and semen collection
Semen was collected from four mature (three year-old) Merino breed rams, located in Cordoba (Spain). Ejaculates were obtained
by artiﬁcial vagina and placed in a water bath at 37 °C. Volume (by graduated tubes), sperm concentration (by photometer;
Accurread, IMV technologies, France) and mass motility (from 1 to 5; 40 x magniﬁcation; Olympus, Tokyo, Japan) were analysed.
The inclusion criteria for ejaculates were: volume ≥0.5 ml, sperm concentration ≥ 3000 × 106 sperm/ml and mass motility ≥4.
Then, semen was diluted 1:2 with home-made extender based on tris (27.7 g/l), citric acid (14 g/l) and fructose (10 g/l), and
supplemented with 20% egg yolk, penicillin G (4 g/l) and streptomycin (3 g/l) (TCFEY). The diluted sperm samples were pooled to
avoid individual variation. Experiments were replicated 6 times.
Animal management was carried out in accordance with European Union regulations (2010/63/EU) as transposed to Spanish law
(RD 53/2013).

2.2. Experimental design
Various media for sperm dilution were prepared for the purposes of this study, as set out in Table 2. Osmolality was measured by
vapor pressure osmometer (Vapro 5520, Wescor Inc., Logan, Utah, USA).
As described in Fig. 1, semen was collected, assessed, pooled and diluted in TCFEY to a ﬁnal concentration of 100 × 106 sperm/
ml. Samples were then divided into two aliquots, the ﬁrst maintained at room temperature (RT, 22 °C), and the second stored for two
hours at 5 °C (decreasing temperature at 0.3 °C/min).
In the ﬁrst experiment, sperm toxicity was evaluated after the spermatozoa had been exposed to sucrose-containing media for
5 min; the eﬀect of storage temperature (RT or 5 °C) was also tested. The control medium was based on tris-citric acid-fructose (TFC)
extender supplemented by 2% bovine serum albumin (BSA), while the other three vitriﬁcation media were prepared with the same
extender and supplemented by varying concentrations of sucrose (0.4 M, 0.6 M, 0.8 M) (Table 1). The sperm was then diluted (1:2) in
the control and sucrose solutions.
In the second experiment, the eﬀect of vitriﬁcation on the sperm quality was analysed, again comparing the eﬀect of the storage
temperature.
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Fig. 1. Schematic overview of the experimental design for toxicity testing and the vitriﬁcation procedure.
Table 1
Composition of diﬀerent media used (diluted in distilled water to 100 ml).
Sperm diluents

Tris (g)a
Citric Acid (g)a
Fructose (g)a
Penicillin (g)b
Streptomycin (g)b
Egg Yolk (ml)
BSA (g)b
Sucrose (g)a
Osmolality (mmol/Kg)
a
b

TCFEY

CONTROL

0.4 M

0.6 M

0.8 M

WM

2.77
1.4
1
0.4
0.3
20
–
–
361

2.77
1.4
1
–
–
–
2
–
319

2.77
1.4
1
–
–
–
2
13.68
746

2.77
1.4
1
–
–
–
2
20.52
1003

2.77
1.4
1
–
–
–
2
27.36
1189

2.77
1.4
1
–
–
–
1
–
313

Panreac,Barcelona, Spain.
Sigma Chemical Co., St. Louis, USA.
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Table 2
Fresh sperm values after maintenance at RT or cooled to 5 °C.
Storage temperature

Total Motility (%)
Progressive Motility (%)
Viability (%)
Acrosome integrity (%)
Morphology (%)
HOST (%)
Fragmented DNA (%)

RT

5 °C

85.67 ± 3.48
30.50 ± 4.03
86.97 ± 2.87
85.27 ± 1.79A
82.75 ± 2.57
81.33 ± 2.96
4.02 ± 1.62

77.95 ± 7.13
38.35 ± 4.67
71.67 ± 3.28
62.16 ± 0.34B
78.10 ± 4.19
64.00 ± 5.87
3.69 ± 0.73

Values indicate signiﬁcant diﬀerences (p ≤ 0.05).

A,B

Table 3
Eﬀect of storage temperature (RT or 5 °C) on sperm characteristics after exposure to control or sucrose solutions.
Parameter

Total Motility (%)

Progressive Motility (%)

Viability (%)

Acrosome Integrity (%)

Morphology (%)

HOST (%)

Fragmented DNA (%)

Treatment

Toxicity Test

Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M

RT

5 °C

91.5 ± 2.9
20.0 ± 7.4
9.2 ± 4.3
4.8 ± 2.2
27.1 ± 3.2
6.8 ± 3.1
1.8 ± 1.2
0.6 ± 0.3
85.9 ± 1.5A
86.9 ± 1.2
84.7 ± 2.5A
83.1 ± 1.1A
75.7 ± 6.4
81 ± 0.1
82.8 ± 0.6A
80.1 ± 4.4
80.8 ± 1.9
75.8 ± 6.1A
62.2 ± 5.1
58.2 ± 7
68.6 ± 6.5
16.5 ± 6
13.5 ± 3.1
7.8 ± 2A
4.37 ± 0.3
3.34 ± 0.7
3.53 ± 0.3
2.99 ± 0.2

85.3 ± 6.2
26.5 ± 5.9
19.5 ± 13.5
3.5 ± 1.2
32.2 ± 4.3
10.6 ± 3.3
1.3 ± 0.4
0.5 ± 0.3
69.4 ± 2.8B
75.9 ± 4.5
71.5 ± 2.6B
72.5 ± 0.9B
62.8 ± 0.4
62.5 ± 5.8
64.4 ± 2.6B
65.6 ± 3.7
72.5 ± 6.5
61.7 ± 3.7B
56.6 ± 9.5
58.4 ± 7.8
64.5 ± 6.3
26.25 ± 3.3
20.25 ± 3.4
19.3 ± 2.5B
3.31 ± 0.7
1.03 ± 0.53
0.98 ± 0.2
3.14 ± 0.4

A,B
Values with diﬀerent letters indicate signiﬁcant diﬀerences (p ≤ 0.05) between maintenance temperatures within a row (p ≤ 0.05). Control = TCF
+ 2% BSA; 0.4 M = TFC + 2% BSA + 0.4 M sucrose; 0.6 M = TFC + 2% BSA + 0.6 M sucrose; 0.8 M = TFC + 2% BSA + 0.8 M sucrose.

2.3. Vitriﬁcation and warming protocol
Sperm aliquots (25 μl) were diluted 1:2 (vol:vol) in four diﬀerent media (Control, 0.4 M, 0.6 M and 0.8 M), and a ﬁnal drop of
50 μl (50 × 106 sperm/ml) was immediately plunged into liquid nitrogen (LN2). Sperm pellets were stored in cryotubes pending
analysis. For warming, vitriﬁed sperm pellets were immersed in 0.5 ml of warming medium (WM) (Table 1) at 65 °C for 5 s, which
was then maintained at 37 °C for 3 min. Samples were centrifuged at 300g for 10 min, and the ﬁnal pellet was resuspended with 50 μl
WM for the sperm assessment, adjusted to a ﬁnal concentration of approximately 7.5 × 106 sperm/ml.
2.4. Sperm assessment
2.4.1. Sperm motility
Motility analysis was performed using ISAS software v.1.2 (Integrated Semen Analyser System, Proiser, Valencia, Spain). For the
assessment of fresh pooled sperm (at 5 °C and 22 °C), samples were diluted 1:5 with TCFEY extender to 10–20 × 106 sperm/ml. For
toxicity test, samples were diluted in its corresponding sucrose media to a ﬁnal concentration of 10–20 × 106 sperm/ml. After
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Fig. 2. Eﬀect of exposure to various sucrose concentrations on the characteristics of sperm stored at RT (A) or cooled to 5 °C (B). Diﬀerent letters (a,b) show signiﬁcant
diﬀerences (p ≤ 0.05) among experimental groups within each sperm parameter. Control = (TCF + 2% BSA); 0.4 M = (TFC + 2% BSA + 0.4 M sucrose); 0.6 M =
(TFC + 2% BSA + 0.6 M sucrose); 0.8 M = (TFC + 2% BSA + 0.8 M sucrose).

dilution, sperm samples were warmed to 37 °C. Five μl of each diluted sperm sample were placed on a slide, put on a microscope plate
at 37 °C, and four ﬁelds were randomly captured. The% total motility (TM), % progressive motility (PM), curvilinear velocity (VLC,
μm/sec), straight-line velocity (VSL, μm/sec), average path velocity (VAP, μm/sec), straightness (STR, %), linearity (% LIN),
amplitude of lateral head displacement (ALH, μm), beat/cross frequency (BCF), and wobble (WOB, %) were determined.
Spermatozoa were considered motile when VAP > 10 μm/sec, and linearly motile when they deviated < 75% from a straight line.

2.4.2. Sperm membrane functionality
Hypoosmotic swelling tests were carried out to evaluate the membrane functionality of the sperm. Ten μl of sperm sample were
diluted in 100 μl of HOST solution (1.351 g fructose, 0.735 g sodium citrate, and 100 ml distilled water) and warmed at 37 °C for
30 min. After incubation, 100 μl of 2% glutaraldehyde were added to ﬁx the sperm cells. After incubation, 10 μl of the mixture was
placed on a slide and evaluated under optical microscopy (40 x magniﬁcation; Olympus, Tokyo, Japan). A total of 200 sperm cells
were evaluated. The spermatozoa with swollen tails were considered as functional.
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Table 4
Spermatozoa motility parameters on samples maintained at RT or cooled at 5 °C and exposed to control or sucrose solutions.
Parameter

Treatment

Toxicity Test
RT

VCL (μm/s)

VSL (μm/s)

VAP (μm/s)

LIN (%)

STR (%)

WOB (%)

ALH (μm)

BFC (Hz)

5 °C
a

Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M

108.9 ± 2.8
75.3 ± 7.3ab
46.9 ± 9.2ab
41.9 ± 13.1b
39.6 ± 1.3Aa
26.6 ± 3.4ab
12.6 ± 3.5b
11.6 ± 2.8b
62.6 ± 1.8a
38 ± 5ab
21.8 ± 4.6b
19 ± 5.2b
36.5 ± 1.7
35.1 ± 1.8
26.1 ± 3.7
32.5 ± 5
63.4 ± 1.9
70 ± 0.7
55.6 ± 5.4
65.9 ± 6.2
57.5 ± 1.7
50.3 ± 2.6
46.3 ± 2.5
48.7 ± 3.9
4.1 ± 0.1
3.7 ± 0.4
1.9 ± 1.1
1.8 ± 0.8
12.8 ± 0.6a
11.9 ± 1.3a
3.9 ± 2.3
3.1 ± 1.3b

111.9 ± 8.2a
74.9 ± 9ab
48.1 ± 8.8ab
34.1 ± 12.9b
45.7 ± 1.3Ba
29.1 ± 4.1a
16.2 ± 3.3ab
9.2 ± 2.9b
67.7 ± 4.7a
39.4 ± 5.1ab
25.4 ± 3.6ab
16.9 ± 5.5b
41.3 ± 2.4
38.5 ± 1.6
34.5 ± 5.5
35.9 ± 8.3
68.2 ± 3.4
73.4 ± 1.6
63.3 ± 7.9
62.9 ± 10.2
60.6 ± 0.8
53.5 ± 1.7
54.2 ± 3.2
55.1 ± 5.6
4.2 ± 0.2
4.3 ± 0.2
2.6 ± 0.9
1.4 ± 1
12.7 ± 0.4
13.2 ± 0.3a
6.8 ± 2.5
2.3 ± 2b

A,B
Values with diﬀerent letters indicate signiﬁcant diﬀerences (p ≤ 0.05) between maintenance temperatures within a row (p ≤ 0.05). a,bValues
with diﬀerent letters indicate diﬀerences (P ≤ 0.05) among experimental groups (at RT or 5 °C) within each sperm parameter. Control = TCF
+ 2% BSA; 0.4 M = TFC + 2% BSA + 0.4 M sucrose; 0.6 M = TFC + 2% BSA + 0.6 M sucrose; 0.8 M = TFC + 2% BSA + 0.8 M sucrose.

2.4.3. Sperm morphology
For the evaluation of sperm morphological abnormalities, Hemacolor staining (Merck, Darmstadt, Germany) was used. Ten μl of
semen sample were extended along a slide and then stained in accordance with the manufacturer’s instructions. The percentage of
sperm abnormalities was evaluated by counting 200 sperm cells under 100 x oil immersion objective (Olympus, Tokyo, Japan).
2.4.4. Sperm viability
Sperm viability was assessed using a LIVE/DEAD® sperm viability kit (Molecular Probes Europe, Leiden, The Netherlands). 100 μl
of diluted sperm were mixed with 150 μl cytometer buﬀer at a ﬁnal concentration of 3 × 106 sperm/ml. This was then incubated in
darkness for 15 min at RT with 2.5 μl of SYBR-14 (20 nM ﬁnal concentration) and 5 μl of propidium iodide (PI) (10 μM). After
incubation, the proportion of live/dead sperm cells was measured: sperm labelled with SYBR-14 (green ﬂuorescence) were deemed to
be alive, while the sperm stained with PI (red ﬂuorescence) were considered to be dead.
2.4.5. Acrosome status
Acrosome integrity was assessed using ﬂuorescein isothiocyanate-conjugated peanut agglutinin (PNA-FITC) and PI. A total of
100 μl of sperm sample was mixed with 5 μl PNA-FITC (100 μg/ml in DMSO) and 5 μl PI (6 μM ﬁnal concentration), and incubated at
RT in darkness for 5 min. 400 μl cytometer buﬀer was then added to the sample and the result was analysed. PI negative and PNAFITC negative cells were considered as sperm with intact acrosome.
2.4.6. Sperm chromatin structure assay
For DNA assessment the SCSA technique was used. Samples were diluted in 200 μl TNE buﬀer at a ﬁnal concentration of
2 × 106 sperm/ml. Samples were ﬂash frozen in LN2 and stored at −80 °C until analysis. For analysis, samples (200 μl) were thawed
and 400 μl of acid solution were added to induce denaturation of the DNA. After 30 s, 1.2 ml of acridine orange (AO) solution was
added (6 μg/ml) and incubated in darkness for 3 min. AO staining ﬂuoresces in the green band when combined with the intact double
DNA helix (FL1 photodetector) and in the red band when combined with denatured DNA (FL3 photodetector). A total of 5000 events
180

22

Animal Reproduction Science 181 (2017) 175–185

A. Arando et al.

Table 5
Eﬀect of storage temperature (RT or 5 °C) on sperm characteristics after vitriﬁcation/warming.
Parameter

Total Motility (%)

Progressive Motility (%)

Viability (%)

Acrosome Integrity (%)

Morphology (%)

HOST (%)

Fragmented DNA (%)

Treatment

Vitriﬁed/Warmed

Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M
Control
0.4M
0.6M
0.8M

RT

5 °C

2.4 ± 0.4
1.6 ± 0.3A
1.1 ± 0.2A
1.4 ± 0.5A
0.03 ± 0.03
0 ± 0A
0 ± 0A
0.1 ± 0.07
0.02 ± 0.1A
0.1 ± 0.02A
0.1 ± 0.04A
0.1 ± 0.03A
0 ± 0
0 ± 0
0 ± 0
0 ± 0
51 ± 3.2
49.5 ± 1.8
51.8 ± 5.8
48.1 ± 3
11.8 ± 6.5
15.5 ± 2.5A
25.0 ± 1.5
23.3 ± 3.3
5.1 ± 1.3
4.4 ± 0.4
4.4 ± 0.3
4.4 ± 0.55

2.4 ± 0.3
8.4 ± 1.5B
7.2 ± 1.1B
6 ± 1B
0.6 ± 0.3
3.4 ± 0.9B
2 ± 0.61B
1.9 ± 0.9
2 ± 0.6B
6.9 ± 1.5B
6.6 ± 1.3B
6.4 ± 1.2B
0 ± 0
1.4 ± 0.8
1.02 ± 0.6
1 ± 0.7
46.9 ± 4
50.6 ± 1.9
48.2 ± 2.9
46.8 ± 0.9
16.8 ± 4.8
29.3 ± 4.4B
33.1 ± 3.0
29.8 ± 1.9
4.5 ± 0.8
3.73 ± 0.9
3.3 ± 0.4
3.2 ± 0.3

Values with diﬀerent letters indicate signiﬁcant diﬀerences (p ≤ 0.05) between maintenance temperatures within a row (p ≤ 0.05). Control = TCF
+ 2% BSA; 0.4 M = TFC + 2% BSA + 0.4 M sucrose; 0.6 M = TFC + 2% BSA + 0.6 M sucrose; 0.8 M = TFC + 2% BSA + 0.8 M sucrose.

A,B

were counted per sample.
2.4.7. Flow cytometry analyses
FACScalibur ﬂow cytometer (BD Biosciences, San Jose, CA, USA) was used to ﬂow cytometric analyses. Argon blue laser (488 nm)
was used to excite all dyes. Green ﬂuorescence from SYBR-14, peanut agglutinin conjugated with ﬂuorescein isothiocyanate (PNAFITC) and acridine orange (AO) was read with FL1 photodetector (530/30 band-pass ﬁlter). Red ﬂuorescence of propidium iodide
(PI) was read with the FL2 photodetector (585/42-nm band-pass ﬁlter) and red ﬂuorescence of AO with FL3 photodetector (630-nm
long-pass ﬁlter). Around 10,000 events of a gated population were counted per sample. The acquisition was controlled using the Cell
Quest Pro 3.1 software (BD Biosciences, San Jose, CA, USA). For viability and acrosome integrity, mathematical corrections were
used for the estimation of the percentage of events that are not sperm cells, as suggested by Petrunkina et al. (2010).
2.5. Statistical analysis
For statistical analysis of the data, SPSS 15.0 sofware (Chicago, IL, USA) was used. To establish whether data were normally
distributed, the Shapiro-Wilk test was used. As the data did not exhibit a normal distribution, they were log transformed. One-way
analysis of variance (ANOVA) was used to determine the eﬀects of diﬀerent cryoprotectants and storage temperatures on the motility,
morphology, viability, membrane functionality, percentage of intact acrosome and DNA fragmentation. When signiﬁcant diﬀerences
(P ≤ 0.05) were detected, Tukeýs post-hoc test was carried out. The results are presented as mean ± SEM.
3. Results
Table 2 shows initial values of fresh sperm under diﬀerent storage temperatures. Only signiﬁcant diﬀerences (p ≤ 0.05) were
observed for acrosome integrity, noting a reduction when samples were cooled.
3.1. Experiment 1. Toxicity test after exposure of sperm (maintained at 22 °C or 5 °C) to extenders containing various sucrose concentrations
The results of toxicity testing are shown in Table 3. Sperm samples maintained at RT showed higher rates of viability, and the
percentage of live sperm signiﬁcantly decreased (p ≤ 0.05) (except in 0.4 M group) when they were maintained at 5 °C. In addition,
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Fig. 3. Eﬀect of various sucrose concentrations on sperm characteristics in vitriﬁed/warmed samples previously maintained at RT (A) or cooled to 5 °C (B). Diﬀerent
letters (a,b) show signiﬁcant diﬀerences (p ≤ 0.05) among experimental groups within each sperm parameter. Control = (TCF + 2% BSA); 0.4 M = (TFC + 2%
BSA + 0.4 M sucrose); 0.6 M = (TFC + 2% BSA + 0.6 M sucrose); 0.8 M = (TFC + 2% BSA + 0.8 M sucrose).

the storage temperature statistically (p ≤ 0.05) aﬀected the sperm morphology in samples exposed to 0.4 M sucrose, the acrosome
integrity when spermatozoa were exposed to 0.6 M sucrose, and the sperm membrane functionality after exposure to 0.8 M sucrose.
Nevertheless, no signiﬁcant diﬀerences (p > 0.05) were detected for total or progressive motility, nor for DNA fragmentation.
Sperm maintained at RT and exposed to the control medium showed similar values to fresh sperm. However, it was observed that
as sucrose concentration increased, so did spermatozoa damage (Fig. 2A). Total motility signiﬁcantly decreased (p ≤ 0.05) when
sucrose concentration was increased, and a similar phenomenon was observed in progressive motility and membrane functionality
(Fig. 2A). Sperm exposed to 0.8 M sucrose showed signiﬁcantly higher sperm morphological abnormalities (p ≤ 0.05) than the
control group. However, sperm viability, acrosome integrity and DNA fragmentation were not aﬀected by sucrose exposure.
In sperm samples refrigerated at 5 °C for 2 h, the toxicity test showed results similar to those obtained in sperm maintained at RT
(Fig. 2B). Total motility, progressive motility and membrane functionality (HOST) signiﬁcantly decreased (p ≤ 0.05) when sucrose
was increased. Other sperm variables were not inﬂuenced by sucrose exposure (Fig. 2B).
VSL values were signiﬁcantly higher (p ≤ 0.05) in sperm control samples maintained at 5 °C compared to samples at RT (Table 3).
Although the mean kinematic values (VCL, VSL, VAP) showed a tendency to diminish when sucrose concentration was increased (at

182

24

Animal Reproduction Science 181 (2017) 175–185

A. Arando et al.

Table 6
Spermatozoa motility parameters in samples maintained at RT or cooled to 5 °C, and vitriﬁed using diﬀerent diluents.
Parameter

Treatment

Vitriﬁed/warmed
RT

VCL (μm/s)

VSL (μm/s)

VAP (μm/s)

LIN (%)

STR (%)

WOB (%)

ALH (μm)

BCF (Hz)

5 °C
A

Control
0.4 M
0.6 M
0.8 M
Control
0.4 M
0.6 M
0.8 M
Control
0.4 M
0.6 M
0.8 M
Control
0.4 M
0.6 M
0.8 M
Control
0.4 M
0.6 M
0.8 M
Control
0.4 M
0.6 M
0.8 M
Control
0.4 M
0.6 M
0.8 M
Control
0.4 M
0.6 M
0.8 M

32.6 ± 1.5
33.9 ± 6.2A
27.2 ± 1.1A
38.7 ± 3.8A
7.9 ± 0.8A
7 ± 0.8A
6.8 ± 1.9A
9.3 ± 0.3A
16.4 ± 0.4A
15.4 ± 2.2A
11.7 ± 2.2A
18.1 ± 2.0A
24.1 ± 1.6A
21.8 ± 3.2A
30.1 ± 9.7
24.4 ± 2.6A
48.2 ± 4.7
46.8 ± 5.9A
56.2 ± 6.4
52.5 ± 5.8A
50.7 ± 2.8
46.7 ± 3.8A
51.5 ± 11.7
46.7 ± 0.9A
0.3 ± 0.3
0 ± 0
0 ± 0
0.7 ± 0.7
0 ± 0
0 ± 0
0 ± 0
1 ± 1A

48 ± 4.9B
61.1 ± 4.5B
56.5 ± 7.1B
55.9 ± 2.7B
18.9 ± 3.2Ba
34.9 ± 3.2Bb
26.4 ± 3.8Bab
30.1 ± 4Bab
27.7 ± 3.1B
44.5 ± 3.9B
36.1 ± 5.2B
39.7 ± 4.0B
38.7 ± 4.3Ba
57.2 ± 3.9Bb
47.1 ± 4.3ab
53.3 ± 4.4Bab
66.6 ± 5
78.2 ± 1.7B
73.8 ± 4.7
75.5 ± 2.8B
57.7 ± 2.1a
73.2 ± 4.7Bb
63.6 ± 3ab
70.4 ± 3.8Bab
1.6 ± 0.6
2.5 ± 0.2
2.3 ± 0.3
2.3 ± 0.1
7.8 ± 3
10.2 ± 0.9
10.3 ± 1.1
9.5 ± 0.4B

Values with diﬀerent letters indicate signiﬁcant diﬀerences (p ≤ 0.05) between maintenance temperatures within a row (p ≤ 0.05). a,bValues
with diﬀerent letters indicate diﬀerences (P ≤ 0.05) among experimental groups (at RT or 5 °C) within each sperm parameter. Control = TCF
+ 2% BSA; 0.4 M = TFC + 2% BSA + 0.4 M sucrose; 0.6 M = TFC + 2% BSA + 0.6 M sucrose; 0.8 M = TFC + 2% BSA + 0.8 M sucrose.
A,B

RT and at 5 °C), signiﬁcantly lower sperm velocity was noted at 0.8 M sucrose in comparison to the control group. VSL and VAP
(p ≤ 0.05) also signiﬁcantly decreased in 0.6 M at RT compared to the control group. Other sperm parameters, such as LIN, STR,
WOB and ALH, were not aﬀected by sucrose exposure (Table 4).
3.2. Experiment 2: eﬀect of storage temperature (22 °C or 5 °C) and sucrose concentrations on vitriﬁed/warmed sperm
After vitriﬁcation/warming, sperm samples at 5 °C showed higher sperm quality than samples maintained at RT (Table 5).
Signiﬁcant diﬀerences linked with storage temperature were detected for sperm viability (p ≤ 0.05), total motility (p ≤ 0.05),
progressive motility (p ≤ 0.05) and membrane functionality (p ≤ 0.05). However, there was no temperature eﬀect on acrosome
integrity, DNA fragmentation or sperm morphology.
Fig. 3A represents post-vitriﬁcation values corresponding to sperm samples that were maintained at RT after collection, and
variations between diﬀerent CPAs were only observed for total motility.
Sucrose showed a higher positive eﬀect on sperm quality when samples were maintained at 5 °C before vitriﬁcation (Fig. 3B).
Sperm viability (p ≤ 0.01), total motility (p ≤ 0.001) and progressive motility (p ≤0.05) were higher when sucrose concentration
was increased. Sperm membrane functionality was signiﬁcantly (p ≤ 0.05) higher than the control treatment when a 0.6 M sucrose
solution was used as a CPA for vitriﬁcation in cooled samples. However, no diﬀerences were detected between treatments for sperm
morphology, fragmented DNA and acrosome integrity.
Kinematic parameters in vitriﬁed/warmed sperm showed signiﬁcant diﬀerences (p ≤ 0.05) associated with the temperature of
sperm storage before vitriﬁcation. Higher velocity values (VCL, VSL, VAP) were observed when sperm was maintained at 5 °C for all
treatments (Table 6). In addition, the trajectory ratio (LIN, STR, WOB) was signiﬁcantly improved when sperm was maintained at
5 °C, with the exception of the 0.6 M treatment for LIN, and the control and 0.6 M treatments for STR and WOB. However, ALH was
not aﬀected by the temperature, and BCF showed signiﬁcant diﬀerences only for 0.8 M (p ≤ 0.05). There were no signiﬁcant
diﬀerences (p > 0.05) for kinematic parameters between treatments when samples were maintained at RT. In contrast, sperm
vitriﬁed with 0.4 M and maintained at 5 °C revealed signiﬁcantly higher values for VSL, LIN and WOB compared to the control group.
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4. Discussion
A link was found between adding sucrose to vitriﬁcation solution and additional cryoprotective properties in sperm. Although the
sperm quality obtained from vitriﬁcation in the present study was inferior to the obtained by others using freezing protocols
(Jiménez-Rabadán et al., 2016), it was observed that variables such as storage temperature and CPA concentration aﬀect vitriﬁed
sperm. These observations suggest that further research into vitriﬁcation in this specie may have the potential for improving such
results.
Combinations of varying concentrations of sucrose and BSA were chosen as CPAs to reduce the cold damage in the vitriﬁed ram
sperm, as described in other species (Sánchez et al., 2011). But there are other permeable and non-permeable substances (such as
DMSO, ethylene glycol, glycerol, dimethylacetamide and trehalose) that have been tested as CPAs and may be promising candidates
for trials, either individually or in combination, due to their ability to penetrate membranes (Cuevas-Uribe, 2011). For the purposes of
the present trial, it was the positive eﬀect of sucrose and BSA in sperm vitriﬁcation, already observed in previous studies (Isachenko
et al., 2008; Vizuete et al., 2014) that underlay the choice of this particular combination.
In the ﬁrst experiment, it was observed that sperm quality decreased concomitant to the increase of sucrose concentration (0.4 M,
0.6 M and 0.8 M) in the diluents. The exposure of sperm samples to sucrose negatively aﬀected total motility, progressive motility,
membrane functionality and sperm morphology. This eﬀect was also recently described in ram sperm by Jiménez-Rabadán et al.
(2015), with the addition of lower concentrations (0.15 M and 0.25 M) of sucrose to free-egg yolk extenders. Moreover, when sperm
was cooled to 5 °C, signiﬁcantly lower viability was observed than in samples maintained at RT. Lowering sperm temperature is thus
associated with cell membrane damage, reducing membrane permeability and stability (Paulenz et al., 2002).
In the second experiment, an association was observed between sperm quality after vitriﬁcation and the previous storage of
samples at low temperature, with sperm maintained at 5 °C before vitriﬁcation exhibiting improved post-vitriﬁcation results. In this
context, it has been reported that sperm exposed to hyperosmotic solutions (similar to that used in vitriﬁcation) suﬀer less
spermolysis when is maintained at low temperatures (Gao et al., 1993). It is possible that spermatozoa sensitivity to vitriﬁcation is
specie-dependent, and sperm head size and shape may play a role in the aforementioned cryo-resistance (Watson and Plummer,
1985). Satisfactory results have been obtained with vitriﬁed sperm from humans, dogs and ﬁsh (Isachenko et al., 2004; Merino et al.,
2011; Sánchez et al., 2011). While a previous study carried out on rams showed poor tolerance of spermatozoa to the vitriﬁcation
method when free-egg yolk extenders were used (Jiménez-Rabadán et al., 2015), results obtained in the present experiment were
slightly better, given that essential determinants of sperm function, such as motility and membrane integrity, were preserved after
vitriﬁcation.
In the present study, the highest motility values after vitriﬁcation were reached when 0.4 M sucrose plus 2% BSA was added to the
sperm, similar to values described by Vizuete et al. (2014) in ultra-rapid frozen cat sperm, and higher than those reported by JiménezRabadán et al. (2015) in vitriﬁed ram sperm. However, studies carried out on dogs show a better progressive motility value (42.5%)
by using a lower sucrose concentration (0.25 M) (Sánchez et al., 2011).
Sperm storage temperature also had a bearing on kinematic parameters after vitriﬁcation. Whereas diﬀerences in the toxicity test
were only observed for VSL (in the control treatment), vitriﬁcation was associated with signiﬁcant diﬀerences not only in velocity
variables (VCL, VSL, VAP), but also in other trajectory variables (such as LIN, STR and WOB). While no diﬀerences between
treatments were detected when sperm were maintained at RT, in cooled samples higher values for VSL, LIN and WOB were noted
when sucrose was used. The highest sperm velocity and trajectory indices were reached when 0.4 M sucrose was added to the sperm
for vitriﬁcation. VSL values were signiﬁcantly lower in sperm vitriﬁed without CPA (control group) than in samples diluted with
sucrose. In light of the results, it may be aﬃrmed that the maintenance of sperm samples at 5 °C before vitriﬁcation is conducive
towards improving sperm movement quality.
Sperm viability and functionality obtained in vitriﬁed-warmed samples were higher than those reported by Jiménez-Rabadán
et al. (2015), but lower than results observed in dogs (Sanchez et al., 2011). The addition of sucrose to the extender provides a
hyperosmotic environment in which spermatozoa suﬀer cellular dehydratation. This situation is favourable to reducing intracellular
ice crystals, thereby providing protection to the spermatozoa.
As others have observed in the case of ram sperm (Jiménez-Rabadán et al., 2015), acrosome integrity was negatively aﬀected by
vitriﬁcation, in contrast to the situation reported in dogs (Sánchez et al., 2011) and humans (Isachenko et al., 2008). This drastic
reduction in acrosome integrity may be due to the reduction of cholesterol in the sperm plasma membrane during vitriﬁcation.
Membrane ﬂuidity can be altered and can then facilitate the Ca2+ inﬂux, which consequently provokes the reorganisation of
membrane proteins and the destabilisation of the plasma membrane. This process could be unleashed in the fusing of plasma
membrane with the outer acrosomal membrane, resulting in an acrosome reaction (Ahmad et al., 2013). It is very important to
emphasise the eﬀects of vitriﬁcation on such physiological events as acrosome reaction, which are closely connected to the
fertilisation process and are highly sensitive to cold (Yanagimachi 1989).
The ram sperm in this study showed a signiﬁcantly higher percentage of morphological abnormalities when exposed to 0.8 M
sucrose extender. Morphological sperm values were lower when samples were vitriﬁed, although the reduction was not particularly
marked. The majority of morphological abnormalities were associated with tail defects, such as coiling or bending, and they could be
explained by the osmotic changes inherent to the CPAs used for vitriﬁcation (Agha-Rahimi et al., 2014).
In the present study, the DNA fragmentation index was not aﬀected after the vitriﬁcation process, corroborating the ﬁndings of
Isachenko et al. (2004) and Jiménez-Rabadán et al. (2015). However, the activation of diﬀerent apoptosis pathways in sperm after
cryopreservation could incite DNA fragmentation (Paasch et al., 2004). Various authors aﬃrm that DNA damage could be related to
the molecular weight, structure, concentration and chemical features of the CPA used (Schuﬀener et al., 2001; Yildiz et al., 2007) and
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the cryopreservation protocol (Horta et al., 2016), and therefore diﬀerent combinations should be tested in order to ﬁnd the best
match for each type of sperm.
In summary, although the results obtained in vitriﬁed ram sperm show insuﬃcient values for its use in artiﬁcial insemination,
other technologies as ICSI could overcome this handicap. It can be concluded that sucrose, a non-permeable cryoprotectant, is
capable of eﬀectively preserving sperm morphology and DNA integrity. Refrigeration of sperm before vitriﬁcation oﬀered an
improvement in the vitriﬁcation outcome, and further studies should be conducted to elucidate the best CPA for sperm vitriﬁcation
and the appropriate management of samples, in order to obtain optimal sperm quality after vitriﬁcation.
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The aim of the present study was to analyse morphological variations in ovine spermatozoa subjected to diﬀerent
cryopreservation protocols using high resolution imaging techniques. Ejaculates were pooled and diluted in Trisbased extender. Aliquots containing 300 × 106 spz/ml were prepared and evaluated a) after the semen collection and pooling, b) after conventional freezing, c) after vitriﬁcation of samples maintained at room temperature
(22 °C) prior to vitriﬁcation, and d) after vitriﬁcation of samples maintained at 5 °C prior to vitriﬁcation. Sperm
motility, acrosome integrity, DNA fragmentation and morphology were assessed. Subcellular sperm changes
were assessed and described by light microscopy, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The maintenance of spermatozoa at 5 °C prior to vitriﬁcation and the use of 0.4 M sucrose
pointed out lower dimensions of area, length and width than fresh, frozen and sperm maintained at 22 °C prior to
vitriﬁcation. It was observed that the head width and length are signiﬁcantly higher (P < 0.0001) in fresh
spermatozoa than in the vitriﬁed sperm samples. It could be hypothesized that greater intracellular ﬂuid loss
during vitriﬁcation could prevent damages in the spermatozoon throughout the reduced ice crystals formation,
but mainly by the reduction of extracellular ice crystals due to the physical properties modiﬁcation obtained
when high concentrations of sugars are added. This is the ﬁrst ultramicroscopic study carried out in ovine
vitriﬁed spermatozoa, which conﬁrms the functional sperm alterations previously detected.

1. Introduction
Sperm cryopreservation procedures induce ultrastructural, biochemical and functional alterations, reducing vital parameters such as
sperm motility or viability [15]. Ice crystal formation, oxidative damage, plasma membrane injuries, DNA fragmentation, cryoprotectants
toxicity or osmotic stress are some of the factors aﬀecting the spermatozoa subcellular structure [4]. In ovine industry, as occurs in other
mammalians, conventional freezing procedure is used for sperm cryopreservation [7], although due to its limited success and in order to
avoid the ice crystal formation, new procedures as vitriﬁcation are
being developed. Currently, the results obtained in ovine sperm vitriﬁcation do not improve conventional freezing, showing high percentage of sperm damage [3,17] and highlighting the inﬂuence of the
previous storage temperature [3]. During vitriﬁcation, the cells are
exposed to hyperosmotic diluents based on non-permeable agents, such
as sucrose and trehalose [27], to prevent extracellular ice crystals

formation by increasing the viscosity of the extender, to induce intracellular water outﬂow and to promote the vitreous state into and
around the spermatozoa, reducing the cellular damage associated with
crystallization during cryopreservation. However, studies conducted in
human spermatozoa aﬃrm that intracellular ice crystals cannot be
formed inside of sperm cells during freezing-thawing process and extracellular crystals are also avoided during vitriﬁcation [21]. Human
spermatozoa have viscous and compartmentalized intracellular matrix
due to their inherent components, which act as a natural cryoprotectant. Other mammalian spermatozoa do not possess this cellular matrix
composition and then, intra and extracellular liquid might form ice
crystals in a diﬀerent way than occurs in human spermatozoa. Since
spermatozoa are exposed to media with variable molarity during the
vitriﬁcation and freezing procedures, it is considered that osmotic
changes may promote the appearance of morphological changes in
these cells.
Nowadays, some of the main tools for determining sperm quality are
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computer-assisted sperm analysis system (CASA) [24] and speciﬁc
stains (both stains and ﬂuorochromes) that are analysed by optical or
ﬂuorescence microscopy, or by ﬂow cytometer [13,25]. However, the
exhaustive evaluation of the sperm morphology and its organelles requires the use of high resolution imaging techniques that oﬀer greater
clarity and deﬁnition [1], as it is the case of scanning (SEM) and
transmission electron microscopy (TEM). These techniques allow the
detection of alterations in the membranes, acrosome, nucleus, mitochondria or ﬂagellum, which would provide information about why
sperm quality is reduced during the diﬀerent cryopreservation procedures. Previous studies describe the impact of vitriﬁcation on sperm
motility and quality, highlighting the negative eﬀect that appears on
their membranes [27]. In view of these observations, a more detailed
morphological evaluation of spermatozoa could oﬀer new knowledge
about the eﬀect of vitriﬁcation on morphological sperm structure, in
order to design new strategies during vitriﬁcation to protect them. In
this regard, the present study evaluates the variations of vitriﬁed ram
sperm under diﬀerent conditions assessed by high resolution imaging
techniques (SEM and TEM) to describe the morphological changes occurred.

+12% glycerol. After splitting, sperm was maintained at 5 °C for 2 h
(cooling rate at 0.3 °C/min). Then, fraction 2 (containing glycerol) was
added (at 5 °C) and semen was packed in 0.25 ml straws (ﬁnal concentration of 150 × 106 spz/straw) letting it settle for 2 h for equilibration before freezing. Sperm was placed 5.0 cm over nitrogen vapours
for 10 min. Finally, the straws were submerged in liquid nitrogen (LN2)
and stored at −196 °C until their evaluation. For thawing, the straws
were immersed in water at 38 °C for 30 s.
2.4. Vitriﬁcation and warming procedures

2. Materials and methods

For sperm vitriﬁcation, ﬁrst sperm samples were diluted at
100 × 106 spz/ml. Then, each aliquot of sperm (25 μl) was diluted 1:1
in control or in sucrose-based media, and the ﬁnal drop (50 μl containing 50 × 106 spz/ml) was immediately plunged into LN2. Sperm
pellets were stored into cryotubes in LN2 until their analysis. The
warming procedure was carried out plunging the sperm pellets in 0.5 ml
of warming medium (WM) (Table 1) at 65 °C for 5 s, and then maintained at 38 °C for 3 min. Samples were centrifuged at 300×g for
10 min, and the ﬁnal pellet was resuspended with 50 μl WM and adjusted to a ﬁnal concentration of approximately 7.5 × 106 sperm/ml for
the sperm assessment.

2.1. Animals and sperm collection and processing

2.5. Sperm motility, acrosome status and DNA fragmentation

A total of 24 ejaculates were collected from four mature Merino
breed rams, three year-old, located in Cordoba (Spain). Semen was
obtained by artiﬁcial vagina and maintained in a water bath at 37 °C.
Volume, sperm concentration (Accurread, IMV technologies, France)
and mass motility (from 1 to 5;×40 magniﬁcation; Olympus, Tokyo,
Japan) were analysed. The inclusion criteria for ejaculates were volume
≥0.5 ml, sperm concentration ≥3000 × 106 spz/ml and mass motility
≥4.
Then, semen was diluted 1:1 with Tris-based extender (27.7 g/l),
citric acid (14 g/l) and fructose (10 g/l), and supplemented with 20%
egg yolk, penicillin G (4 g/l) and streptomycin (3 g/l) (TCFEY). The
diluted sperm samples were pooled to prevent individual variation.
Animal management was carried out in accordance with European
Union regulations (2010/63/EU) as transposed to Spanish law (RD 53/
2013).

Computer-assisted sperm analysis (ISAS-Pro 2, Proiser, Valencia,
Spain) was used for evaluate the sperm motility. Samples were diluted
(ﬁnal concentration 20 × 106 spz/ml) and 5 μl were placed on a slide,
covered with 22 × 22 mm coverslip. Four ﬁelds containing a minimum
of 500 spermatozoa were captured at X 10 contrast phase. Video sequence with 25 images per second were acquired, and particles between 10 and 70 μm2 were selected, considering linear motility when
they deviated < 75% from a straight line. Total (TM) and progressive
motility (PM) percentages were determined.
FACScalibur ﬂow cytometer (Becton Dickinson Inmunochemistry,
San Jose, CA, USA) was used to determine acrosome integrity and DNA
fragmentation. Sperm cells were processed and excited by argon blue
laser (488 nm) for the assessment. A FL1 photodetector (530/30 bandpass ﬁlter) was used for green ﬂuorescence from FITC-labelled peanut
agglutinin (FITC-PNA, Sigma–Aldrich, St. Louis, MO, USA) and acridine
orange (AO, Sigma–Aldrich, St. Louis, MO, USA), a FL2 photodetector
(585/42-nm band-pass ﬁlter) for red ﬂuorescence from propidium iodide (PI, Molecular Probes Europe, Leiden, The Netherlands) and a FL3
photodetector (630-nm long-pass ﬁlter) for red ﬂuorescence from AO.
In brief, for assessing acrosome integrity, 100 μl of sperm sample
was mixed with 5 μl FITC-PNA (100 μg/ml in DMSO) and 5 μl PI (6 μM
ﬁnal concentration), and incubated at RT in darkness for 5 min. Sample
was diluted in cytometer buﬀer adding 400 μl at a ﬁnal sperm concentration of 12.5 × 106spz/ml and analysed. Around 10,000 events of
a gated population were counted per sample. PI-negative and FITC-PNA
negative cells were considered as sperm with intact acrosome.
Sperm chromatin structure assay was used to determine the spermatozoa DNA fragmentation. Samples were diluted in 200 μl TNE
buﬀer (0.15 M NaCl, 0.01 M Tris-HCl, 1 mM EDTA, pH 7.4) to a ﬁnal
concentration of 2 × 106 sperm/ml [12]. They were twice ﬂashed into
LN2 and then stored at −80 °C. After samples thawing, 400 μl of acid
solution was added to induce denaturation of the DNA, and 1.2 ml of
AO solution (6 μg/ml) was added and incubated in darkness for 3 min
prior to the analysis. When combined with the intact double DNA helix,
AO was detected in the green band (FL1 photodetector), but when it
was linked to denatured DNA it ﬂuoresces in the red band (FL3 photodetector). The DNA fragmentation index (DFI) percentage was determined as sperm with a large ratio of red:green ﬂuorescence, indicative of abnormal chromatin structure. A total of 5,000 events were
counted per sample and the results are presented as percentage of
fragmented DNA. The percentage of events diﬀerent to sperm cells was

2.2. Experimental design
As described in Fig. 1, sperm was collected, assessed, pooled and
diluted in TCFEY to a ﬁnal concentration of 300 × 106 spz/ml. The
samples were then split into four aliquots: the ﬁrst one (fresh semen)
was directly evaluated, the second one was conventionally frozen, and
the other two aliquots were vitriﬁed.
In order to investigate the eﬀect of the storage temperature on the
vitriﬁed-warmed spermatozoa, prior vitriﬁcation samples were maintained at room temperature (22 °C, RT) or at 5 °C during 2 h (decreasing
temperature to 0.3 °C/min) [3]. In Table 1, osmolalities of the used
media are presented. The osmolality was measured with a vapor pressure osmometer (Vapro 5520, Wescor Inc., Logan, Utah, USA).
In resume, six groups were established: 1) fresh, 2) frozen, 3) vitriﬁed without cryoprotectant (CPA) and maintained at RT (V-controlRT), 4) vitriﬁed with sucrose and maintained at RT (V-sucrose-RT), 5)
vitriﬁed without CPA and maintained at 5 °C (V-control-5°C), and 6)
vitriﬁed with sucrose and maintained at 5 °C (V-sucrose-5°C).
After the conventional freezing and vitriﬁcation procedures, the
samples were evaluated.
2.3. Sperm freezing and thawing
A two-step extender was used for the conventional freezing of
sperm. Fraction 1 was constituted by TCFEY, and fraction 2 by TCFEY
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Fig. 1. Experimental design scheme to evaluate the morphological changes in sperm ram samples under cryopreservation conditions.

used. Sperm abnormalities were assessed in terms of plasma membrane,
acrosome, neck region and sperm integrity, and sperm head measurements were obtained. The area (μm2), the length (μm) and the width
(μm) of the sperm head were measured using ImageJ 1.6.0 software
(U.S. National Institutes of Health, MD, USA). At least 200 spermatozoa
were evaluated from each sample.

Table 1
Composition of diﬀerent media used (diluted in distilled water to 100 ml).
Diluents

Tris (g)a
Citric Acid (g)a
Fructose (g)a
Penicillin (g)b
Streptomycin
(g)b
Egg yolk (ml)
BSA (g)b
Sucrose (g)b
Glycerol (ml) a
Osmolality
(mmol/kg)
a
b

TCFEY
(Fraction 1)

TCFEY + Gly
(Fraction 2)

Control

0.4 M
Sucrose

WM

2.77
1.4
1
0.4
0.3

2.77
1.4
1

2.77
1.4
1

2.77
1.4
1

2.77
1.4
1

0.44

-

-

-

20
361

20
12
1338

2
319

2
27.36
1189

1
313

2.6.3. Transmission electron microscopy
Sperm samples were ﬁxed with 2.5% glutaraldehyde and postﬁxation was made with 1% osmium tetroxide. The sample was then dehydrated using an ascending scale of ketones, avoiding in this way the
collapse of biological material. The samples were exposed to propylene
oxide in diﬀerent proportions and, ﬁnally, they were included in resin
to make the cuts. A transmission electron microscope (JEOL JEM 1400,
Tokyo, Japan) was used to evaluate at least 200 spermatozoa from each
sample. Regarding TEM, the integrity of membranes, acrosomal content, nucleus and chromatin status, mitochondria, axons, neck region
and middle piece were evaluated in order to describe the sperm quality
features observed in the diﬀerent compared groups by light microscopy,
CASA and ﬂow cytometry.

Panreac, Barcelona, Spain.
Sigma Chemical Co., St. Louis, USA.

discarded [28].
2.7. Statistical analysis
2.6. Sperm morphology assessment
The SPSS 15.0 package (SPSS, Chicago, IL, USA) was used for statistical analysis. Kolmogorov-Smirnov test was used to determine the
normal distribution of data. As data were not normal, they were
transformed. Unidirectional variance analysis (ANOVA) was used to
evaluate diﬀerences between groups for sperm quality parameters, for
semen dimensions of area, length and width of spermatozoa heads, and
for morphological abnormalities. When signiﬁcant diﬀerences were
detected (P < 0.01), Duncan Alpha Post Hoc test was performed. The
results are presented as mean ± standard error (SE).

2.6.1. Light microscopy
Hemacolor staining (Merck, Darmstadt, Germany) was used for the
evaluation of sperm morphological characteristics. A drop of 10 μl of
sperm samples was extended on a glass slide, air dried, and stained in
accordance with the manufacturer's instructions. The percentage of
sperm abnormalities was determined in a total of 200 sperm cells under
×100 oil immersion objective (Olympus, Tokyo, Japan).
2.6.2. Scanning electron microscopy
The sperm samples were extended on a glass cover, and dried at
37 °C. They were ﬁxed in 2.5% glutaraldehyde for 24 h at 4 °C. Then,
they were washed, ﬁxed with osmium tetroxide and washed again.
Samples dehydration by ascending scale of ethanol (50%, 70%, 90%,
96%, 96%, 100% and 100%) was carried out. Subsequently, they were
allowed to dry at RT and ﬁnally coated with gold under high vacuum. A
scanning electron microscope (JEOL JSM 7800F, Tokyo, Japan) was

3. Results
3.1. Sperm quality assessment
Results show that sperm motility signiﬁcantly (P < 0.001) decreases after vitriﬁcation in comparison with fresh and frozen-thawed
samples. In relation to acrosome, integrity was maintained in fresh
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3.4. Transmission electron microscopy

Table 2
Sperm quality assessment in ram sperm under diﬀerent cryopreservation procedures. Mean ± SE.
Total motility
(%)
Fresh
92.2 ± 4.3 a
Frozen-thawed 42.2 ± 3.1 b
Vitriﬁed-Warmed
Room temperature (22°)
Control
2.6 ± 0.4 d
Sucrose
1.5 ± 0.5 d
Refrigerated (5 °C)
Control
2.3 ± 0.2 d
Sucrose
7.1 ± 0.7 c

Progressive
motility (%)

Acrosome
integrity (%)

Fragmented
DNA (%)

32.2 ± 4.0 a
13.6 ± 1.6 b

88.4 ± 2.0 a
19.1 ± 6.6 b

3.9 ± 0.7
4.1 ± 0.3

0.01 ± 0.01 c
0.2 ± 0.1 c

0±0c
0±0c

4.7 ± 0.8
4.5 ± 0.6

0.7 ± 0.2 c
2.1 ± 0.5 c

0±0c
1.2 ± 0.5 c

4.7 ± 0.4
3.4 ± 0.3

Table 4 and TEM images shown in Figs. 4 and 5 conﬁrm the alterations observed in cryopreserved sperm samples.
Frozen-thawed spermatozoa showed a slight loss of chromatin integrity in the nucleus in comparison with fresh sperm, and vesicles
under the membrane were observed at the middle piece. Intermittent
discontinuity was observed in the plasma membrane, with presence of
some detachments of the acrosome and nucleus. Frozen-thawed samples showed zonal absence of chromatin or no condensed chromatin,
but acrosomal content was maintained into the acrosome.
In reference to vitriﬁed spermatozoa, the most frequent abnormalities detected were the presence of vesicles under the plasmatic membrane at ﬂagella level, morphological and size mitochondrial defects
(Fig. 6), nucleus vacuolization, and swelling under the plasmatic
membrane around the sperm head and ﬂagella. Spermatozoa suﬀered
bend tails, and the cross-sectional micrographs revealed membrane
swelling with presence of many vesicles. Spermatozoa vitriﬁed using
sucrose revealed less damage in their membranes in comparison with
those vitriﬁed without CPA. The absence of CPA (sucrose) during vitriﬁcation provoked serious membrane defects around the sperm head
(loss and wrinkled membrane with numerous vesicles, and disintegration of acrosome region). Mitochondria showed heterogeneous sizes
and vesicles under the membrane, with high swollen at the tail level. In
vitriﬁed spermatozoa, a high number of mitochondrial defects was
observed, although the presence of sucrose slightly reduced the mentioned defects. Acrosome content showed less density and it was loss
mainly due to the membrane fragmentation.

Diﬀerent letters (a-d) indicate signiﬁcant diﬀerences within columns.

samples; however, it was signiﬁcantly reduced after freezing-thawing
(P < 0.05) and it was nule (or almost nule) in vitriﬁed samples
(P < 0.001). DNA did not signiﬁcantly vary in diﬀerent groups
(Table 2).
3.2. Light microscopy
As shown in Table 3, fresh semen showed a signiﬁcantly higher
(P < 0.001) percentage of normal spermatozoa (92%) than vitriﬁed
samples.
Frozen-thawed spermatozoa suﬀer a slight morphological impact,
with 86% of normal cells, where tail was the sperm structure more
altered during this process.
No diﬀerences were detected between vitriﬁed samples with or
without sucrose within temperature. Vitriﬁcation induced mainly tail
abnormalities, and some midpiece defects were also aﬀected.

4. Discussion
Some studies are recently focused on the sperm vitriﬁcation
showing, among others ﬁndings, that parameters as motility or acrosome are negatively aﬀected [1,3,27]. The implementation of techniques for evaluating subcellular morphological aspects in spermatozoa
could help to determine why they do not support this process and which
cell structures are more distressed, in order to improve these procedures. In this context, ovine sperm samples were morphologically
evaluated after vitriﬁcation (under diﬀerent storage temperatures prior
vitriﬁcation and with or without CPAs) by light microscopy and using
high-resolution microscopic techniques, as SEM and TEM, to describe
morphological changes associated with this cryopreservation method,
in contrast to fresh and frozen-thawed samples.
The reduction in the use of some permeable and other non-permeable but osmotically active CPAs has been suggested as an alternative to
increase sperm viability [22]. Some studies have been carried out in
human spermatozoa using carbohydrate supplements (glucose, sucrose
or trehalose) for cryopreservation by direct immersion in liquid nitrogen [32]. Trehalose and sucrose are eﬀective CPAs for human sperm
freezing, since sperm motility is highly recovered after thawing [19]. In
reference to vitriﬁcation, studies conducted in ovine sperm agree that
sucrose oﬀers a slight protective eﬀect for motility, viability and
membrane functionality [3], although results are far away from the
obtained after freezing procedures. In order to explain which subcellular changes occur in spermatozoa during cryopreservation, the
present study suggests that the addition of sucrose for sperm vitriﬁcation inﬂuences the size of spermatozoa as a consequence of its osmotic
eﬀect.
Staining techniques alter the morphometric dimensions of sperm
head due to the osmotic diﬀerence between ﬁxatives and dyes in relation to the seminal ﬂuid [35], and also aﬀect on the anomalies observed
[26]. The stains used in light microscopy oﬀer low resolution [34];
therefore, to solve these handicaps and to obtain more information
about organelles and membranes, SEM or TEM show a remarkably
usefulness. In the present study, spermatozoa under diﬀerent preservation conditions were analysed by SEM to obtain images of their

3.3. Scanning electron microscopy
Results of spermatozoa head dimensions (width, length and area)
for fresh, frozen and vitriﬁed (at 22 °C or 5 °C) sperm samples are
showed in Fig. 2. Signiﬁcant diﬀerences (P < 0.0001) were observed
between diﬀerent cryopreservation treatments. It was observed that the
head width and length are signiﬁcantly higher (P < 0.0001) in fresh
spermatozoa than in vitriﬁed sperm samples.
In contrast, the area of the head spermatozoa was signiﬁcantly
lower (P < 0.0001) in vitriﬁed samples previously maintained at 5 °C.
Area dimension was signiﬁcantly higher (P < 0.0001) in fresh spermatozoa than in samples subjected to diﬀerent cryopreservation procedures, and in summary, it was observed a tendency to reduce the area
of head spermatozoa when cells were frozen, vitriﬁed after RT storage
and vitriﬁed after 5 °C storage (Fig. 2). Some of the sperm defects detected are showed in Fig. 3.
Table 3
Morphological sperm assessment by light microscopy of ovine samples under
diﬀerent cryopreservation conditions. Mean ± SE.
% Normal

Fresh
91.9 ±
Frozen-thawed
86.2 ±
Vitriﬁed-Warmed
Room temperature (22°)
Control
53.3 ±
Sucrose
48.1 ±
Refrigerated (5 °C)
Control
46.9 ±
Sucrose
46.8 ±

Abnormalities
Head

Mid-piece

Tail

2.9 a
3.4 a

0.8 ± 0.2
1.1 ± 0.3

0.2 ± 0.1 a
0.4 ± 0.1 a

7.1 ± 0.3 a
12.3 ± 0.2 a

3.8 b
5.2 b

0.5 ± 0.7
0.0 ± 0.0

13.2 ± 2.8
6.1 ± 2.9

86.3 ± 2.1 b
93.8 ± 2.9 b

6.9 b
1.6 b

0.5. ± 0.9
0.8 ± 1.4

16.1 ± 5.0 b
15.7 ± 6.1 b

83.4 ± 5.5 b
83.5 ± 7.3 b

Diﬀerent letters (a, b) indicate signiﬁcant diﬀerences within columns.
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Fig. 2. Boxplot for head spermatozoa area, length and width measured by scanning electron microscopy in fresh, frozen-thawed and vitriﬁed-warmed groups.
Vitriﬁed samples were stored at RT or at 5 °C, and vitriﬁcation was carried out without cryoprotectants (control groups) or with sucrose (sucrose groups). The line
inside the box represents the median, the length of the box is the interquartile range, and whiskers show high and low values. Diﬀerent letters (a–e) indicate
signiﬁcant diﬀerences between groups.

heads and to measure their areas, lengths and widths. Osmolality and
the surrounding medium's tonicity have been reported as the two key
factors inﬂuencing sperm dimensions [20]. Spermatozoa act as osmometers, being swollen under hypotonic conditions and wrinkled when
are incubated in hyperosmotic media [10,14]. Sperm swelling occurred
linearly with a decrease in mean osmolality [10], but there are other
factors such as temperature or incubation time, which can aﬀect this

tendency [3].
Spermatozoa are more sensitive to hypertonic than hypotonic conditions [31], and it is suggested that the cellular damage occurs when
shrunken or wrinkled cells are returned to isotonic conditions, i.e.
during thawing or warming in case of cryopreserved spermatozoa [14].
Then, cellular plasma membrane is irreversibly damaged and induces
the sperm lysis. Human spermatozoa apparently have an innate

Fig. 3. Sperm micrographs observed by scanning electron microscopy in fresh (1, 3), frozen (2, 5), and vitriﬁed (4, 6, 7, 8, 9, 10, 11) specimens. (1) Normal
spermatozoa, (2) Wrinkled plasma membrane, (3) Neck region slimming and acrosome membrane separation (asterisk), (4) Head invaginations (asterisks), (5)
Acrosome swelling, (6) Decapitated spermatozoa, (7) Proximal droplet (8) Detached heads and tails, (9) Ball tail, (10) Hairpin tail, (11) Coiled tail.
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the increment of the vacuolation rate, which might disturb the fertilization. Previous studies carried out in ovine spermatozoa demonstrated
that sperm head dimensions are signiﬁcantly smaller after freezing
[9,11], but the present study is the ﬁrst report describing the sperm size
variations after vitriﬁcation in the mentioned specie. Our ﬁndings show
that the storage temperature prior vitriﬁcation and the CPAs signiﬁcantly aﬀect the spermatozoa head size.
TEM is a time-consumer and sophisticated method, but it can be
consider as the most precise tool for assessing acrosome structure [23].
In fresh samples, most spermatozoa showed intact membranes and acrosomes, as described by Shahba et al. (2016) [33]. Diﬀerent ultrastructural sperm abnormalities have been observed by TEM after
freezing such as plasmatic membrane disorganization, acrosome damage and chromatin condensation abnormalities [18,23]. In order to
reach high fertilising capacity, sperm acrosome should be maintained
intact. However, Arando et al. (2017) [3] demonstrated that ram
spermatozoa suﬀer high acrosomal damage after vitriﬁcation, slightly
more evident when samples were maintained at 22 °C, in contrast to
5 °C. Ultramicroscopic assessment in human spermatozoa conﬁrms that
membranes used to be broken and its content is lost after vitriﬁcation
[5,16], supporting the ﬁndings about membrane and acrosome integrity recently reported using ﬂow cytometry [3,27]. The present
study observed that acrosome is one of the most sensitive structures to
vitriﬁcation in agreement with others [1], and suﬀers numerous damages as complete or partial loss, presence of swollen or vesiculated
membranes, heterogeneous content and increased thickness in the
subacrosomal area.
Ultramicroscopic damages in the plasma membrane have been associated to the EDTA or trehalose addition to the freezing extender [2].
Plasmatic membrane invaginations were also observed by SEM, mainly
in frozen-thawed samples, which means that cells have been fractured.
The presence of these zones of rupture in the acrosome causes acrosomal discharge [1]. In the present study, low electrodensity was observed in the nucleus of frozen-thawed spermatozoa, while presence of
intranuclear vacuoles was observed after vitriﬁcation; this last ﬁnding
agrees with Taherzadeh et al. (2017) [36] who suggest that vitriﬁcation
increases the rate of vacuolization in the spermatozoon head. The

Table 4
Speciﬁc defects observed in diﬀerent sperm structures by TEM under diﬀerent
cryopreservation conditions. Descriptive data are expressed as average percentage.
Plasma
membrane

Acrosome

Mitochondria

Chromatin

intact/
swollen/
broken

typical/
abnormal

intact/damaged

intact/
damaged

86/14
78/22

96/4
93/7

98/2
94/6

19/81
25/75

10/90
38/62

67/33
78/28

18/82
23/77

13/87
58/42

93/7
96/4

Fresh
69/19/9
Frozen-thawed 56/31/13
Vitriﬁed-Warmed
Room temperature (22°)
Control
23/61/16
Sucrose
32/60/8
Refrigerated (5 °C)
Control
19/66/15
Sucrose
33/57/10

resistance to hypertonic stress but, in contrast, ovine sperm exhibit
resistance until 1000 mOsm, and hence, higher osmolality damages
their membranes [6].
Diﬀerent sperm morphological assessment methodologies induce
sperm head size variations. As described by de Paz et al. (2011) [9], the
width of the spermatozoa is the most changeable parameter associated
with its architecture, observing that the main axis (length) shows a
lower deviation. A similar ﬁnding was observed in the present study in
ovine spermatozoa under diﬀerent cryopreservation procedures, with
high diﬀerences in their lower axis, i.e., width. Sperm head dimensions
(area, length and width) varied according to the storage temperature
and the diluents used for cryopreservation, noting that sperm size was
reduced in samples stored at 5 °C and diluted with sucrose. The mentioned samples showed a short spermatozoa size, deducing that when
greater intracellular ﬂuid output is achieved, the spermatozoa is prevented from damages resulting from the formation of crystals during
the vitriﬁcation process. Recently, Taherzadeh et al. (2017) [36] aﬃrm
that vitriﬁcation negatively aﬀect the sperm human head throughout

Fig. 4. Micrographs showing head sperm diﬀerences associated with the type of cryopreservation procedure. Left-up image corresponds to fresh spermatozoa (with
intact plasmatic membrane, homogeneous condensed chromatin and normal equatorial plaque) and left-down image to frozen-thawed spermatozoa (with lower
nuclear electrodensity, but abundant acrosomal content). Mid micrographs correspond to spermatozoa maintained at RT and vitriﬁed without CPA (up) or with
sucrose (down). Membrane alterations occurred after vitriﬁcation, with reactive acrosome, swollen and vesiculation. Right images illustrate representative micrographs from spermatozoa maintained at 5 °C and vitriﬁed without CPA (up) or with sucrose (down).
57

36

Cryobiology 87 (2019) 52–59

A. Arando, et al.

Fig. 5. Mitochondrial details in fresh, frozen-thawed and vitriﬁed-warmed ovine spermatozoa obtained by transmision electron microscopy. In fresh spermatozoa
mitochondria shows homogeneous and slithly electrodense aspect. In frozen-thawed spermatozoa, some of them were deformed and vacuolized. In vitriﬁed sperm
samples it was observed vacuolization and low electrodensity; cristae can disappear. A-A′, fresh spermatozoa; B-B′, frozen-thawed spermatozoa; C-C′, without-CPA
vitriﬁed spermatozoa at RT; D-D′, sucrose vitriﬁed spermatozoa at RT; E-E′, without-CPA vitriﬁed spermatozoa at 5 °C; F-F′, sucrose vitriﬁed spermatozoa at 5 °C.

Sperm cell death has been linked to axoneme defects as alteration of
the regular number of microtubules and/or irregular arrangements of
the microtubules [8]. The observation of axoneme after freezing in ram
sperm did not revealed defects, but vitriﬁcation induced some alterations at midpiece levels (as the absence of mitochondria and axoneme)
or at principal piece level (as absence of outer microtubules) (Fig. 6).
In conclusion, it is the ﬁrst description of ultramicroscopic changes
in ovine vitriﬁed spermatozoa. The cell size after vitriﬁcation was signiﬁcantly reduced in comparison with fresh and frozen sperm samples,
which it is suggested that is a consequence of the CPA and cryopreservation method used. Mitochondria defects detected by TEM in vitriﬁed sperm samples can explain the reduced sperm motility observed
in this group. Also, acrosome integrity was signiﬁcantly reduced after
vitriﬁcation; these ﬁndings were evident by TEM throughout the observation of absence of acrosome content and acrosomal membrane
damages. The evaluation of the ultrastructure demonstrates the highly
negative impact of vitriﬁcation on the spermatozoa, and highlights the
requirement of further studies to implement new protective agents for
membranes, acrosome and mitochondria during vitriﬁcation.
Ultrastructural information obtained after diﬀerent procedures for
cryopreservation will provide a more comprehensive approach to sperm
conservation and a deeper knowledge about the sperm injured structures during these procedures.

Fig. 6. Cross-sectional TEM image of midpiece in spermatozoa storage at 5 °C
and vitriﬁed with 0.4 M sucrose. Black arrow indicates absence of mitochondria. M, swollen, vesiculated mitochondria, showing low electrodensity. White
arrow shows absence of outer doublet microtubules in the axoneme (AX), which
should be formed by a “9 + 2” structure. Outer dense ﬁbres (ODF) are observed
under mitochondria.

observation of spermatozoa by TEM allows identifying detailed defects
associated with the cryopreservation procedure that cannot be observed
by light microscopy.
In reference to the neck region, it has been described that the
plasma membrane usually is broken and disappears in vitriﬁed spermatozoa [1]. In the present study, the midpiece shows a total of 66–73
turns (gyres) of mitochondria in the ram spermatozoa, and defects related with their architecture and conﬁguration have been previously
associated with sperm motility [29]. Windsor and White (1995) [37]
described that freezing induces a reduction of the mitochondrial function, falls down the sperm motility and diminishes the fertility rate
since freezing-thawing spermatozoa are not able to pass the cervix or to
advance for reaching the oviducts. By SEM evaluation, ovine vitriﬁed
spermatozoa showed thinner connection between head and neck in
some cells, probably due to the loss of plasmalemma. The middle piece
also showed absence of mitochondria around the neck region, in accordance to Rocha et al. (2006) [30] in frozen-thawed samples. TEM
showed destruction and distortion of mitochondrial cristae, with lighter
mitochondrial matrix in vitriﬁed samples. Mitochondrial defects noted
in these groups might be attributed to cellular death, which are linked
with sperm motility drop-oﬀ.
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The aim of the present study was to evaluate the eﬀect of the addition of diﬀerent concentrations of two olive oilderived antioxidants, hydroxytyrosol (3,4-dihydroxyphenylethanol, HT) and 3,4-dihydroxyphenylglycol
(DHPG), on ovine semen during the freezing-thawing process. Sperm was collected, pooled and diluted with
commercial extenders and then divided into aliquots supplemented with diﬀerent concentrations (10 μg/ml,
30 μg/ml, 50 μg/ml and 70 μg/ml) of HT, DHPG and a mixture (MIX) of both antioxidants. A control group,
without antioxidant, was also prepared. Sperm motility, viability, acrosome integrity, mitochondrial membrane
potential and lipid peroxidation (LPO) were assessed. The results showed that frozen-thawed ram spermatozoa
exhibited lower values for motility, membrane integrity, acrosome and mitochondrial membrane potential than
fresh samples (P ≤ 0.01). However, when antioxidants were added, thawed spermatozoa exhibited relatively
low LPO, recording values similar to fresh spermatozoa; by contrast, the control group of frozen-thawed spermatozoa without antioxidants exhibited signiﬁcantly higher LPO (P ≤ 0.01). The addition of a HT+DHPG
mixture (MIX) had a negative impact on sperm membrane and acrosome integrity, suggesting that a pure antioxidant supplementation has the potential to oﬀer superior results. In conclusion, HT and DHPG exhibited a
positive eﬀect on the frozen-thawed spermatozoa inasmuch as they reduced the LPO. These olive oil-derived
antioxidants have the potential to improve frozen-thawed sperm quality, although further studies should be
carried out to analyse the antioxidant eﬀect at diﬀerent times after thawing.

1. Introduction

(ROS), are associated with the aerobic metabolism of sperm cells [3].
Mitochondria, endoplasmic reticulum, cytosol, lysosomes, peroxisomes
and plasma membrane are the most important sites where they are
generated [17]. Mammalian sperm cells are composed of highly speciﬁc
lipids, such as polyunsaturated fatty acids, plasmalogenes and sphingomyelins, which are susceptible to ROS-derived damage inducing lipid
peroxidation, DNA fragmentation and sperm apoptosis [32].
The eﬀects of ROS on the spermatozoa depend on their type and
concentration. When they are present in low concentrations, they positively aﬀect capacitation, acrosomal reaction and the union between
sperm and the zona pellucida [12]. High concentrations of ROS by
contrast induce oxidative stress and a subsequent peroxidation of
polyunsaturated fatty acids located in the sperm membranes, which
promote the inhibition of the normal function of spermatozoa and

Ram spermatozoa are known to be cells that are particularly sensitive to cold shock due to damage induced by intracellular ice formation, osmotic variations and solute toxicity during freezing. This susceptibility is corroborated by the low number of spermatozoa that
survive after the freezing-thawing process and the low fertilising capacity of these cells [19]. This extreme sensitivity has been attributed to
their low cholesterol:phospholipid ratio and high proportion of polyunsaturated fatty acids [21], both of which require the implementation
of diverse strategies in order to improve their quality and viability.
Recent research has demonstrated that spermatozoa damage is associated with metabolic stress [37]. Speciﬁcally, the generation of
prooxidant molecules, such as free radicals and reactive oxygen species
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reduce their viability [8].
Spermatozoa have endogenous mechanisms that help them tolerate
oxidative stress. Diﬀerent enzymatic antioxidants, such as superoxide
dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx), and
other non-enzymatic antioxidants, such as vitamin C, vitamin E (α-tocopherol), pyruvate, glutathione and carnitine, can be found in the
seminal plasma [1] to counteract the oxidative stress impact on the
spermatozoa. However, semen handling or a drop in temperature produce a stressful environment for spermatozoa with an excess of free
radicals. This harmful situation cannot be counteracted by the endogenous antioxidants and thus, in order to protect the spermatozoa's
viability, the addition of synthetic or natural exogenous antioxidants
could have potential advantages. In this context, numerous studies have
been published in recent years with accounts of the use of exogenous
antioxidants in ram sperm [36,38,39,41], albeit with ﬁndings that are
not always consistent.
Many extracts obtained from the leaves, seeds and roots of plants
possess an antioxidant property due to their high content of polyphenols, ﬂavonoids, carotenes, gallic acid, tannins and essential oils,
and it has been demonstrated that they oﬀer better results than synthetic antioxidants because cytotoxicity and residue formation are both
reduced [55]. Olive oil and some of its derivates have a high percentage
of phenolic components with antioxidant eﬀects [23] and they have
been linked to beneﬁts for human health [20]. The presence of a simple
phenol called hydroxytyrosol (3,4 dihydroxyphenylethanol, HT), with a
signiﬁcant antioxidant property, has been reported in the fruit of the
olive (Olea europea), with commensurate positive health eﬀects [23]. It
has been reported that HT reduces the oxidation of low-density lipoproteins, protects against H2O2 cytotoxicity and minimises lactate dehydrogenase activity [16,29,45]. Another minor simple phenol that has
been isolated in olive oil waste is 3,4-dihydroxyphenylglycol (DHPG).
This antioxidant possesses an ortho-diphenolic structure with an additional hydroxyl group in the β position [11], and powerful antioxidant
and potentially anti-inﬂammatory properties have been documented
[46]. The antioxidant, antiradical and reducing capacity of DHPG is
comparable with vitamin E [5] and it also has antioxidant properties in
deﬁcient platelet activation and adhesion, with anti-inﬂammatory
properties [20].
To the present authors’ knowledge, few studies have hitherto evaluated the eﬀect on sperm quality of adding olive oil; one assessed the
inﬂuence of olive oil supplementation on rooster sperm [5], while
others analysed the eﬀect of HT-based extender on rat [27], human
[31] and ram sperm [9]. DHPG seems to have never been used as a
supplement to sperm extender. Due to the antioxidant eﬀect of the
aforementioned substances, it was hypothesised that the incorporation
of HT, DHPG or a mixture of both antioxidants to sperm freezing extender might minimise the sperm damage associated with handling,
cold shock, cryopreservation processes or any other causes of stress.
The aim of the present study was thus to analyse the inﬂuence of the
addition of diﬀerent concentrations of HT, DHPG or the mixture of both
to sperm extender in order to improve frozen-thawed sperm quality in
ram.

separation of the liquid and solid components [47]. Samples of alperujo
(30–50 kg) were inserted in a reactor chamber at an average temperature of 160–170 °C for 60 min at 9 kg/cm2, directly heated by steam.
The sample was partially hydrolysed to facilitate solid-liquid separation. After cooling, the wet material was centrifuged at 4700 g for
10 min (Comteifa, S.L., Barcelona, Spain) to obtain a liquid fraction as a
source rich in antioxidants. The liquid was extracted by chromatography fractionation in two steps, with a ﬁnal yield of 99.6% and 95%
purity relative to dry matter for HT and DHPG, respectively [22,24]. HT
and DHPG stock solutions diluted in bidistiller water were prepared at
11.86 μg/μl and 2.5 μg/μl, respectively. A volume of 1 litter of stock
solution was obtained for each antioxidant and 500 μl aliquots were
stored at −21 °C until their use. The storage conditions were maintained no longer than one year. Final antioxidant solutions were prepared immediately prior to use.

2.2. Animals and semen collection
Semen was collected from six Merino breed rams (2-3 years-old).
Twelve semen collections per ram were carried out for a total of 72
ejaculates. Semen was collected by the artiﬁcial vagina method during
the non-breeding season. The animals were held at the Centro
Agropecuario Provincial de Cordoba (Spain), housed in a concrete-ﬂoor
barn and fed with a commercial concentrate (0.5 kg), with ad libitum
access to alfalfa hay, water and mineral supplementation blocks. The
management of the animals was in accordance with the regulations of
the European Union (2010/63/EU) in its transposition to the Spanish
law (RD 53/2013). The experiment had the authorisation of the
Bioethics Committee of the University of Cordoba (n. 2018PI/29).
Tubes contained the ejaculates were placed in a water bath at 37 °C
during their evaluation. Volume by graduated tubes, sperm concentration by photometer (Accurread, IMV technologies, France) and
mass motility (0–5, 40× magniﬁcation; Olympus, Tokyo, Japan) were
determined. Only ejaculates with a volume ≥0.5 ml, concentration
≥3000 × 106 spz/ml and mass motility ≥4 were included in this
study.

2.3. Experimental design
In order to test the eﬀect of diﬀerent antioxidants (at diﬀerent
concentrations) on the frozen-thawed sperm quality, sperm samples
were diluted with extenders containing diﬀerent concentrations of HT,
DHPG and a mixture (MIX) of both antioxidants, to obtain the ﬁnal
concentrations as follows: Control (without antioxidant), HT10 (10 μg/
ml), HT30 (30 μg/ml), HT50 (50 μg/ml) and HT70 (70 μg/ml); DHPG10
(10 μg/ml); DHPG30 (30 μg/ml); DHPG50 (50 μg/ml); DHPG70 (70 μg/
ml); MIX10 (5 μg/ml HT + 5 μg/ml DHPG), MIX30 (15 μg/ml
HT + 15 μg/ml DHPG), MIX50 (25 μg/ml HT + 25 μg/ml DHPG),
MIX70 (35 μg/ml HT + 35 μg/ml DHPG). Taking into account that the
used semen extender requires two-step, antioxidants were added into A
and B extender fractions to maintain the ﬁnal antioxidant concentrations previously established.
Antioxidant concentrations were chosen based on previous studies
showing no cellular damage when HT concentration was lower than
200 μM (30.8 μg/ml) [44]. Then, concentrations lower and higher than
200 μM were tested. In contrast, no studies were found for DHPG and
then, similar concentrations than HT were used.
A total of 13 experimental groups were compared and a total of 3
straws per group were frozen in each freezing procedure. The experiment was repeated 12 times. Sperm motility and viability, acrosome
integrity, mitochondrial membrane potential and membrane lipid peroxidation were assessed in fresh and frozen-thawed sperm samples.
Two straws per freezing were analysed.

2. Materials and methods
2.1. Sperm extender and antioxidant preparation
A commercial Tris-based extender (Biladyl, Minitub Ibérica, S.L.,
Tarragona, Spain) was used for the sperm dilution and cryopreservation. A and B fractions were prepared in accordance with the manufacturer's recommendations.
HT and DHPG were isolated from the alperujo olive pulp (semi-solid
waste generated in the two-phase system used in olive oil extraction) by
thermal extraction and chromatographic puriﬁcation. Alperujo is a rich
source of valuable components such as antioxidant phenols which can
be solubilised in the aqueous liquid phase after pre-treatment and
34
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2.4. Semen extending, freezing and thawing

(HMMP) were recorded.
Lipid peroxidation (LPO) was estimated using C11-BODIPY581/591
(Molecular Probes Europe, Leiden, The Netherlands) in accordance
with a modiﬁed protocol [54]. In brief, thawed sperm was diluted to
reach a ﬁnal concentration of 4.0 × 106 spz/ml. Then, 100 μl of diluted
sperm was loaded with 1 μl C11-BODIPY581/591 (2 μM ﬁnal concentration) and incubated at 37 °C for 30 min. Afterwards, 1 ml of PBS was
added and centrifuged at 600 g for 8 min. The pellet was then resuspended with 100 μl of PBS prior to assessment. Spermatozoa with
LPO emitted light in the green wavelength and were deemed to be
BODIPY-positive cells.
The acquired data were analysed with FlowJo® software version
7.6.2, using dot plots with the relative cell size (FSC), the internal
complexity (SSC) and the speciﬁc ﬂuorescence intensity for each probe.
The percentage of non-sperm events was mathematically corrected for
viability and acrosome integrity [43].

Ejaculates were diluted 1:2 with Biladyl (fraction A) and pooled to
avoid individual variations between males. The samples were then split
into 13 diﬀerent aliquots, diluting each with Biladyl (fraction A) supplemented with the previously described HT, DHPG and MIX antioxidant concentrations. The samples were immediately stored for two
hours at 5 °C in a programmable freezer (cell incubator SH-020S,
Welson, Korea), reducing the temperature at a rate of 0.3 °C/min. After
an equilibration period, extender B supplemented with the various HT,
DHPG and MIX concentrations was added, obtaining a ﬁnal volume of
1000 μl (containing 400 × 106 spz/ml) per aliquot. The sperm samples
were loaded into 0.25 ml straws (containing 100 × 106 spz/straw) and
maintained for two hours at 5 °C.
The sperm straws were frozen horizontally over liquid nitrogen
vapours (at 4 cm) for 10 min, and then plunged into liquid nitrogen
until analysis. For thawing, the sperm straws were immersed in a water
bath at 37 °C for 30 s.

2.7. Statistical analysis

2.5. Semen motility evaluation

The statistical analysis was carried out using SPSS 17.0 software
(SPSS, Chicago, IL, USA). The Shapiro-Wilks test was used to determine
if the data were normally distributed. As the data did not exhibit
normal distribution, the VCL, VSL, VAP, ALH and BCF parameters were
log transformed, while TM, PM, LIN, STR, WOB, sperm viability, acrosome integrity, HMMP and LPO, were arcsine transformed. One-way
ANOVA followed by Dunnet's test for multiple comparisons were carried out to detect diﬀerences in motility, viability, acrosome integrity,
mitochondrial membrane potential and LPO in frozen-thawed spermatozoa supplemented with the antioxidant groups (HT, DHPG and MIX
concentrations) versus the control group (without antioxidant).
Signiﬁcant diﬀerences were considered when P ≤ 0.05. The results are
presented as mean ± SEM.

Sperm motility was assessed using ISAS software v.1.2 (Integrated
Semen Analyser System, Proiser, Valencia, Spain). Previously, samples
were diluted with fraction A to a ﬁnal concentration of 25 × 106 spz/ml
and incubated for 10 min. Then, 5 μl was placed on a slide and covered
with a 22 × 22 mm coverslip. A total of four ﬁelds were randomly
captured. Spermatozoa were considered when head area was
10–70 μm2, motile when VAP > 10 μm/s, and linearly motile when
they deviated > 75% from a straight line. Total motility (TM, %),
progressive motility (PM, %), curvilinear velocity (VLC, μm/sec),
straight-line velocity (VSL, μm/sec), average path velocity (VAP, μm/
sec), straightness (STR, %), linearity (LIN, %), wobble (WOB, %), amplitude of lateral head displacement (ALH, μm) and beat/cross frequency (BCF, Hz) were determined during the assessment.

3. Results
2.6. Flow cytometer evaluation
Table 1 shows the motility values obtained in fresh and frozenthawed sperm samples (with or without diﬀerent concentrations of HT,
DHPG and MIX) in ovine sperm. As expected, when sperm motility from
frozen-thawed sperm groups was compared with fresh semen, signiﬁcant diﬀerences (P ≤ 0.01) were detected. The antioxidant-supplemented sperm samples showed similar TM and PM percentages
(P > 0.05) compared to the control (without antioxidant) group.
As far as the kinetic and other velocity parameters are concerned, no
signiﬁcant diﬀerences were observed between post-thawed sperm
samples containing antioxidants and the control group. However, signiﬁcant diﬀerences were observed between post-thawed sperm samples
containing antioxidant and fresh sperm samples for the VCL, VAP and
ALH parameters (Table 2).
As was observed in the case of motility, the comparison between
frozen-thawed sperm groups and the fresh semen revealed that parameters related to viability, acrosome integrity and mitochondrial potential were signiﬁcantly reduced in frozen-thawed sperm (Fig. 1).
However, when sperm membrane peroxidation was analysed, only the
control group (frozen without antioxidant) showed signiﬁcantly
(P ≤ 0.01) higher values than the fresh group, while sperm samples
frozen with antioxidant showed LPO values as low as fresh spermatozoa
(Table 1, Fig. 1).
In terms of the sperm viability observed in the frozen-thawed sperm,
samples containing a mixture of HT and DHPG (M30, M50 and M70)
showed a signiﬁcantly (P ≤ 0.05) lower percentage of live spermatozoa
than the control group. Acrosome integrity was also negatively aﬀected
(P ≤ 0.05) when MIX70 was added to the sperm samples for freezing.
The addition of antioxidants to frozen-thawed sperm did not signiﬁcantly aﬀect the mitochondrial membrane potential in spermatozoa
after thawing.

Flow cytometric analyses were performed using a FACScalibur ﬂow
Cytometer (BD Biosciences, San Jose, CA, USA) with a 488 nm argon
blue laser.
Sperm viability was determined by a LIVE/DEAD sperm viability kit
(Molecular Probes Europe, Leiden, The Netherlands) [7]. A volume of
10 μl of sperm was diluted with 240 μl of cytometer buﬀer (4 × 106
spz/ml) and immediately mixed with 2.5 μl of SYBR-14 (20 nM ﬁnal
concentration) and 5 μl of propidium iodide (PI, 10 μM ﬁnal concentration). The mixture was incubated in darkness for 15 min and
samples were then analysed. Spermatozoa emitting in the green wavelength were considered as spermatozoa with intact plasma membranes.
Acrosome integrity was determined using the combination of PI
(Molecular Probes Europe, Leiden, The Netherlands) and peanut agglutinin conjugated with ﬂuorescein isothiocyanate (PNA-FITC, SigmaAldrich, St. Louis, MO, USA) [7]. A total of 100 μl of sample (5 × 106
spz/ml ﬁnal concentration) was mixed with 5 μl (100 μg/ml in DMSO,
stock solution) and 5 μl PI (6 μM ﬁnal concentration) and incubated in
darkness for 5 min. Then, 400 μl of cytometer buﬀer was added and the
samples were analysed. The results were presented as the percentage of
spermatozoa with intact acrosome (PI-) and plasma membrane (PNA-).
Mitochondrial membrane potential was assessed using MitoTracker
Red CMXRos (Molecular Probes Europe, Leiden, The Netherlands) and
SYBR-14 (Molecular Probes Europe, Leiden, The Netherlands), using a
modiﬁed protocol [26,48]. A total of 50 μl of sperm (100 × 106 spz/ml)
was mixed with 350 μl of cytometer buﬀer, 2 μl (2 μM ﬁnal concentration) of SYBR-14 and 2 μl (10 μM ﬁnal concentration) of MitoTracker Red CMXRos. They were incubated in the dark for 10 min at
37 °C and only sperm with high mitochondrial membrane potential
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Table 1
Percentages of sperm motility, viability, acrosome integrity, HMMP and LPO in fresh or frozen-thawed (control, HT, DHPG and MIX) ovine sperm. Data are expressed
as mean ± SEM.
Total motility (%)

Progressive motility (%)

Viability (%)

Acrosome integrity (%)

HMMP (%)

LPO (%)

Fresh

84,98 ± 1,06

26,29 ± 2,25

79,29 ± 1,29

70,57 ± 1,81

76,13 ± 1,50

1,81 ± 0,09

Control

40,52 ± 2,05*

16,94 ± 0,66*

35,75 ± 2,42*

27,11 ± 2,40*

35,36 ± 2,85*

3.07 ± 0.34*

HT10
HT30
HT50
HT70

35,62
36,38
34,85
34,71

±
±
±
±

2,28*
2,43*
2,05*
1,68*

12,72
13,82
14,31
12,63

±
±
±
±

1,18*
1,36*
1,95*
1,47*

30,16
39,79
31,25
32,20

±
±
±
±

1,78*
1,50*
1,14*
2,55*

27,59
22,62
23,55
23,01

±
±
±
±

2,12*
1,03*
1,89*
2,29*

30,04
34,50
33,60
31,58

±
±
±
±

0,89*
1,29*
2,25*
1,94*

1,79
2,05
1,86
2,02

±
±
±
±

0,10a
0,11a
0,06a
0,21a

DHPG10
DHPG30
DHPG50
DHPG70

33,95
35,88
37,41
35,61

±
±
±
±

1,80*
2,15*
2,54*
2,46*

13,33
13,13
13,28
14,61

±
±
±
±

1,39*
0,79*
1,42*
0,96*

34,42
29,35
29,22
28,83

±
±
±
±

2,02*
1,79*
1,18*
1,79*

24,95
22,39
23,33
22,61

±
±
±
±

1,92*
1,68*
1,84*
1,25*

38,60
35,23
29,38
32,10

±
±
±
±

2,00*
2,14*
2,41*
2,13*

1,72
1,93
2,05
2,32

±
±
±
±

0,09a
0,09a
0,13a
0,11

MIX10
MIX30
MIX50
MIX70

36,66
37,10
34,42
40,37

±
±
±
±

1,81*
2.12*
2,69*
2,78*

14,61
15,26
12,56
12,80

±
±
±
±

1,48*
1,15*
0,55*
1,37*

31,57
26,77
27,59
26,84

±
±
±
±

2,49*
1,41b*
2,44b*
2,25b*

16,84
21,27
22,39
12,85

±
±
±
±

1,30a*
0,94*
0,97*
2,39a*

34,55
28,54
30,10
29,96

±
±
±
±

1,92*
2,31*
2,02*
2,32*

2,66
2,25
1,99
1,88

± 0,26*
± 0,22a
± 0,14a
± 0,07a

ANOVA was followed by Dunnet's test post-hoc. a = P ≤ 0.01 compared with control; b = P ≤ 0.05 compared to control; * = P ≤ 0.01 compared with fresh semen.

4. Discussion

signiﬁcantly reduced after thawing, except LPO, suggesting that extender supplementation with antioxidants reduces the negative impact
of ROS on the sperm membrane.
Some studies have investigated the eﬀect of olive oil on sperm
quality; it is reported in one of them that the direct addition of olive oil
to seminal ﬂuid in vitro did not favour sperm quality [6]. The authors in
question aﬃrm that olive oil preserves semen quality by enhancement
of the gonadal function, reducing oxidative injury and lipid peroxidation and promoting nitric oxide signalling, all of them under in vivo
systems.
HT supplementation has been recently tested in frozen ram spermatozoa [9], demonstrating that post-thawed sperm motility is improved when 80 μM HT is added. These results are not consistent with
the observations obtained in the present study, where no antioxidant
impact was observed on sperm motility after thawing. In a human trial,
sperm incubated with HT did not show any variation in motility, in
consonance with the result obtained here [31]. Trajectory and velocity
sperm variations after freezing have been associated with sublethal
damage [42], and antioxidant protection of the frozen-thawed spermatozoa could be inferred from these parameters. Assessment of the
results in the present study clearly demonstrated a negative eﬀect of the

Previous research into the cryopreservation of ovine sperm has
demonstrated that these specialized cells are highly sensitive to
freezing-thawing techniques, reducing their success rates in artiﬁcial
insemination programmes. The use of antioxidants, among other strategies, could mitigate such cold-induced damage. Antioxidants are
substances that prevent the oxidation of other molecules through the
capture of free radicals, which avoids the initiation of the “robbing”
electron chain reaction, maintains a cellular redox state and impedes
the cellular reduction of molecular oxygen [25]. However, the endogenous antioxidant capacity of spermatozoa is sometimes compromised by the proliferation of ROS, producing an imbalance that gives
rise to oxidative stress and, consequently, LPO, among other eﬀects. In
this context, numerous antioxidants have been tested as additives to
sperm extender in order to determine their eﬀects on the frozen-thawed
quality in ram sperm. However, the conﬂicting results found in the
literature underscore the uncertain roles and eﬀects of these substances
on sperm quality, and suggest the inﬂuence of other factors such as the
role played by individual males, extender and antioxidant types and
concentrations [51]. All the semen quality parameters studied were

Table 2
Percentages of diﬀerent kinetic and velocity sperm parameters in fresh or frozen-thawed (control, HT, DHPG and MIX) ovine sperm. Data are expressed as
mean ± SEM.
VCL (μm/s)

VSL (μm/s)

VAP (μm/s)

LIN (%)

STR (%)

WOB (%)

ALH (μm)

BCF (Hz)

Fresh

127,04 ± 4,67

47,06 ± 3,82

75,48 ± 1,08

37,70 ± 4,67

62,20 ± 4,39

59,84 ± 3.01

4,20 ± 0,26

11,46 ± 0,17

Control

73,05 ± 4,07*

32,26 ± 1,88*

45,73 ± 2,23*

44,28 ± 1,76

70,42 ± 1,49*

62,81 ± 1,32

3,09 ± 0,09*

10,54 ± 0,34

HT10
HT30
HT50
HT70

78,27
68,72
67,19
63,65

4,45*
3,12*
4,07*
3,85*

32,74
31,89
32,56
29,08

±
±
±
±

1,99*
1,18*
1,74*
0,88*

47,51
43,94
43,92
41,05

±
±
±
±

2,43*
1,66*
2,09*
1,73*

41,86
46,63
48,70
46,22

± 1,04
± 2,01
± 1,48*
± 2,07

68,83
72,70
74,13
71,10

± 1,11
± 2,03*
± 0,83*
± 1,48*

60,81
64,09
65,70
64,88

±
±
±
±

1,01
1,57
1,57
1,85

3,23
2,95
3,00
3,02

± 0,18
± 0,07*
± 0,11*
± 0,11*

11,57
10,68
10,48
10,25

DHPG10
DHPG30
DHPG50
DHPG70

67,6 ± 2,81*
68,32 ± 3,50*
73,98 ± 3,46*
68,12 ± 4,56*

29,13
31,02
31,52
31,63

±
±
±
±

0,32*
1,85*
1,36*
1,59*

42,67
43,60
46,10
44,75

±
±
±
±

0,95*
2,29*
2,36*
2,35*

43,52
45,50
42,66
46,83

± 2,06
± 2,01*
± 0,81
± 1,79*

68,42
71,06
68,50
70,77

± 1,57
± 1,28*
± 0,95*
± 1,22*

63,43
63,92
62,26
66,12

±
±
±
±

1,59
1,74
0,89
2,04

2,90
2,94
3,24
3,02

±
±
±
±

0,12*
0,12*
0,12*
0,16*

10,22 ± 0,49
10,4 ± 0,37
10,54 ± 0,26
10,08 ± 0,24

MIX10
MIX30
MIX50
MIX70

68,58
65,22
73,18
71,75

31,87
31,20
32,96
29,85

±
±
±
±

2,26*
1,26*
2,13*
1,17*

44,57
42,86
46,24
44,73

±
±
±
±

2,86*
1,36*
2,63*
1,81*

46,77
47,94
44,92
41,95

± 2,03*
± 1,47
± 0,77
± 2,06

71,38
72,74
71,24
66,75

± 1,37*
± 1,44*
± 0,77*
± 1,02

65,37
65,90
63,08
62,73

±
±
±
±

1,77
1,17
0,62
2,21

3,02 ± 0,25*
2,74 ± 0,14*
3,16 ± 0,07*
10,44 ± 0,5*

10,32 ± 0,63
10,00 ± 0,54
2,95 ± 0,27
10,15 ± 0,61

±
±
±
±

±
±
±
±

5,16*
2,99*
3,53*
4,66*

ANOVA was followed by Dunnet's test post-hoc. * = P ≤ 0.01 compared with fresh semen.
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Fig. 1. Flow cytometric two-dimensional dot plots corresponding to sperm viability, mitochondrial membrane potential, acrosome integrity and membrane lipid
peroxidation from fresh (A, B, C and D) and frozen-thawed supplemented with antioxidants (A', B', C' and D') samples.

freezing-thawing process on the aforementioned parameters (Table 2),
but the addition of antioxidant did not oﬀer a consistent improvement
to these kinetic and velocity parameters in comparison with the control
group (i.e. spermatozoa cryopreserved without antioxidant) in ovine
spermatozoa.
The use of HT, DHPG or a mixture of both antioxidants did not
reduce the damage to the plasmatic membrane of frozen-thawed spermatozoa. Mammalian sperm membranes have a high polyunsaturated
fatty acid content and, consequently, ROS can aﬀect membrane ﬂuidity,
favour the Ca2+ inﬂux, promote membrane protein reorganisation and
destabilise the plasma membrane [4]. In the present study, the addition
of HT to ovine sperm did not improve membrane integrity after
thawing, which is similar to what other studies describe after the addition of other antioxidants (such as taurine, cysteamine and hyaluronan) in ram sperm [12,51], and it could be suggested that structural
damages occurring in the sperm membrane during freezing-thawing
process can not be minimized by these antioxidants. Nevertheless, other
antioxidants (as cysteamine, ergothioneine, cysteine, raﬃnose and hypotaurine) have demonstrated their protecting eﬀect on the membrane
integrity of post-thawed ram sperm [13,40,49].
It is described that the action of phenolic compounds are associated
with their chemical structure, dose, administration route and half-time
of ROS, which might explain why diﬀerent actions are observed in
diﬀerent experiments using antioxidants. In contrast, a study testing the
eﬀect of HT incubation on human sperm suggests that this antioxidant
could improve sperm viability [31]. Diﬀerences between ﬁndings could
be attributed to the high HT concentration (200 μg/ml) and the incubation (instead of freezing) used in the human study, or to the high
sensitivity of human spermatozoa to oxidative stress. Furthermore, the
present study showed that high antioxidant concentrations (when HT
and DHPG were mixed) negatively aﬀected the membrane integrity of
spermatozoa. The high amount of antioxidants induces a higher plasma
membrane ﬂuidity, which increases the spermatozoa susceptibility
[52].
In the present study, HT and DHPG did not improve post-thawed
acrosomal status, which is consistent with studies that added other
antioxidants as catalase, Trolox, resveratrol and quercetin [50]. It may

be hypothesised that the structural damage induced by freezing cannot
be reversed by the addition of antioxidants, as has been reported elsewhere [51]. However, acrosome integrity improvement has been reported when phenolic antioxidants or oleic acid (both obtained from
olive oil) were added to rooster [5] and ram sperm [28]. This beneﬁcial
acrosomal eﬀect has been also reported when other antioxidants were
added to the ram sperm [41]. The acrosome is a specialized structure,
which consists of membranes and proteins that make it susceptible to
ROS-derived damage [30]. In accordance with the ﬁndings observed in
the plasma membrane, thawed spermatozoa suﬀered higher acrosome
damage when a high antioxidant concentration was added to the sperm
sample, i.e. when MIX70 was tested, highlighting that a high antioxidant concentration can exert detrimental eﬀects on spermatozoa
membranes.
Damaged mitochondria induced an increase of ROS production,
which directly aﬀect normal spermatozoa functions [2]. It is suggested
that endogenous antioxidant supplementation to the sperm samples
reduces ROS production and, as a consequence, post-thawed mitochondrial potential is maintained or improved [18,49]. Nevertheless,
in the present study mitochondrial membrane potential of thawed
spermatozoa was not improved by the antioxidant addition compared
to the control treatment, which is consistent with other studies using
catalase, glutathione, SOD and GSH in ram sperm [14,34,49]. It has
been reported that large quantities of antioxidants must be present inside of the mitochondrion for reduce oxidation process. However, mitochondrial inner membrane does not allow the penetration of most
molecules. It could explains why the antioxidants here tested were not
eﬀective for protecting the mitochondrial membrane potential in sperm
samples during freezing process [53]. The addition of mitochondrialtargeted antioxidants has been proposed to protect this important organelle [33].
As observed in the present study, sperm cryopreservation increases
LPO rate in the plasma membrane throughout the diminishing of the
activity of antioxidant enzymes, and reduces the sperm quality [10].
With regard to LPO in post-thawed sperm samples, the present study
revealed that the addition of HT and DHPG antioxidants to the freezing
sperm extender exerts a positive eﬀect on these cells; their scavenging
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activity against superoxide anion and hydrogen peroxide avoids the
generation of ROS [10] and reduces the LPO of ram sperm membranes
compared to the control group. In contrast, other studies demonstrated
that antioxidant addition does not reduce the peroxidation of the
plasma membrane lipid components during sperm freezing [14].
Turning next to studies that have added olive oil derivates to sperm
samples in vitro, a beneﬁcial HT antioxidant eﬀect has been described
on sperm motility [9,27], viability [5,27,31], morphology [5], acrosome [5], and ROS production [31]. Only one study has evaluated the
frozen-thawed eﬀects, describing a positive eﬀect of HT on sperm
motility [9], in contrast with results obtained in the present study. The
higher concentration used by the authors in question may account for
these diﬀerences. In addition, it is important to bear in mind that the
endogenous enzymatic antioxidant capacity in ram sperm varies at
diﬀerent times of year, being higher during the non-breeding season
(from March to September), when reproductive conditions are sub-optimal [35]. The present study was carried out during the non-breeding
season and perhaps the absence of the exogenous antioxidant eﬀects
could be linked to this seasonal antioxidant activity, something that
emphasises the need for further studies to test the antioxidant eﬀect
during the breeding and non-breeding seasons. Moreover, a recent
study has suggested that antioxidants also exert a subsidiary eﬀect on
the sperm epigenome, conferring an antigenotoxic eﬀect on spermatozoa, mainly when they are added to a culture medium [15], an area
that requires further analysis.
In conclusion, the results suggest that the addition of olive oil-derived antioxidants such as HT, DHPG or both to Tris-based freezing
extender oﬀers signiﬁcant protection against LPO of the plasma membrane in frozen-thawed ram spermatozoa, with the values recorded
being similar to those of fresh sperm. However, other sperm characteristics such as motility, kinetic and velocity parameters, membrane
integrity, acrosome status and mitochondrial membrane potential were
not positively aﬀected. Furthermore, joint supplementation with both
HT and DHPG in combination was associated with signiﬁcantly lower
sperm viability and acrosome status compared to when single antioxidants were applied, an observation that seems to recommend the use
of pure antioxidants.
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Abstract
The aim of the present study was to evaluate the effect of the addition of HT, DHPG and MIX
on ram sperm during storage at 5ºC and 15ºC. The spermatozoa were diluted and then divided
into aliquots supplemented with different concentrations (5 μg/ml, 10 μg/ml, 50 μg/ml and
100 μg/ml) of HT, DHPG and a mixture (MIX) of both antioxidants. Sperm motility was
evaluated at 0, 6, 24, 48, 72, 96 h after dilution of semen, and fertility was also determined.
The addition of antioxidants did not significantly improve the total and progressive motility
for both temperatures. However, in samples stored at 5ºC, LIN (48, 72, 96 h), STR (0 h) and
WOB (0, 48, 72, 96 h) values significantly decreased in comparison with control group when
high antioxidant concentrations were added (MIX100 or HT100). By contrast, spermatozoa
maintained at15ºC and supplemented with MIX50 showed significantly higher VCL values at
6 h than the control group. According to the artificial insemination trial, no significant
differences were observed when antioxidant were added in the semen extender, although
higher fertility values were observed when semen was treated with antioxidants, suggesting
further studies.

1. Introduction
Artificial insemination (AI) is an important tool for the dissemination of the genetic of high
merit individuals, offering advantages against natural service (O’Hara et al., 2010). However,
the implementation of this technique in ovine is far away that which occurs in bovine or porcine.
Some answers to explain this slow evolution could be the low economical profitability of these
farms, the high variability of the fertility rates, or the loss of sperm quality associated with
cryopreservation or cooling process (Mata-Campuzano et al., 2014).
Different strategies for extending the fertile life of spermatozoa induce a reversible reduction
of sperm metabolism and motility through the refrigeration of sperm at low temperatures (5º or
15ºC), using diluents containing different components to reduce the production of reactive
oxygen species (ROS), among other actions (Allai et al., 2015).
Mammalian sperm cells are highly sensitive to ROS due to a high presence of polyunsaturated
fatty acid (PUFA), a low cholesterol:phospholipids ratio and also to the extrusion of its
antioxidant-rich cytoplasm during maturation stages (Holt & North, 1985; Maxwell & Watson,
1996; Motlagh et al., 2014).
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Under physiological conditions, spermatozoa have endogenous antioxidant defence
mechanisms that help them to counteract ROS proliferation and to avoid oxidative stress. This
is composed by enzymatic antioxidants, such as superoxide dismutase (SOD), catalase (CAT)
and glutathione peroxidase (GPx), and other non-enzymatic antioxidants, such as vitamin C,
vitamin E (α-tocopherol), pyruvate, glutathione and carnitine, which can be found in the
seminal plasma (Agarwal et al., 2002).
However, under different stressful conditions, as could be semen handling or cooling process,
the excessive generation of ROS cannot be counteracted by antioxidant defence mechanism,
and lipid, protein and DNA damage can be produced in the spermatozoa, as well as motility
impairment and alteration in acrosomal functions (Saraswat et al., 2014).
In recent years, many studies have been focused in the use of exogenous antioxidants in ram
semen extenders to diminish the negative effect induced by ROS (Çoyan et al., 2010; MataCampuzano et al., 2014; Moradi et al., 2013; Allai et al., 2015; Fang et al., 2015, Rather et al.,
2016; Allai et al., 2018). The main antioxidant components are extracts from the leaves, seeds
and roots of plants due to their high content of polyphenols, flavonoids, carotenes, gallic acid,
tannins and essential oils (Zhong & Zhou, 2013).
The olive fruit (Olea Europea), and also the olive oil and its derivates have a high percentage
of phenolic components and are related with antioxidant and beneficial effects for human health
(Fernandez-Bolanos et al., 2008; de Roos et al., 2011). A large amount of phenolic component
could be extracted for olive fruit, as occur with hydroxytyrosol (3.4 dyhroxyphenylethanol, HT)
and 3,4-dihydroxyphenylglycol (DHPG).
HT is a simple phenol obtained from the alperujo (the waste of olive oil) which has a high
antioxidant ability (Fernandez-Bolanos et al., 2008), reduces the oxidation of low-density
lipoproteins, protects against H2O2 cytotoxicity and minimises lactate dehydrogenase activity
(Hashimoto et al., 2004; Roche et al., 2009; Choucair et al., 2018). In the other hand, DHPG is
also a phenolic component obtained from the alperujo with high antioxidant and antiinflammatory potential, similar to HT but with an additional hydroxyl group in the β position
(Bermúdez-Oria et al, 2018). DHPG is compared with vitamin E due to its antioxidant and
antiradical ability (Al-Daraji, 2012), and it also has anti-inflammatory properties (de Roos et
al., 2011).
In our knowledge, few studies evaluate the effect of olive oil on the sperm quality. Al-Daraji et
al. (2012) studied the effect of the direct addition of olive oil into the extender media in rooster
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sperm, while others evaluated the effect of HT-based extender on rat (Hamden et al., 2010),
human (Kedechi et al., 2017) and ram sperm (Balaganur et al., 2018, Arando et al., 2019).
However, the use of DHPG and the mixture of HT and DHPG as a coadyuvant of semen
extender has been recently reported by Arando et al. (2019). Although this study was developed
in frozen-thawed ram sperm samples, LPO values significantly decreased leading us to
hypothesise that the addition of these antioxidants in ram sperm preservation media could
improve the negative effect associated with liquid sperm storage.
The aim of the present study was to evaluate the effect of HT, DHPG or the combination of
both substances on the quality of ovine sperm maintained under refrigeration to 15º and 5ºC
during 96 hours.
2. Materials and methods
2.1 Isolation of bio-active compounds (HT and DHPG) from olive oil waste
HT and DHPG were isolated from the alperujo olive pulp (semi-solid waste generated in the
two-phase system used in olive oil extraction) as previously described by Fernández-Bolaños
et al. (2002, 2014).
2.2. Animals and semen collection
Six Merino Fleischschaf and seven Segureña breed rams (3-5 years of age) of proven fertility
from the Diputacion de Cordoba and Granada (Spain), respectively, were included in the
present study. Animals were individually housed and they were fed with a commercial
concentrate (0.5 kg), and ad libitum access to alfalfa hay, water, and mineral supplementation
blocks. Semen was collected by artificial vagina once a week during breeding season (OctoberFebruary). These ejaculates were assessed to determine the volume (ml) using graduated tubes,
masal motility (0-5, 40 x magnification; Olympus, Tokyo, Japan) and sperm concentration by
photometer (Accurread, IMV technologies, France). The criteria for inclusion of sperm samples
were volume ≥ 0.5, concentration ≥ 3000 x 106 sperm/ml and masal motility ≥ 4. Animal
management were carried out according to the European Union Regulations (2010/63/UE),
transposed to the Spanish law (RD 53/2013). In addition, the experiment was authorized by the
Bioethics Committee of the University of Cordoba.
2.3. Experimental design
After collection, the ejaculates were placed at 37ºC in a water bath and diluted 1:2 with INRA
96® (INRA, IMV Technologies, France) during the initial sperm sample assessment.
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Immediately, they were pooled to avoid the individual rams variability and diluted to a final
concentration of 600 x 106 sperm/ml. After that, in order to evaluate sperm motility at different
temperatures (5ºC and 15ºC), pooled samples were splitted into 26 aliquots containing 250 µl
and 150 x 106 sperm/ml. One tube per temperature served as control (without antioxidant) and
the others 12 per temperature were supplemented with different final concentration of HT,
DHPG and the combination of both (MIX, maintaining 1:10 relation between HT and DHPG)
as following described: HT5 (5µg/ml), HT10 (10µg/ml), HT50 (50µg/ml) and HT100
(100µg/ml); DHPG5 (5µg/ml); DHPG10 (10µg/ml); DHPG50 (50µg/ml); DHPG100
(100µg/ml); MIX5 (5µg/ml HT+0.55 µg/ml DHPG), MIX10 (10µg/ml HT+1.11 µg/ml
DHPG), MIX50 (50µg/ml HT + 5.55 µg/ml DHPG) and MIX100 (100µg/ml+11.11 µg/ml
DHPG ). Subsequently, 13 aliquots were stored at 5ºC (during two hours, decreasing
temperature at 0.3 °C/min) while the other 13 were stored at 15ºC. Motility was assessed at 0,
6, 24, 48, 72, 96 h after sperm dilution. In vitro experiment was replicated 6 times in Merino
Fleischschaf rams, using a total of 48 ejaculates.
2.4. Sperm motility assessment
Motility analysis was performed using software ISAS v.1.2 (Integrated Semen Analyser
System: Proiser Valencia, Spain). Sperm aliquot was diluted with INRA to a final concentration
of 20 x 106 spz/ml. After dilution, sperm samples were warmed at 37ºC for 10 min. Five µl
were placed on a slide, covered with a coverslip (22x22mm) and put on a microscope plate at
37º C. Four fields were randomly captured. It was determined the total motility (TM, %),
progressive motility (PM, %), curvilinear velocity (VLC, µm/sec), straight-line velocity (VSL,
µm/sec), average path velocity (VAP, µm/sec), straightness (STR, %), linearity (LIN, %),
amplitude of lateral head displacement (ALH, µm), beat cross frequency (BCF, Hz), wobble
(WOB, %), rapid sperm (%). Head area of spermatozoa ranged between 10 µm and 70 µm.
They were considered as motile when VAP >10 µm/sec and linearly motile when they were
deviated <75% from a straight-line.
2.5. Fertility trial using semen containing different antioxidants
Two farms classified as selective nucleus for Segureña breed and located in Huescar (Granada,
Spain) and reared under extensive production systems were choose for this trial. A total of 200
ewes and seven tested rams (3-4 years old) were involved. Females ranged between 2 and 5
years-old and with lambing-insemination interval extended from 64 to 98 days were randomly
assigned at four different groups: Control (without antioxidants), HT10, DHPG50, and MIX50.
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Groups were selected based on the best VCL values observed during 6 h of storage. Ewes were
synchronized using intravaginal devices impregnated with 60 mg medroxiprogesterone acetate
(Esponjavet®, HIPRA) and 400 I.U. eCG (Oviser®, HIPRA) were i.m. administered at the
sponge withdrawal. The sperm samples were prepared and pooled as described before. Timefixed AI was realized by vaginal procedure, using cooled (15ºC) sperm. Sperm were used
around 6 hours after collection and females were inseminated 55±1 h after the sponge
withdrawal, with 400 x106 sperm per ewe, using 0.25ml straw. Pregnancy rate and prolificity
rate were determined at parturition. Lambing rate was determined as the total of parturitions
resulting from the insemination carried out between 145 and 155 days before.
2.6. Statistical analysis
For the statistical analysis of data, SPSS 22.0 software (Chicago, IL, USA) was used. Normality
was tested using the Kolmogorov-Smirnov test. As the data exhibited a non-normal distribution,
arcsin and ln transformation was carried out for percentages and continuous data, respectively.
The effect of storage time (0, 6, 24, 48, 72, and 96 hours), antioxidant concentration and their
interactions on the motility and kinematic parameters were tested using repeated measure
analysis. Fertility was analysed using logistic regression, and farm and antioxidant
concentration factors were included in the model. When significant differences (P<0.05) were
detected, a LSD post-hoc test was carried out. The results are shown as mean ± SEM.
3. Results
3.1. Effect of extender and storage time at 5ºC
The effect of the antioxidant concentration, storage time and their interactions were analysed.
Antioxidant concentration*storage time interactions were statistically significant (p<0.05) for
LIN (Table 1). By contrast, no interactions were observed for TM, PM, VCL, VSL, VAP,
STR, WOB, ALH, BCF and rapid sperm. Therefore, these factors were studied as the main
effect. As seems in table 1, all variables were negatively diminished throughout the storage
time, and the antioxidant concentration only significantly affected on LIN, STR and WOB
parameters. Table 2 shows results obtained throughout 96 h of storage time.
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Table 1. P value results in motility and kinematic parameters in samples maintained at 5
and 15ºC. Significant effects (P<0.05) are highlighted in bold.
15ºC

5 ºC

Concentration

Time

Concentration
* Time

Concentration

Time

Concentration
* Time

% TM

0.485

0.0001

0.714

0.958

0.0001

0.918

% PM

0.253

0.0001

0.851

0.869

0.0001

0.367

VCL

0.043
0.424

0.0001

0.104

0.955

0.0001

0.977

VSL

0.0001

0.821

0.916

0.0001

0.318

VAP

0.084

0.0001

0.256

0.915

0.0001

0.499

% LIN

0.455

0.0001

0.279

0.0001

0.0001

%STR

0.737

0.0001

0.59

0.0001

0.0001

0.026
0.34

WOB

0.369

0.0001

0.221

0.0001

0.214

ALH

0.686

0.0001

0.234

0.03
0.119

0.003

0.818

BCF

0.951

0.0001

0.12

0.139

0.0001

0.993

In reference to LIN, a significant interaction was observed between antioxidant and the storage
time. After 48h of storage it was observed that high concentrations of the combination of both
antioxidant (MIX100) significantly decreased LIN values in comparison with control group.
HT100 showed worst values than control at 48 h and 72 h of storage.
When STR was evaluated, MIX100 showed significantly poorest results than the others
treatments at 0h. In addition, at 24 and 48 h, control group showed significantly higher values
than HT100. The WOB values were also affected by different antioxidant concentrations.
MIX100 was significantly lower than the control group at 0, 48, 72 and 96 h of storage.
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Table 2. Mean values (±SEM) for motiliy and kinematic parameters from samples maintained at 5ºC throughout 96 h of storage time.
CONTROL
CONTROL
CONTROL
CONTROL
CONTROL
CONTROL
HT5
HT5
HT5
HT5
HT5
HT5
HT10
HT10
HT10
HT10
HT10
HT10
HT50
HT50
HT50
HT50
HT50
HT50
HT100
HT100
HT100
HT100
HT100
HT100
DHPG5
DHPG5
DHPG5
DHPG5
DHPG5
DHPG5
DHPG10
DHPG10
DHPG10
DHPG10
DHPG10
DHPG10
DHPG50
DHPG50
DHPG50
DHPG50
DHPG50
DHPG50

Time
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96

% MT
86.39 ± 2.97a
90.5 ± 2.01a
90.02 ± 2.1a
91.55 ± 1.38a
85.27 ± 2.42a
73.07 ± 4.67b
93.43 ± 1.09a
92.14 ± 1.73ab
89.98 ± 0.56ab
90.86 ± 1.98ab
86.9 ± 3.71ab
83.23 ± 3.15b
90.62 ± 1.97
91.42 ± 1.95
88.72 ± 1.78
87.19 ± 1.9
89.16 ± 2.5
83 ± 6.81
90.14 ± 2.15
91.65 ± 0.44
88.41 ± 0.32
89.53 ± 2.57
85.87 ± 5.02
85.35 ± 6.76
91.12 ± 1.58a
90.29 ± 3.51a
91.23 ± 1.26a
90.35 ± 3.63ab
88.97 ± 3.05ab
79.99 ± 4.47b
91.09 ± 3.57
87.18 ± 4.26
89.34 ± 2.89
88.97 ± 3.58
84.91 ± 5.31
82.64 ± 1.63
91.29 ± 0.89a
91.53 ± 0.9a
88.31 ± 0.48ab
88.17 ± 3.23ab
82.2 ± 5.87b
78.25 ± 6.91b
89.73 ± 0.16a
88.11 ± 2.83a
86.38 ± 2.88ab
87.93 ± 1.72abc
80.06 ± 6.52b
77.03 ± 8.15c

% MP
58.41 ± 1.1a
60.74 ± 1.88a
54.24 ± 2.67a
54.82 ± 5.31a
51.27 ± 8.21ab
40.58 ± 0.98b
68.11 ± 2.94a
67.54 ± 3.05a
55.25 ± 1.99b
49.72 ± 2.81bc
40.81 ± 1.51c
44.47 ± 5.28bc
63.66 ± 2.66a
63.16 ± 1.89a
55.26 ± 3.39ab
56.27 ± 1.07ab
51.29 ± 1.7bc
41.29 ± 3.54c
63.83 ± 1.36a
61.42 ± 2.98a
60.55 ± 3.13ab
50.46 ± 2.05bc
44.86 ± 0.48c
46.85 ± 3.19c
63.61 ± 3.2a
60.76 ± 2.68a
56.42 ± 1.92a
49.38 ± 5.52ab
49.33 ± 3.57b
45.32 ± 2.69b
64.52 ± 0.94ab
66.68 ± 3.21a
58.21 ± 0.82b
55.16 ± 7.45b
42.1 ± 1.67c
38.84 ± 3.1c
69.54 ± 2.82a
61.65 ± 3.45b
58.23 ± 1.01b
52.87 ± 2.09bc
40.77 ± 5.39d
40.61 ± 3.31cd
64.17 ± 2.68ab
70.09 ± 1.71a
58.89 ± 2.93b
54.75 ± 2.42bc
40.94 ± 5.12d
41.95 ± 3.99cd

VCL (µm/sec)
139.29 ± 3.8a
134.5 ± 1.57ab
121.97 ± 9.4bcd
124.38 ± 2.22bc
115.72 ± 13.61c
105.89 ± 9.78d
147.33 ± 4.25a
146.8 ± 3.82a
124.56 ± 7.38b
127.15 ± 4.87b
124.86 ± 10.79b
112.25 ± 11.86b
142.06 ± 8.14a
131.57 ± 5.71ab
123.34 ± 5.03bc
118.47 ± 3.07c
129.29 ± 9.05abc
121.57 ± 13.8bc
143.44 ± 1.99a
141.34 ± 3.53ab
125.39 ± 6.64bc
124.92 ± 6.21c
121.29 ± 10.11c
117.4 ± 7.92c
155.32 ± 2.06a
138.47 ± 6.67b
136.21 ± 9.6bc
123.27 ± 8.99c
126.17 ± 7.3bc
116.29 ± 10.48c
143.26 ± 10.56a
142.64 ± 3.42a
130.85 ± 8.12ab
125.75 ± 2.77b
117.62 ± 8.21b
115.57 ± 13.02b
142.47 ± 4.35a
139.14 ± 1.26a
136.28 ± 5.13ab
117.48 ± 4.11c
118.3 ± 0.65bc
110.49 ± 9.73c
144.71 ± 2.14a
138.96 ± 5.14a
130.98 ± 2.19ab
123.84 ± 6.16b
115.22 ± 9.5b
116.94 ± 11.57b

VSL(µm/sec)
94.81 ± 2.45a
83.82 ± 3.59a
68.99 ± 4.09bc
73.04 ± 1.26b
60.07 ± 6.02cd
54.37 ± 4.16d
95.14 ± 4.95a
100.73 ± 5.51a
70.16 ± 3.63b
70.2 ± 1.59b
59.68 ± 6.58bc
58.09 ± 8.48c
98.15 ± 9.86a
86.74 ± 3.61a
68.47 ± 3.12b
67.66 ± 4.97b
64.18 ± 5b
58.5 ± 5.38b
97.69 ± 0.67a
98.47 ± 8.11a
72.63 ± 3.72b
68.82 ± 5.37bc
61.55 ± 4.81bc
59.69 ± 3.6c
102.85 ± 0.4a
84.68 ± 4.8b
70.6 ± 5.97c
58.71 ± 4.48cd
58.6 ± 3.04cd
53.77 ± 4.35d
98.21 ± 10.74a
105.88 ± 1.93a
79.76 ± 7.55b
62.25 ± 4.33c
61.77 ± 4.94c
56.13 ± 5.93c
104.38 ± 3.53a
90 ± 3.61b
83.59 ± 7.48b
63.64 ± 1.65c
57.13 ± 3.31c
55.4 ± 4.68c
103.58 ± 1.11a
93.92 ± 2.03a
77.71 ± 4.09b
66.76 ± 4.26bc
54.79 ± 5.64c
58.92 ± 4.28c

VAP (µm/sec)
114.3 ± 3.42a
103.81 ± 3.36a
86.74 ± 7.32b
91.52 ± 1.99b
79.28 ± 8.84bc
70.41 ± 5.12c
119.75 ± 5.73a
121.73 ± 6.25a
87.35 ± 6.05bc
90.1 ± 3.07b
81.19 ± 9.25bc
76.12 ± 9.49c
118.62 ± 9.02a
105.36 ± 5.82b
87.1 ± 4.66c
85.57 ± 5.43c
86.52 ± 7.05c
80.65 ± 9.18c
119.51 ± 0.51a
118.17 ± 7.12a
91.16 ± 5.29b
87.75 ± 6.17b
81.32 ± 8.06b
77.99 ± 4.64b
124.98 ± 1.86a
106.66 ± 7.5b
93.81 ± 8.79bc
80.4 ± 5.78cd
81.7 ± 5.1cd
71.61 ± 6.31d
119.41 ± 13.98a
123.98 ± 2.33a
97.84 ± 9.42b
83.56 ± 4.45bc
81.93 ± 4.66bc
74.86 ± 8.35c
121.88 ± 4.02a
110.17 ± 3.54ab
103.98 ± 7.24b
80.81 ± 2.68c
76.69 ± 2.42c
72.51 ± 6.48c
123.31 ± 1.11a
112.28 ± 4.99ab
95.71 ± 4.46b
84.91 ± 6.25bc
72.91 ± 6.28c
76.51 ± 7.2c

% LIN
68.08 ± 0.83Abc
62.28 ± 2.04abBC
56.72 ± 1.09bcABC
58.73 ± 0.37bA
52.11 ± 0.85cA
51.55 ± 1.76cA
64.49 ± 1.47aC
68.52 ± 2.05aAB
56.38 ± 0.43bABC
55.29 ± 1.37bABC
47.66 ± 2.07cAB
51.34 ± 2.78bcA
68.8 ± 3.23aABC
66.04 ± 2.52aB
55.59 ± 2.46bBC
57.17 ± 4.26bAB
49.65 ± 1.76cAB
48.38 ± 1.55cABC
68.12 ± 0.5aBC
69.47 ± 4.01aAB
57.94 ± 0.34bAB
54.97 ± 1.95bcABC
50.79 ± 0.47cAB
50.91 ± 1.29cAB
66.25 ± 1.14aC
61.16 ± 1.82aBC
51.74 ± 0.83bC
47.62 ± 1.03bD
46.47 ± 0.45bB
46.32 ± 0.47bABC
68.16 ± 2.68bBC
74.34 ± 2.71aA
60.7 ± 2.03cAB
49.42 ± 2.51dCD
52.53 ± 2.24dA
48.66 ± 1.45dABC
73.26 ± 1.16aA
64.65 ± 2bBC
61.12 ± 3.24bA
54.21 ± 0.65cABC
48.28 ± 2.63dAB
50.26 ± 2.2cdAB
71.61 ± 1.3aAB
67.68 ± 1.36aAB
59.26 ± 2.19bAB
53.83 ± 0.82bcABCD
47.41 ± 1.91dAB
50.76 ± 2.6cdAB

% STR
82.97 ± 0.44aABC
80.71 ± 1.44abBC
79.85 ± 1.94abA
79.82 ± 0.61abA
75.96 ± 1.09b
77.19 ± 0.42bAB
79.43 ± 0.91abcC
82.73 ± 0.42aAB
80.52 ± 1.45abA
77.99 ± 1.48bcdABC
73.57 ± 0.26d
75.87 ± 1.78cdAB
82.46 ± 1.92aABC
82.49 ± 2.14aABC
78.74 ± 2.41bAB
78.98 ± 1.47bA
74.31 ± 2.3bc
72.94 ± 1.81cBC
81.74 ± 0.32abBC
83.11 ± 1.93aAB
79.74 ± 0.9abcAB
78.35 ± 0.92bcABC
76.04 ± 2.27c
76.52 ± 0.16cAB
82.34 ± 1.54aABC
79.55 ± 1.11abBC
75.38 ± 0.66bcB
72.98 ± 0.59cD
71.83 ± 1.03c
75.19 ± 0.61cABC
82.42 ± 0.75aABC
85.42 ± 1.32aA
81.54 ± 0.66aA
74.38 ± 1.17bBCD
75.25 ± 2.61b
75.08 ± 1.07bABC
85.64 ± 0.79aA
81.65 ± 0.64abABC
80.19 ± 1.79bcA
78.79 ± 0.58bcdAB
74.38 ± 1.91d
76.53 ± 1.94cdAB
83.99 ± 0.19aAB
83.83 ± 2.18aAB
81.17 ± 1.23abA
78.74 ± 1.07bcAB
74.92 ± 1.83c
77.4 ± 2.45bcA

% WOB
82.07 ± 1.35aAB
77.16 ± 1.99bBCD
71.05 ± 0.62cdABC
73.57 ± 0.3bcA
68.6 ± 0.61cdA
66.79 ± 2.14dAB
81.19 ± 1.72aAB
82.81 ± 2.14aABC
70.04 ± 0.72bcC
70.88 ± 0.43bABC
64.8 ± 2.94cAB
67.59 ± 2.31bcA
83.36 ± 2.08aA
80.05 ± 2.07aBCD
70.58 ± 1.64bcBC
72.26 ± 4.36bAB
66.81 ± 0.95cAB
66.32 ± 1.2cAB
83.34 ± 0.92aA
83.46 ± 2.96aAB
72.66 ± 0.45bABC
70.12 ± 1.73bcABCD
66.88 ± 1.35cAB
66.53 ± 1.56cAB
80.47 ± 0.54aBC
76.94 ± 3.01aCD
68.66 ± 1.59bC
65.26 ± 1.73bcD
64.73 ± 1.21bcAB
61.6 ± 0.13cBC
82.77 ± 3.96aAB
86.99 ± 2.2aA
74.45 ± 2.54bABC
66.38 ± 2.31cCD
69.79 ± 1.17bcA
64.78 ± 1.06cABC
85.54 ± 0.6aA
79.15 ± 1.81bBCD
76.11 ± 2.45bA
68.81 ± 0.58cABCD
64.82 ± 1.84cAB
65.61 ± 1.35cABC
85.25 ± 1.35aA
80.76 ± 0.72bABCD
73.02 ± 2.47cABC
68.42 ± 1.91cdABCD
63.24 ± 1.04eB
65.53 ± 1.87deABC

ALH (µm/)
4.06 ± 0.17ab
4.3 ± 0.2ab
4.23 ± 0.29ab
4.28 ± 0.03b
4.03 ± 0.4ab
3.84 ± 0.17a
4.19 ± 0.19ab
4 ± 0.21ab
4.38 ± 0.21ab
4.36 ± 0.12b
4.46 ± 0.23b
3.85 ± 0.19a
3.83 ± 0.15ab
4.03 ± 0.26ab
4.27 ± 0.22ab
3.98 ± 0.24ab
4.49 ± 0.28b
4.03 ± 0.41a
3.98 ± 0.24ab
3.75 ± 0.27ab
4.33 ± 0.24ab
4.2 ± 0.2ab
4.44 ± 0.31b
4.01 ± 0.31a
4.49 ± 0.08
4.37 ± 0.32
4.63 ± 0.29
4.24 ± 0.32
4.33 ± 0.18
4.14 ± 0.17
3.85 ± 0.22ab
3.49 ± 0.3a
4.3 ± 0.06bc
4.48 ± 0.13c
4.24 ± 0.16abc
4.08 ± 0.23ab
3.64 ± 0.13a
4.23 ± 0.1b
4.28 ± 0.09b
4.22 ± 0.14ab
4.09 ± 0.34ab
3.9 ± 0.23ab
3.79 ± 0.19
4.12 ± 0.09
4.27 ± 0.1
4.25 ± 0.14
4.27 ± 0.15
4.16 ± 0.33

BCF (Hz)
9.45 ± 0.05a
10.09 ± 0.5a
11.28 ± 0.46b
11.55 ± 0.45b
11.82 ± 0.26b
12.73 ± 1.22b
9.63 ± 0.25a
9.44 ± 0.23a
11.79 ± 0.22b
11.29 ± 0.4b
11.33 ± 0.33b
12.94 ± 1.07b
9.35 ± 0.16a
9.95 ± 0.38Aa
11.31 ± 0.63b
11.6 ± 1b
12.03 ± 0.7b
12.72 ± 0.22b
9.5 ± 0.18a
9.56 ± 0.18a
11.34 ± 0.41b
11.97 ± 0.42b
11.12 ± 0.5b
12.93 ± 0.22b
10.78 ± 0.59a
10.18 ± 0.54a
12.36 ± 0.6b
12.51 ± 0.83b
13.02 ± 0.6b
13.24 ± 0.27b
10.06 ± 0.76ab
9.56 ± 0.27a
11.23 ± 0.77c
11.64 ± 0.38bc
11.45 ± 0.8bc
12.64 ± 0.19c
9.43 ± 0.08a
9.93 ± 0.17a
11.06 ± 0.38b
11.45 ± 0.37b
12.14 ± 0.62b
12.26 ± 0.4b
9.44 ± 0.3a
10.06 ± 0.66a
11.56 ± 0.87b
11.98 ± 0.79b
11.93 ± 0.46b
12.97 ± 0.43b
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DHPG100
DHPG100
DHPG100
DHPG100
DHPG100
DHPG100
MIX5
MIX5
MIX5
MIX5
MIX5
MIX5
MIX10
MIX10
MIX10
MIX10
MIX10
MIX10
MIX50
MIX50
MIX50
MIX50
MIX50
MIX50
MIX100
MIX100
MIX100
MIX100
MIX100
MIX100

Time
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96

% MT
90.23 ± 0.53a
88.14 ± 1.43
87.33 ± 1.43
85.71 ± 2.67
84.81 ± 1.68
83.6 ± 4.91
87.79 ± 2.56b
92.52 ± 2.39a
90.25 ± 1.61ab
87.15 ± 4.34b
84.29 ± 1.53b
84.28 ± 1.01b
89.97 ± 3.89a
90.27 ± 3.63a
89.31 ± 3.65ab
75.33 ± 15.59c
82.08 ± 4.8bc
78.49 ± 5.91bc
90.59 ± 2.04
88.87 ± 2.93
89.29 ± 1.89
89.2 ± 2.61
86.21 ± 2.65
83.49 ± 3.33
91.86 ± 1.72a
89.95 ± 2.07ab
89.78 ± 2.16ab
91.21 ± 1.14ab
88.44 ± 2.3ab
80.84 ± 3.46b

% MP
62.85 ± 1.6a
60.01 ± 2.36a
57.91 ± 4.48a
53.93 ± 3.31ab
51.13 ± 8.81ab
46.38 ± 2.52b
65.05 ± 4.35a
61.96 ± 0.58ab
58.24 ± 1.47ab
52.64 ± 6.07bc
46.93 ± 7.03bc
51.63 ± 4.94c
61.76 ± 1.95a
62.33 ± 3.12a
57.88 ± 1.61a
38.6 ± 9.64b
45.62 ± 3.55b
45.51 ± 11.38b
63.22 ± 4.19a
60.85 ± 2.31a
57.7 ± 2.65a
50.86 ± 7.27ab
45.31 ± 3.17b
43.9 ± 1.19b
52.55 ± 5.04
54.42 ± 0.39
54.57 ± 1.92
45.59 ± 5.32
48.06 ± 5.21
48.74 ± 8.7

VCL (µm/sec)
147.6 ± 1.39a
134.83 ± 4.39b
129.55 ± 6.37bc
114.25 ± 2.89c
120.45 ± 6.23bc
126.28 ± 13.67bc
141.04 ± 1.98a
137.58 ± 4.57a
133.09 ± 5.63ab
120.58 ± 5.79b
115.89 ± 6.71b
118.95 ± 10.55b
144.45 ± 4.35a
133.11 ± 8.14abC
123.67 ± 3.19bc
110.88 ± 17.87c
116.36 ± 16.83bc
113.94 ± 10.36c
140.14 ± 4.04a
136.13 ± 3.91a
131 ± 3.73ab
120.3 ± 5.62b
122.92 ± 8.12ab
119.62 ± 4.77b
155.65 ± 3.3a
149.29 ± 1.77a
135.91 ± 9.68bc
136.92 ± 1.83b
123.27 ± 12.47bc
116.25 ± 9.27c

VSL(µm/sec)
99.75 ± 1.43a
93.49 ± 6.56a
72.91 ± 4.64b
61.44 ± 3.36b
61.1 ± 3.76b
61.71 ± 6.48b
92.2 ± 2.65a
91.96 ± 6.06a
81.33 ± 3.09a
62.67 ± 4.57b
59.01 ± 4.03b
60.91 ± 5.76b
97.45 ± 1.03a
86.34 ± 6.64a
70.87 ± 2.78b
60.97 ± 8.93b
62.03 ± 12.89b
48.97 ± 2.01c
91.46 ± 5.88a
91.41 ± 1.97a
72.87 ± 3.58b
59.4 ± 0.93bc
58.93 ± 2.75bc
55.44 ± 1.85c
90.63 ± 2.47a
87.37 ± 2.39a
74.15 ± 6.43b
67.58 ± 5.6bc
55.94 ± 3.98cd
52.39 ± 4.32d

VAP (µm/sec)
122.2 ± 2.41a
111.64 ± 5.68a
91.03 ± 5.27b
77.94 ± 2.57b
79.94 ± 5.03b
82.37 ± 9.28b
113.86 ± 0.92a
112.07 ± 5.72a
100.54 ± 5.47a
81.06 ± 6.06b
78 ± 4.23b
78.79 ± 7.13b
120.28 ± 2.33a
107.04 ± 8.38a
88.61 ± 2.64b
76.79 ± 11.3bc
81.09 ± 15.36bc
68.67 ± 3.75c
113.45 ± 6.87a
109.37 ± 3.08ab
93.29 ± 6.23bc
78.86 ± 2.75cd
77.88 ± 4.66cd
75.06 ± 2.65d
121.61 ± 3.05a
112.02 ± 3.43a
94.9 ± 9.62b
90.79 ± 3.94b
77.92 ± 6.89bc
70.2 ± 4.74c

% LIN
67.58 ± 0.56aBC
69.17 ± 2.56aAB
56.26 ± 2.17bABC
53.74 ± 2.17bABCD
50.82 ± 2.6bcAB
48.96 ± 1.92cABC
65.35 ± 1.03aC
66.7 ± 2.37aB
61.13 ± 0.57aA
51.86 ± 1.73bBCD
50.87 ± 0.8bAB
51.16 ± 0.66bA
67.61 ± 2.57aBC
64.87 ± 3.28aB
57.28 ± 1.23bAB
55.32 ± 1.11bABC
52.41 ± 3.12bA
43.57 ± 3.81cC
65.13 ± 2.33aC
67.29 ± 2.76aAB
55.62 ± 2.23bBC
49.59 ± 2.44bcCD
48.08 ± 1.39cAB
46.38 ± 0.35cABC
58.23 ± 1.32aD
58.52 ± 1.32aC
54.43 ± 1.05abBC
49.32 ± 3.84bCD
45.7 ± 1.57bcB
45.12 ± 2.08cB

% STR
81.65 ± 0.58abBC
83.58 ± 1.61aAB
80.05 ± 1.11abA
78.74 ± 1.87bcAB
76.51 ± 2.04bc
75.07 ± 0.89cABC
80.98 ± 2.23abBC
81.92 ± 1.41aABC
81.04 ± 1.48abA
77.34 ± 0.6abcABCD
75.54 ± 1.12bc
77.26 ± 0.66cA
81.08 ± 1.89aBC
80.78 ± 2.78aBC
79.95 ± 1.28aA
79.42 ± 0.08aA
76.1 ± 1.98ab
71.5 ± 2.5bC
80.58 ± 0.39aBC
83.62 ± 0.92aAB
78.34 ± 2.25bAB
75.49 ± 2.58bcABCD
75.79 ± 1.22bc
73.87 ± 0.15cABC
74.55 ± 1.69bcD
78.01 ± 0.26abC
78.39 ± 1.29aAB
74.21 ± 3.37bcCD
72.04 ± 1.54b
74.5 ± 1.84bcABC

% WOB
82.78 ± 0.91aAB
82.71 ± 1.47aABC
70.24 ± 1.75bC
68.2 ± 1.13bABCD
66.36 ± 2.08bAB
65.29 ± 3.27bABC
80.75 ± 0.92aABC
81.36 ± 1.55aABC
75.46 ± 0.91bAB
67.06 ± 2.14cBCD
67.34 ± 0.59cAB
66.21 ± 0.28cAB
83.34 ± 1.41aAB
80.26 ± 2.06aBCD
71.63 ± 0.43bABC
69.66 ± 1.34bABCD
68.83 ± 3.14bA
60.74 ± 3.33cC
80.8 ± 2.6aABC
80.47 ± 3.14aABCD
71.1 ± 3.29bABC
65.63 ± 0.98bcCD
63.42 ± 0.98cB
62.77 ± 0.38cABC
78.12 ± 0.3aC
75.03 ± 1.95aD
69.51 ± 2.25bC
66.27 ± 2.27bcCD
63.4 ± 0.98cdB
60.52 ± 1.55dC

ALH (µm/)
4.05 ± 0.12ab
3.73 ± 0.05a
4.5 ± 0.3b
3.95 ± 0.13ab
4.31 ± 0.36ab
4.38 ± 0.44ab
4.1 ± 0.2A
3.95 ± 0.05
4.35 ± 0.08
4.24 ± 0.02
4.15 ± 0.29
4.02 ± 0.28
3.94 ± 0.2ab
3.92 ± 0.13ab
4.22 ± 0.13ab
4.06 ± 0.27a
3.93 ± 0.26a
4.56 ± 0.36b
4.05 ± 0.23
4.08 ± 0.4
4.52 ± 0.08
4.27 ± 0.26
4.36 ± 0.3
4.15 ± 0.18
4.52 ± 0.03ab
4.87 ± 0.21ab
4.58 ± 0.18ab
4.67 ± 0.24b
4.49 ± 0.38b
4.15 ± 0.23a

BCF (Hz)
9.42 ± 0.12a
9.58 ± 0.04a
11.81 ± 0.17b
12.47 ± 0.65b
12.39 ± 0.71b
12.66 ± 0.58b
10.1 ± 0.94ab
9.65 ± 0.06a
11.18 ± 0.83b
10.89 ± 0.38ab
11.15 ± 0.28b
13.67 ± 0.35c
9.33 ± 0.31a
9.69 ± 0.35a
11.61 ± 0.06b
12.14 ± 0.63b
11.52 ± 0.83b
11.78 ± 0.8b
9.39 ± 0.38a
10.05 ± 0.75ab
10.71 ± 0.48bc
12.43 ± 0.33d
12.06 ± 0.95cd
12.86 ± 0.39d
9.74 ± 0.15a
10.82 ± 0.54ab
11.7 ± 0.6bc
13.08 ± 0.77c
12.89 ± 0.67c
13.21 ± 0.72c

Uppercase letters (A, B, C) show significant differences between antioxidants within each time.
Lowercase letters (a, b, c) show the effect of time for each antioxidant (P < 0.05).
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3.2. Effect of extender and storage time at 15ºC
Results showed a similar trend that observed at 5ºC, but no interactions were observed for any
studied variable. Therefore, these factors were studied as the main effect. Table 3 shows the
results obtained over 96 h of storage time. In addition, all studied variables were diminished
throughout the storage time, as described in Table 1.
According to the antioxidant concentration effects, significant differences were only observed
for VCL. At 0 h of storage, MIX100 and HT10 showed significantly higher values than the
control group. In addition, the control group showed significantly lower values than MIX50
at 6 h of storage, and than MIX100 at 24 h. By contrast, control group presented significantly
higher values than MIX100 at 96 h of storage.
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Table 3. Mean values (±SEM) for motiliy and kinematic parameters from samples maintained at 15ºC throughout 96 h of storage time.
Time
CONTROL
CONTROL
CONTROL
CONTROL
CONTROL
CONTROL
HT5
HT5
HT5
HT5
HT5
HT5
HT10
HT10
HT10
HT10
HT10
HT10
HT50
HT50
HT50
HT50
HT50
HT50
HT100
HT100
HT100
HT100
HT100
HT100
DHPG5
DHPG5
DHPG5
DHPG5
DHPG5
DHPG5
DHPG10
DHPG10
DHPG10
DHPG10
DHPG10
DHPG10
DHPG50
DHPG50
DHPG50
DHPG50
DHPG50
DHPG50

0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96

% MT

% MP

93.34 ± 1.54a
91.67 ± 1.28a
91.78 ± 2.36a
78.06 ± 10.75a
43.7 ± 12.07b
29.75 ± 12.8c
90.33 ± 1.86a
93.05 ± 1.9a
88.95 ± 2a
82.11 ± 2.86a
48.12 ± 6.71b
26.8 ± 6.61c
93.24 ± 0.44a
91.77 ± 2.3a
90.76 ± 1.37a
86.46 ± 5.46a
46.17 ± 2.05b
23.58 ± 7.15c
91.46 ± 1.6a
91.44 ± 3.28a
90.79 ± 1.46a
85.36 ± 2.46a
54.15 ± 4.68b
17.97 ± 2.44c
93.75 ± 0.73a
90.52 ± 3.85ab
91.08 ± 3.2ab
71.97 ± 5.81b
34.58 ± 4.1c
18.72 ± 2.96d
92.29 ± 1.86a
90.17 ± 3.02a
91.66 ± 3.73a
74.82 ± 11.14a
46.59 ± 12.06b
20.68 ± 10.47c
91.67 ± 0.61ab
88.23 ± 3.97b
94.1 ± 1.01a
74.05 ± 9.26b
41.94 ± 11.47c
25.8 ± 1.5d
92.46 ± 1.54a
88.82 ± 2.97a
89.88 ± 5.46a
78.51 ± 4.09a
42.9 ± 8.06b
18.12 ± 7.11c

64.59 ± 1.11a
67.19 ± 3.04ab
58.89 ± 4.67b
39.87 ± 8.39c
14.94 ± 10.16d
9.83 ± 4.84d
71.34 ± 2.62a
65.17 ± 3.45a
57.38 ± 3.29b
38.79 ± 7.96c
21.21 ± 7.54d
10.8 ± 3.2e
67.56 ± 4.81a
67.27 ± 2.73a
60.87 ± 1.23a
43.35 ± 7.88b
18.15 ± 5.26c
7.78 ± 2.37d
68.77 ± 1.81a
66.2 ± 1.92a
56.3 ± 3.71b
42.47 ± 2.85c
23.91 ± 5.5d
4.53 ± 0.71e
63.29 ± 4.69a
60.28 ± 2.44a
55.8 ± 1.99a
39.11 ± 4.8b
11.55 ± 0.8c
4.52 ± 1.04c
71.16 ± 2.03a
68.5 ± 2.53a
53.36 ± 1.45b
30.79 ± 7.29c
11.43 ± 5.55d
4.81 ± 2.66d
72.8 ± 1.46a
63.61 ± 1.56b
61.2 ± 2.44b
30.47 ± 6.24c
16.21 ± 5.63d
5.98 ± 1.88e
65.76 ± 2.29a
60.82 ± 3.5a
57.85 ± 4.45a
38.96 ± 2.18b
15.82 ± 5.72c
7.68 ± 3.82d

VCL (µm/sec)
145.04 ± 1aC
138.24 ± 1.63aBC
121.86 ± 6.84bB
120.96 ± 8.14bABC
114.19 ± 11.98bAB
108.28 ± 9.2bAB
152.23 ± 3.55aABC
142.16 ± 1.11bABC
126.9 ± 3.4cB
126.18 ± 1.94bcAB
116.04 ± 3.29cA
120.75 ± 6.65cA
156.67 ± 3.05aA
140.98 ± 5.2bBC
126.59 ± 1.17cB
129.61 ± 7.67bcAB
111.34 ± 7.07cAB
97.35 ± 5.11cABCD
146.55 ± 3.64aBC
144.04 ± 3.34aAB
123.44 ± 4.78bcB
135.12 ± 4.05abA
111.8 ± 1.21cAB
113.64 ± 8.68bcAB
151.22 ± 0.65aABC
143.32 ± 1.7aABC
139.68 ± 3.54abAB
122.92 ± 1.16bABC
118.29 ± 4.12bA
119.21 ± 9.03bA
149.56 ± 4.19aABC
139.43 ± 2.31bBC
131.56 ± 5.21bAB
118.66 ± 11.43cABC
85.33 ± 13.97dBCD
71.9 ± 22.99dCD
146.61 ± 2.68aBC
133.32 ± 5.21C
133.5 ± 8.01abAB
116.78 ± 4.25bcABC
106.32 ± 7.14cABC
102.16 ± 4.6cABC
147.89 ± 4.78aABC
138.75 ± 4.84abBC
129.68 ± 6.64bcAB
113.19 ± 3.87cBC
114.02 ± 4.88cAB
101.61 ± 12.53cABC

VSL(µm/sec)

VAP (µm/sec)

% LIN

% STR

% WOB

ALH (µm)

BFC (Hz)

96.41 ± 5.11a
95.86 ± 4.42a
68.27 ± 8.54b
55.98 ± 6.19b
40.21 ± 7.31c
36.75 ± 1.35c
115.52 ± 3.57a
93.01 ± 4.73a
72.01 ± 1.78b
54.55 ± 3.49c
44.07 ± 3.44d
42.94 ± 1.11d
109.03 ± 7.14a
99.92 ± 8.63a
75.91 ± 3.11b
58.99 ± 7.25c
42.95 ± 5.37d
36.84 ± 5.47d
101.64 ± 3.79a
96.48 ± 8.42a
71.46 ± 3.82b
60.55 ± 2.64b
44 ± 1.6c
39.78 ± 2.67c
98.72 ± 6.77a
92.7 ± 4.45a
72.4 ± 2.42b
56.63 ± 2.32b
41.34 ± 1.71c
33.98 ± 0.9c
110.55 ± 2.22a
97.19 ± 7.59a
68.27 ± 2.88b
50.51 ± 7.51c
30.35 ± 5.35d
25.56 ± 7.01d
110.99 ± 2.55a
87.13 ± 3.06ab
78.69 ± 2.77b
46.85 ± 1.91c
43.19 ± 2.28c
29.46 ± 4.12d
103.47 ± 4.58a
81.61 ± 4.48ab
70.61 ± 1.06b
49.76 ± 2.16c
41.64 ± 3.34c
37.32 ± 6.4d

119.98 ± 5.52a
118 ± 3.81a
86.83 ± 8.51b
76.83 ± 8.35b
63.96 ± 5.76c
56.4 ± 3.47c
133.79 ± 2.42a
122.28 ± 1.71a
91.62 ± 3.08b
77.07 ± 0.92b
65.31 ± 1.48c
65.4 ± 2.53c
132.94 ± 5.5a
118 ± 6.71b
95.8 ± 2.78c
80.88 ± 7.05c
62.33 ± 4.9d
54.36 ± 3.01d
121.63 ± 4.16a
121.26 ± 4.49a
92.25 ± 3.48b
84.03 ± 1.35b
62.54 ± 0.24c
58.38 ± 4.67c
124.32 ± 5.04a
115.78 ± 3.3a
95.57 ± 2.3b
75.73 ± 1.92c
61.29 ± 2.3d
60.14 ± 2.04d
129.76 ± 0.57a
116.18 ± 6.5b
89.39 ± 2.34c
73.81 ± 9.11c
48.09 ± 6.12d
41.08 ± 11.99d
128.76 ± 3.15a
111.38 ± 5.67b
99.48 ± 5.9b
67.11 ± 1.61c
61.28 ± 3.39cd
51.5 ± 2.63d
126.82 ± 3.93a
113.34 ± 5.92b
89.11 ± 0.3c
67.24 ± 1.37d
62.7 ± 2.13d
54.91 ± 7.81d

66.43 ± 3.12a
71.39 ± 0.96a
55.69 ± 4.27b
45.99 ± 2.17c
35.04 ± 4.09d
34.29 ± 2.19d
75.91 ± 2.12a
69.82 ± 1.64a
56.83 ± 2.11b
43.27 ± 3.04c
37.89 ± 2.07c
35.85 ± 2.64c
69.48 ± 3.36a
69.36 ± 2.53a
59.95 ± 2.26b
45.16 ± 2.99c
38.26 ± 2.6d
37.69 ± 4.78cd
69.32 ± 0.97a
68.66 ± 3.29a
57.98 ± 3.25b
44.79 ± 0.97c
39.37 ± 1.53cd
35.06 ± 0.45d
65.25 ± 4.21a
63.89 ± 4.74a
51.99 ± 3.07b
46.05 ± 1.59b
34.93 ± 0.24c
28.72 ± 1.51c
74.06 ± 3.07a
71.58 ± 5.68a
52.1 ± 3.34b
42.37 ± 3.54c
36.3 ± 4.72c
37.5 ± 3.1c
75.69 ± 0.49a
69.61 ± 2.15a
59.12 ± 1.52b
40.14 ± 1.18c
40.74 ± 1.49c
28.66 ± 3.12d
69.98 ± 2.47a
66.81 ± 4.74a
54.8 ± 3.45b
43.94 ± 0.59c
36.44 ± 1.73d
34.65 ± 2.04d

80.3 ± 0.58a
83.71 ± 1.32a
78.23 ± 2.12ab
72.84 ± 1.35b
62 ± 6c
65.47 ± 2.99c
86.32 ± 1.4a
81.16 ± 1.37b
78.69 ± 2.08b
70.68 ± 3.68c
67.33 ± 3.92c
65.96 ± 3.95c
81.89 ± 2.79a
82.92 ± 1.06a
79.18 ± 0.96a
72.45 ± 2.71b
68.41 ± 4.04b
67.12 ± 6.53b
83.58 ± 1.46a
81.51 ± 2.38a
77.4 ± 2.12b
72 ± 2.09bc
70.37 ± 2.72bc
68.35 ± 1.93c
79.24 ± 2.15a
78.83 ± 2.88a
75.77 ± 1.94ab
74.73 ± 1.24ab
67.42 ± 0.43bc
56.53 ± 0.61c
85.18 ± 1.36a
85.65 ± 2.3a
76.32 ± 1.65b
68.05 ± 2.23c
62.79 ± 5.11c
63.78 ± 3.37c
86.21 ± 0.26a
83.34 ± 0.9a
79.33 ± 2b
69.78 ± 1.66c
70.59 ± 2.62bc
56.8 ± 5.73d
81.54 ± 1.69a
81.52 ± 1.89a
79.24 ± 0.97ab
73.94 ± 1.72bc
66.2 ± 2.98c
64.41 ± 2.56c

82.69 ± 3.31a
85.32 ± 1.78a
71.01 ± 3.55b
63.16 ± 3.04c
56.32 ± 2.49d
52.3 ± 1.34d
87.92 ± 1.18a
86.01 ± 0.85a
72.2 ± 1.65b
61.12 ± 1.32c
56.3 ± 0.34d
54.29 ± 1.34d
84.82 ± 2.58a
83.6 ± 2a
75.66 ± 1.91b
62.19 ± 1.89c
55.92 ± 1.92d
55.88 ± 1.85d
82.96 ± 1.04a
84.15 ± 1.65a
74.79 ± 2.11b
62.24 ± 0.87c
55.96 ± 0.8d
51.35 ± 0.93d
82.19 ± 3a
80.84 ± 3.06a
68.54 ± 2.84b
61.6 ± 1.31c
51.81 ± 0.36d
50.77 ± 2.14d
86.9 ± 2.57a
83.33 ± 4.51a
68.13 ± 2.95b
62.05 ± 3.29bc
57.4 ± 3.93c
58.7 ± 2.8c
87.81 ± 0.81a
83.49 ± 1.67a
74.53 ± 0.97b
57.53 ± 0.83c
57.73 ± 0.76c
50.39 ± 0.39d
85.77 ± 1.26a
81.77 ± 3.98a
69.08 ± 3.55b
59.47 ± 1.05c
55.06 ± 1.19c
53.68 ± 1.02c

3.67 ± 0.4ac
3.36 ± 0.27a
3.73 ± 0.11ac
4.4 ± 0.17b
4.96 ± 0.3bc
4.8 ± 0.32b
3.47 ± 0.27a
3.24 ± 0.1ab
4.02 ± 0.12bc
4.49 ± 0.32c
4.66 ± 0.13ac
4.68 ± 0.24ac
3.87 ± 0.32a
3.62 ± 0.14ab
3.9 ± 0.21ab
4.39 ± 0.11b
4.99 ± 0.17ab
4.49 ± 0.2ab
3.98 ± 0.09a
3.61 ± 0.13a
3.86 ± 0.29a
4.66 ± 0.23b
4.96 ± 0.21ab
5.31 ± 0.72ab
4.08 ± 0.31
3.95 ± 0.37
4.48 ± 0.22
4.39 ± 0.19
5.19 ± 0.35
4.13 ± 0.79
3.4 ± 0.26a
3.53 ± 0.47ab
4.11 ± 0.33bc
4.64 ± 0.18c
4.3 ± 0.4abc
3.86 ± 1.02abc
3.31 ± 0.1a
3.47 ± 0.25ab
4.01 ± 0.23b
4.69 ± 0.1c
4.53 ± 0.11abc
4.63 ± 0.22abc
3.56 ± 0.21a
3.78 ± 0.47a
4 ± 0.4ab
4.5 ± 0.06b
4.52 ± 0.18ab
4.58 ± 0.02ab

9.24 ± 0.32ad
9.43 ± 0.56ad
11.39 ± 0.67b
13.32 ± 0.51c
11.69 ± 1.44bcd
12.19 ± 0.64bcd
9.29 ± 0.18a
8.87 ± 0.14a
11.69 ± 0.75b
12.46 ± 0.68b
12.95 ± 0.67b
13.18 ± 0.62b
9.77 ± 0.8a
9.78 ± 0.35a
10.94 ± 0.52a
13.39 ± 0.45b
12.49 ± 0.73ab
13.41 ± 0.7ab
9.87 ± 0.57ac
9.45 ± 0.36a
10.69 ± 0.34ac
12.8 ± 0.98bc
12.79 ± 0.48bc
12.36 ± 0.65abc
9.46 ± 0.36a
9.54 ± 0.34a
12.68 ± 0.61bc
13.98 ± 0.81bc
14.23 ± 0.34c
10.17 ± 0.93ab
9.22 ± 0.46a
9.77 ± 0.36a
11.57 ± 0.88bc
12 ± 0.17bc
11.37 ± 0.44ab
11.69 ± 4.18ab
9.56 ± 0.24a
9.33 ± 0.17a
11.44 ± 1.02b
11.74 ± 0.92b
13.14 ± 0.45b
13.07 ± 0.34ab
8.91 ± 0.37a
9.18 ± 0.29a
12.38 ± 1.11b
12.94 ± 0.53b
12.64 ± 0.96b
12.53 ± 1.45ab
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DHPG100
DHPG100
DHPG100
DHPG100
DHPG100
DHPG100
MIX5
MIX5
MIX5
MIX5
MIX5
MIX5
MIX10
MIX10
MIX10
MIX10
MIX10
MIX10
MIX50
MIX50
MIX50
MIX50
MIX50
MIX50
MIX100
MIX100
MIX100
MIX100
MIX100
MIX100

Time
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96
0
6
24
48
72
96

% MT
93.81 ± 1.31a
90.57 ± 1.64a
93.73 ± 1.4a
80.1 ± 5.79a
34.24 ± 5.9b
25.02 ± 9.93b
92.78 ± 3.53a
89.33 ± 3.02ab
92.8 ± 0.19a
69.68 ± 10.93b
20.85 ± 7.43c
11.35 ± 3.59c
89.02 ± 2.28a
91.28 ± 2.7a
91.44 ± 2.54a
67.42 ± 10.56b
33.11 ± 7.38c
21.86 ± 8d
92.53 ± 1.36a
93.71 ± 0.75a
92.56 ± 1.99a
74.81 ± 10.45b
41.92 ± 10.85c
20.41 ± 5.33d
90.78 ± 0.51a
91.79 ± 2.54a
89.6 ± 1.35a
57.91 ± 11.64b
21.04 ± 9.13c
14.32 ± 7.08c

% MP
66.97 ± 1.79a
63.9 ± 3.26a
55.62 ± 0.86b
34.59 ± 5.74c
13.32 ± 3.04d
7.42 ± 3.63d
68.13 ± 3.1a
62.72 ± 1.36a
55.12 ± 2.88b
28.6 ± 9.58c
8.03 ± 5.51d
4.51 ± 2.97d
64.96 ± 3.92a
63.96 ± 4.92a
54.13 ± 4.35b
23.92 ± 7.12c
10.15 ± 5.53d
7.63 ± 4.35d
63.74 ± 1.29ab
69.4 ± 0.49a
56.85 ± 3.2b
33.11 ± 5.68c
14.69 ± 6.22d
5.34 ± 2.05e
61.32 ± 5.18a
60.51 ± 2.47a
42.79 ± 7.8b
25.52 ± 5.93c
3.88 ± 2.58d
2.92 ± 1.58d

VCL (µm/sec)
145.61 ± 2.41aC
143.38 ± 1.72aABC
131.44 ± 3.04abAB
115.43 ± 7.95bcABC
102.9 ± 8.72cABCD
92 ± 4.07cABCD
147.16 ± 1.57aBC
141.71 ± 2.1aABC
127.33 ± 6.08bB
104.53 ± 12.69cdC
79.64 ± 10.16dCD
83.89 ± 22.95cBCD
139.57 ± 5.5aC
131.61 ± 5.05abC
134.2 ± 7.91abAB
103.78 ± 5.36cC
113.03 ± 19.07bcAB
106.05 ± 15.81cABC
144.41 ± 1.97aC
144.56 ± 2.78aA
138.14 ± 13.22abAB
120.22 ± 5.87bcABC
108.25 ± 4.29cABC
96.61 ± 2.2cABCD
154.88 ± 1.33aAB
142.61 ± 4.63bABC
148.32 ± 5.22abA
116.86 ± 2.79cABC
73.74 ± 18.08dD
62.38 ± 9.33dD

VSL(µm/sec)
101.29 ± 2.9a
91.92 ± 8.1a
75.45 ± 1.82b
48.33 ± 3.71c
43.01 ± 1.31cd
31.32 ± 4d
105.07 ± 9.59a
100.53 ± 4.84a
66.34 ± 4.64b
44.54 ± 7.5c
31.23 ± 7.63d
35.43 ± 11.72cd
98.17 ± 6.1a
106.17 ± 3.21a
72.46 ± 8.46b
38.66 ± 3.27c
36.94 ± 11.58c
34.8 ± 7.21c
98.04 ± 3.3a
97.61 ± 4.65a
75.35 ± 9.67b
52.6 ± 4.3c
37.81 ± 5.77d
33.5 ± 3.54d
97.51 ± 9.41a
103.69 ± 6.17a
63.38 ± 7.43b
48.68 ± 2.05b
22.66 ± 3.65c
18.97 ± 5.01c

VAP (µm/sec)
123.05 ± 2.88a
122.58 ± 4.38a
98.42 ± 2.56b
69.99 ± 6.26c
59.21 ± 2.66cd
53.5 ± 4.94d
126.6 ± 6.8a
115.95 ± 6.08a
86.82 ± 5.48b
62.83 ± 8.65c
45.77 ± 6.7d
48.87 ± 13.7d
117.56 ± 6.8a
105.16 ± 8.4b
95.08 ± 7.94b
58.49 ± 3.47c
60.99 ± 12.76c
56.44 ± 8.74c
121.11 ± 2.67a
124.67 ± 4.36a
97.72 ± 11.09b
74.27 ± 5.22c
58.95 ± 3.06d
51.05 ± 2d
121.95 ± 7.45a
106.25 ± 3.21b
91.73 ± 3.54c
67.68 ± 1.47d
39.22 ± 6.89e
32.65 ± 4.6e

% LIN
69.53 ± 0.86a
69.79 ± 4.42a
57.45 ± 1.57b
41.92 ± 1.76c
42.27 ± 3.05cd
33.99 ± 3.74d
71.28 ± 5.74a
67.41 ± 6.01a
52.43 ± 4.77b
42.22 ± 2.45c
38.05 ± 4.57c
40.01 ± 4.47c
70.21 ± 1.87a
65.99 ± 5.14a
54.23 ± 6.58b
37.18 ± 1.81c
31.11 ± 6.05c
32.51 ± 2.96c
67.86 ± 1.46a
72.99 ± 2.26a
54.3 ± 2.79b
43.64 ± 1.63c
34.8 ± 4.8d
34.78 ± 4.11d
62.87 ± 5.55a
59.18 ± 4.87a
43.18 ± 6.31b
41.78 ± 2.7b
33.74 ± 6.7c
29.53 ± 3.67c

% STR
82.28 ± 0.45a
81.45 ± 2.24a
76.68 ± 0.6b
69.33 ± 2.66bc
72.78 ± 2.25cd
59.3 ± 8.05d
82.67 ± 3.02a
81.98 ± 2.25a
76.37 ± 1.6b
70.35 ± 2.3b
66.3 ± 6.79b
68.9 ± 6.49b
83.47 ± 1.1a
82.61 ± 3.18a
75.76 ± 3.09b
65.99 ± 2.88c
57.9 ± 10.04c
61.01 ± 4.57c
80.93 ± 1.3a
84.64 ± 1.22a
76.94 ± 2.33b
70.77 ± 1.91bc
63.71 ± 7.97c
65.29 ± 4.6c
79.64 ± 2.76a
78.91 ± 1.83a
68.67 ± 5.67bc
71.93 ± 2.69b
59.26 ± 6.75cd
56.65 ± 8.1d

% WOB
84.49 ± 0.59a
85.52 ± 3.21a
74.9 ± 1.65b
60.48 ± 1.51c
57.93 ± 2.4c
57.93 ± 3.12c
85.95 ± 3.7a
81.98 ± 5.42a
68.49 ± 5.23b
59.92 ± 1.63c
57.18 ± 1.45c
57.88 ± 1.44c
84.14 ± 2.38a
79.65 ± 3.22a
71.1 ± 6b
56.32 ± 0.47c
53.25 ± 2.1c
53.16 ± 0.85c
83.86 ± 1.39a
86.2 ± 1.48a
70.5 ± 1.67b
61.65 ± 1.3c
54.41 ± 0.89d
52.91 ± 2.59d
78.68 ± 4.21a
74.79 ± 4.49a
62.16 ± 4.41b
58.02 ± 2.41bc
56.05 ± 5.83bc
52.49 ± 1.39c

ALH (µm/)
3.77 ± 0.07ab
3.51 ± 0.38a
4.07 ± 0.2ab
4.4 ± 0.38b
4.79 ± 0.65ab
3.71 ± 0.91ab
3.56 ± 0.36a
3.84 ± 0.55ab
4.11 ± 0.31ab
4.35 ± 0.26b
3.69 ± 0.81ab
3.45 ± 0.99ab
3.43 ± 0.3a
3.58 ± 0.23a
4.2 ± 0.39b
4.43 ± 0.33b
3.78 ± 0.99ab
4.69 ± 0.35ab
3.59 ± 0.26ab
3.15 ± 0.23a
4.24 ± 0.19bc
4.44 ± 0.07c
4.12 ± 0.94abc
4.69 ± 0.94abc
4.33 ± 0.38bc
4.3 ± 0.4bc
4.89 ± 0.05c
4.65 ± 0.22c
4.01 ± 0.93ab
2.31 ± 1.49a

BCF (Hz)
9.2 ± 0.43a
9.16 ± 0.25a
10.82 ± 0.37b
12.48 ± 0.74cd
14.17 ± 0.22bd
9.84 ± 2.92abc
9.26 ± 0.41a
9.85 ± 0.89a
11.98 ± 1.21b
13.02 ± 0.57b
10.99 ± 2.64ab
11.35 ± 3.46ab
9.25 ± 0.14a
10 ± 0.55ab
10.6 ± 0.45b
12.54 ± 0.66c
9.64 ± 3.53abc
11.84 ± 1.42abc
9.51 ± 0.4a
9.07 ± 0.37a
12.18 ± 0.61b
13.15 ± 0.35b
11.61 ± 1.89ab
12.09 ± 0.74ab
10.33 ± 0.9b
11.51 ± 1.21c
12.76 ± 0.25cd
13.6 ± 0.5d
7.01 ± 2.13a
6.2 ± 2.35a

Uppercase letters (A, B, C) show significant differences between antioxidants within each time.
Lowercase letters (a, b, c) show the effect of time for each antioxidant (P < 0.05).
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3.3. Fertility trial
Higher lambing rate was observed when sperm containing HT10 was used, in contrast with the
other groups (Table 4), although differences were not significant (P>0.05). At the same time no
significant differences (p>0.05) between farms were observed during the insemination trial.
Table 4. Lambing rate after cervical artificial insemination using sperm at 15ºC diluted in
extender and containing different olive-derived antioxidants.
Inseminated
ewes
Control
HT10
DHPG50
MIX50

53
55
52
52

Number of
ewes
lambing
8
13
7
8

Lambing
rate (%)

Multiple
births

Prolificacy
rate (%)

15.09
23.63
13.46
15.38

25
30.76
42.85
0

1.5
1.31
1.42
1

Different letters indicate significant differences between treatments.
Lambing rate = percentage of ewes lambing from total ewes inseminated; Multiple births = percentage of
ewes that had multiple births (double and triple); Prolificacy = number of lambs born per ewe lambing.

4. Discussion
In recent years, several studies have been carried out to evaluate the effect of the addition of
exogenous antioxidants in ram semen extenders to reduce the negative effect induced by ROS
(Dudai et al., 2014; Allai et al., 2018). However, to our knowledge this is the first attempt where
the effect of derived-olive oil antioxidants as HT, DHPG and the combination of both have
been evaluated during liquid storage of ram sperm at 15º and 5ºC.
In comparison with sperm freezing, the liquid storage of spermatozoa reduces injuries linked to
cryopreservation and allows extending its useful life, although it does not avoid the decrease of
semen quality over time (Mata-Campuzano et al., 2014). In fact, the maintenance of sperm at
cooling conditions produces oxidative stress, as a consequence of free radical production,
accumulation of waste substances and by the decrease of the antioxidant capacity of the sample
(Donnelly et al., 2000).
The present study evaluated the motility characteristics of sperm maintained at 5Âº and 15ºC
for 96 h, using different concentrations of HT, DHPG and the combination of both
antioxidants, and also determined the lambing rate in ewes after cervical insemination with
sperm samples maintained at 15ÂºC. As previously described by Palacin et al. (2013), sperm
motility is one of the most important parameters to determine quality and energetically status
of sperm cells.
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Furthermore, the quantitative assessment of sperm motility by CASA is correlated with the
fertilization capacity of spermatozoa. Kasimanickam et al. (2011) suggests that motility is the
most meaningful and useful sperm quality indicator, beyond DNA and mitochondria activity
assessment.
In the present study, the addition of different antioxidant types and concentrations did not
significantly improve sperm TM and PM for both studied temperatures, according with our
previous results in cryopreserved ram sperm, where no significant effects were observed for
TM and PM when HT, DHPG and the combination of both was used (Arando et al., 2019). By
contrast, recently a positive effect of HT addition in ram sperm has been described by Balaganur
et al. (2018) demonstrating that post-thawed sperm motility is improved when 80 µM HT are
added. The protective effect of HT was also reported by Hamden et al. (2010); they added HT
to rat sperm at a concentration of 50 µg/ml for 1h at 32ºC and they noted a protective effect on
the sperm motility in samples previously incubated with high concentrations of glucose (that is
toxic for spermatozoa). In roosters, Al-Daraji (2012) added olive oil to the diluent and observed
an increment of sperm massal and individual motility in sperm samples maintained during 72h
at 5ºC. However, human sperm samples supplemented with HT did not show any variation in
motility, in consonance with the results here obtained (Kedechi et al., 2017).
When other antioxidants have been tested in liquid sperm ram storage, contradictory results
have been obtained, suggesting that results could be influenced by other factors such as the
male, extender, antioxidant or concentration (Silva et al., 2012). Example of this is the assorted
results are found in literature with antioxidants showing positive effect on sperm motility such
as catalase, methionine, astaxanthin, vitamine C (Câmara et al., 2010; Bucak et al., 2012; Fang
et al., 2015; Hamedani et al., 2015), and others with no positive effect such as glutathione,
ergothioneine, reduced glutathione or trolox (Bucak et al., 2007; Acri et al., 2012; MataCampuzano et al., 2014). In this sense, some authors suggested that the addition of natural
substances with antioxidant effect acts as double-edged swords, since high exogenous
antioxidants may disrupt redox balance and acts like a pro-oxidant by activating pathways such
as increasing pro-inflammatory mediators production, nitrosylation of proteins, proglycation
effect and endocrine disrupting activities (Bouayed & Bohn, 2010).
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Several studies report the correlation between the kinematic sperm parameters and the
spermatozoa fertilization ability. As described by Larsen et al. (2000), VCL was the most
significant parameter correlated with the fertilization rate in human sperm. In ovine, SanchezPartida et al. (1999) described VCL, VSL, VAP and ALH as positively correlated parameters
with fertility after intrauterine insemination. In the same way, VAP and VCL values are good
predictors of the ability of spermatozoa to migrate in ewe cervical mucus (Robayo et al., 2008).
In addition, in other species kinematic parameters are also positively correlated with litter size
in boar (Holt et al., 1997) and with fertility in buffalo (Hussain et al., 2016).
In the present study, VCL at 0 h of storage at 15ºC were significantly higher in MIX100 and
HT10 groups than the control group, same as MIX50 at 6 h and MIX100 at 24 h. By contrast,
control group significantly improved VCL in comparison with MIX100 at 96h of storage.
Nevertheless, in samples maintained at 5ºC, MIX100 significantly decreased LIN values up to
48 h of storage, STR values during 24 and 48 h of storage and WOB values at 0, 48, 72 and 96
h of storage in comparison with control group, suggesting that high concentration of both
antioxidants provides negative effect in sperm quality. However, Maia et al. (2009) observed
that high trolox concentrations induce significantly higher values for LIN and STR during ram
sperm cryopreservation, affirming the existence of dose–response relationship in which
antioxidant absence or low concentration may not be sufficient to provide sperm cell protection.
Similarly, Moradi et al. (2013) reported VLC and VSL enhancement when samples were
supplemented with royal jelly, which contains natural antioxidants.
In a recent study, it has been reported that the addition of HT, DHPG and the combination of
both in criopreservated ram sperm did not offer neither better nor detrimental effects on the
kinetic and velocity parameters in comparison with the control group (Arando et al., 2019),
probably because lower antioxidant concentrations were added to the sperm samples than in the
present study. In the same way, when antioxidants such as catalase, glutathione or astaxanthin,
were added to the sperm dilution media during liquid storage, no significant differences were
observed for kinematic parameters (Câmara et al., 2010; Fang et al., 2015) suggesting that
factors aside from oxidative effects, such as reduced energy production or metabolism, may
contribute to their decline during storage at 4ºC.
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The results show that the duration of storage is significantly associated with the deterioration
of sperm motility for both storage temperatures studied, in agreement with others (Gundogan
et al., 2010; Allai et al., 2017). A sperm motility reduction during liquid storage has been related
with the action of the cellular components of semen (the superoxide anion radical (O2−), the
hydrogen peroxide (H2O2), nitric oxide, peroxynitrite anion) and the lipid hydroperoxides
formed via lipid peroxidation of the spermatozoa membranes (Allai et al., 2017). Hovewer, this
decrease in sperm motility and metabolism could be associated with the pH reduction because
of the bacterial contamination and metabolite production, which reduces internal pH of
spermatozoa (Yániz et al., 2011). Previous studies reported that 15ºC is the optimal temperature
to maintain a good percentage of motile cells and a high motility score during short-term storage
(Upreti, 1992), while the storage of semen at 5ºC is clearly advantageous for long-term storage
(Mata-Campuzano et al., 2014).
Although there are many reports describing in vitro quality of ram sperm after antioxidant
supplementation, only few studies report the fertility rates. In the present study, the lambing
and prolificacy rates were not significantly associated with the addition of antioxidant to cooled
semen at 15ºC. By contrast, Mara et al. (2005) observed higher fertility and blastocyst rates
when semen was supplemented with Tempol and stored at 15ºC. Similarly, Casao et al. (2010)
reported significantly greater cleavage rates when low amounts of melatonin were added. In the
same way, in ewes inseminated with semen treated with GSH and stored at 15ºC the lambing
rates were significantly improved (Mata-Campuzano et al., 2014), and pregnancy rates
significantly increased in samples supplemented with superoxide dismutase and catalase and
stored at 5ºC (Maxwell & Stojanov, 1996). In addition, Kubovičová et al. (2010) also reported
a positive effect on the fertilization and pregnancy rate in ewes after cervical insemination with
semen stored at 5ºC and supplemented with glutathione.
As highlighted by Mata-Campuzano et al. (2015), the effects of antioxidants could be
modulated by other extender components and possibly by other factors such as cooling rate,
equilibration time, or sample source. This could partially explain the results obtained in the
present study on sperm motility parameters.
In conclusion, it is the first study which evaluate the effect of olive oil-derivated antioxidants
on the liquid storage ram sperm. The use of HT, DHPG and the combination of both
antioxidants showed slight impact on the sperm motility and did not showed significant effects
on the fertility. Further studies are required to evaluate interactions between theses antioxidants
and other factors, in order to obtain protective and enhanced properties on this kind of sperm
conservation.
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Abstract
The effect of different extenders on sperm motility and fertility was evaluated during liquid
storage of ram semen at 5 ºC and 15 ºC. The semen was collected, pooled and diluted in three
commercial extenders: Inra 96® (INRA) based on skimmed milk; Biladyl® A fraction (BIL)
based on egg yolk; and Ovixcell® (OVIX) based on soybean lecithin. Then, sperm motility was
evaluated at 0, 6, 24, 48, 72 and 96 hours. In order to evaluate fertility, samples stored at 15ºC
were used after dilution in INRA and OVIX. Results showed that progressive motility was
significantly higher up to 72 h of storage in sperm samples maintained at 5ºC in comparison
with 15ºC, similar in each tested diluent. When samples were stored at 5ºC in OVIX, kinematic
parameters as velocity (except VCL), trajectory (LIN, STR, WOB), ALH and BCF were higher
than in INRA and BIL. No significant differences for pregnancy rate were detected between
INRA (62.6%) and OVIX (58.9%). In conclusion, liquid storage at 5ºC with OVIX extender is
an interesting option since non-animal components are used and offers similar in vitro and in
vivo efficacy than other extenders containing animal components.
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Abstract
The aim of the present study was analyse the efficiency of a one-layer protocol for sperm
separation to select the best sperm population in fresh, normospermic ram ejaculates, which
might increase the AI results. For this purpose, three fractions of sperm were separated by
single layer colloidal centrifugation (SLC). We assessed the rate of sperm collection, quality
and subpopulations of each obtained fraction. Semen from normospermic ram, containing two
high sperm concentrations (800 and 3000 million sperm/ml, C800 and C3000, respectively)
were processed by SLC. Based on the sperm motility, three different subpopulations were
identified: SP1, rapid and progressive (36%); SP2, low velocity and no progressivity (20.1%);
and SP3, rapid and nonlinear spermatozoa, with active flagellar movement (43.9%). Results
suggest that SLC does not allow adequate separation of sperm populations when used on
normospermic ram sperm samples containing high sperm concentrations.

1. Introduction
Sperm motility is an important characteristic linked to the progress of these cells throughout
the female reproductive tract (Palacin et al., 2013) and to the oocyte penetration. This
assessment offers an essential procedure to evaluate the sperm quality and to approach the
potential of male fertility. In this context, it is widely accepted that mammalian ejaculates
constitute a heterogeneous population with the presence of several sperm subpopulations
(Martínez-Pastor et al., 2005). In order to select the best spermatozoa, many procedures have
been developed to reduce debris, cells and bacteria contained in the sperm samples and/or to
remove the seminal plasma to avoid the early capacitation process (Aalberts et al., 2013). This
practice could have potential for improving results by artificial insemination (AI), and is
essential when other biotechnological procedures, such as in vitro production (IVP) or
intracytoplasmic sperm injection (ICSI), are implemented (Ou et al., 2018). Percoll, based on
polyvinylpyrrolidone-coated silica particles, was one of the most used colloids for sperm
separation in numerous species (Kaneko et al., 1986; Valcarcel et al., 1996; Matas et al., 2011).
However, the detection of certain endotoxins exerting a negative effect on the spermatozoa has
reduced its use, and new prepared media have been designed to overcome the shortcomings of
Percoll. Silane-coated silica colloids are currently the most used, having proved to be more
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stable and standardized (Morrell et al., 2009b). These colloids are employed in a variety of
procedures, such as double layer centrifugation (DLC) or in a simplification of this technique,
called single layer centrifugation (SLC) (Morrell & Rodríguez-Martínez, 2016).
The volume and concentration of the sperm sample could affect the effectiveness of these
procedures (Edmond et al., 2012). In this context, DLC has been regarded as impractical as a
means of processing whole ejaculates for AI (Morrell & Rodríguez-Martínez, 2016), and has
been indicated for oligospermic ejaculates, although not for complete normospermic samples.
SLC is an easier and less time-consuming technique that has been widely used in equine
(Morrell, 2011), but there are few reports of its use in other species. Studies carried out in bulls
showed that spermatozoa selected by SLC exhibit an increase in sperm chromatin integrity
(Goodla et al., 2014), high mitochondrial membrane potential although increased superoxide
production (Nongbua et al., 2017). However, motility was only improved when low quality
sperm samples were processed (Yulnawati et al., 2014). In reference to the comparison between
fractions obtained after colloidal centrifugation, Gosalvez et al. (2014) observed that the
gradient pellet (or fraction 3) showed lower sperm DNA fragmentation, although their longevity
was lower than in neat semen sample. These findings suggest that sperm fractions obtained by
different sperm enrichment or separation procedures should be more deeply analysed, in order
to determine their efficiency in viability, concentration and other terms.
The high concentration of sperm (as occurs in ruminant ejaculates) make it difficult to use layer
centrifugation techniques for processing whole ejaculates (Edmond et al., 2012), and to the best
of the present authors’ knowledge, few studies evaluate the effect of colloidal separation in
whole fresh ram sperm. The present study was conducted in ram sperm samples containing
different high sperm concentrations, and the aim was to determine the sperm recovery rate,
sperm quality and how different motile sperm subpopulations are distributed in each sperm
fraction obtained after separation by SLC.
2. Materials and Methods
2.1. Animals and semen collection
Four mature (3-5 years old) Merino breed rams were involved in this study. The animals were
individually housed at the station run by the Diputacion of Cordoba (Spain) and were fed with
a commercial concentrate (0.5 kg), with ad libitum access to alfalfa hay, water and mineral
supplementation blocks. Semen was collected once a week by artificial vagina during non-
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breeding season (March-June), using a sheep as a teaser. Ejaculates were placed into tubes and
immersed in a water bath at 37ºC. Volume (by graduated tubes), sperm concentration
(Accurread, IMV technologies, France) and mass motility (from 1 to 5; 40x magnification;
Olympus, Tokyo, Japan) were determined for each semen sample. Ejaculates with mass motility
≥4, individual motility ≥ 70% and concentration ≥3000 x 106 spermatozoa/ml were used.
All experiments were carried out in accordance with the Spanish Animal Protection Regulation
(RD 53/2013), as stipulated by EU Regulation 2010/63.
2.2. Experimental design
As shown in Figure 1, semen from 4 rams was collected, assessed, diluted (1:2) and pooled in
a home-made extender (TCFEY) based on Tris (33.19 g/l), fructose (9.55 g/l), citric acid (17.29
g/l), 10 % clarified egg yolk, penicillin G (4 g/l) and streptomycin (3 g/l), all diluted in bidistilled water. Extended samples were divided into two conical tubes and centrifuged for 20
min at 300 g, and sperm pellets were resuspended in TCFEY to reach a final concentration of
800 x 106 sperm/ml (C800) and 3000 x 106 sperm/ml (C3000).

Figure 1. Experimental design scheme used to study the variation of sperm quality and
subpopulations at the different fractions obtained after SLC in samples containing 800 and 3000
x106 sperm/ml (C800 and C3000).
Before sperm processing by colloid centrifugation, sperm quality from fresh samples was
assessed. Then, a single layer centrifugation (SLC) colloid, based in silane-coated silica
(BoviPure and BoviDilute, Nidacon, Sweden) was prepared according to the manufacturer´s
instructions for sperm separation. These solutions were developed for bull sperm, but they can
be used also for small ruminants. Briefly, for SLC, one layer of 1.5 ml of 80 % (v/v) BoviPure
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was deposited into a 15 ml conical tube. Sperm samples containing C800 and C3000 were
layered on the top of the SLC (1.5 ml), and centrifuged at 300 g x 20 min. After centrifugation,
seminal plasma was discarded (aprox. 1.5 ml), and three different fractions were isolated per
sample: the top (F1), the medium (F2) and the bottom (F3) phases, consisting in 0.5 ml each
one using Pasteur pipettes by rounded movements. The experiment was replicated six times
using a total of 24 ejaculates.
It was determined the sperm recovery rate, sperm quality (sperm motility, concentration,
viability, morphology and membrane functionality) and the frequency distribution of sperm
subpopulations in each of the different fractions obtained after the colloid centrifugation.
2.3. Sperm recovery rate
In order to determine the sperm concentration, the samples were diluted 1:200 and evaluated
using a Thoma counting chamber. The sperm recovery rate was determined, showing the
percentage of spermatozoa collected after centrifugation in each fraction.
Sperm Recovery Rate

After centrifugation concentration × After centrifugation volume
× 100
Before centrifugation concentration × Before centrifugation volume

2.4. Sperm motility assessment
Motility analysis was performed using ISAS software v.1.2 (Integrated Semen Analyser
System, Proiser, Valencia, Spain). Sperm samples were diluted with TCFEY extender to a final
concentration of 25 x106 sperm/ml. After dilution, samples were warmed at 37ºC for 10 min;
then, 5 µl was placed on a slide covered with 22 x 22 mm coverslips, put on a microscope plate
at 37ºC, and four fields or a minimum of 500 spermatozoa were randomly captured. It was
captured 25 frames per sec, and head area was ranged between 10 and 70 µm2. Spermatozoa
were considered motile when VAP >10 µm/sec, and linearly motile when they deviated <80%
from a straight line. The total motility (TM, %), progressive motility (PM, %), curvilinear
velocity (VCL, µm/sec), straight-line velocity (VSL, µm/sec), average path velocity (VAP,
µm/sec), straightness (STR, %), linearity (LIN, %), amplitude of lateral head displacement
(ALH, µm), beat/cross frequency (BCF, Hz), and wobble (WOB, %) were determined.
2.5. Sperm membrane functionality assessment
Hypo-osmotic swelling (HOST) testing according to Jeyendrani et al. (1984) was used to
evaluate the membrane functionality of the spermatozoa. From each sperm fraction, 10 µl was
diluted into 100 µl of hypo-osmotic sodium citrate solution (1.351 g fructose, 0.735 g sodium
citrate, and 100 ml bi-distilled water; 100 m Osmol/kg), and warmed at room temperature for

80

Capítulo 6
30 min. After incubation, samples were fixed in 2 % glutaraldehyde and observed under phase
contrast microscopy (x400 magnification). The sperm membrane was considered intact and
functional when the sperm tail exhibited coiling. A total of 200 sperm cells were evaluated and
the results express the percentage of positive endosmosis.
2.6. Sperm morphology assessment
For the evaluation of sperm morphological abnormalities (WHO 2010), Hemacolor staining
(Merck, Darmstadt, Germany) was used. Ten µl of semen sample was spread on a slide and
then stained in accordance with the manufacturer’s instructions. The percentage of sperm
abnormalities was evaluated by counting 200 sperm cells under oil immersion objective (x1000
magnification) (Olympus, Tokyo, Japan).
2.7. Sperm viability assessment
Eosin-Nigrosin stain was used to determine the sperm viability (Björndahl et al., 2003). In brief,
a total of 0.67 g Eosin Y (Panreac, Barcelona, Spain) and 0.9 g sodium chloride were dissolved
in 100 ml bi-distilled water under gentle heating, and then 10 g Nigrosin (Panreac, Barcelona,
Spain) was added. A 10 µl drop of sperm sample was placed together with a 10 µl drop of stain
on a glass slide, and were mixed immediately and the smear was made. The slide was
maintained at room temperature until completely dried and was evaluated by counting 200
sperm cells under oil immersion objective (x1000 magnification) (Olympus, Tokyo, Japan).
The spermatozoa were categorized as live (or integral membrane) or dead (or altered
membrane) when cells were unstained or pink-stained by eosin, respectively. Results were
expressed as percentage of live sperm.
2.8. Statistical analysis
The SPSS 15.0 package (SPSS, Chicago, IL, USA) was used for statistical analysis. Data are
shown as a mean ±SD. Sperm parameters at the different fractions obtained after SLC in
samples containing C800 or C3000 were compared with the fresh sperm values, in order to
determine the recovery rate and the sperm quality. One-way ANOVA was performed to
compare the sperm recovery rate. Bonferroni post hoc test was used when significant
differences between fractions (P≤0.05) were detected.
In order to identify specific sperm subpopulations based on the kinetic parameters, a total of
20.485 observations from fresh and processed semen were evaluated using clustering
procedures.
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The first step was to realize a principal components (PC) analysis on the data to reduce the eight
studied variables (VCL, VSL, VAP, LIN, STR, ALH, WOB and BCF) to the smallest number
of linear combinations of the initial variables, called PCs, that save the majority of information
of the original variables. It is expected that a few PCs explain a high proportion of the total
variance. The VARIMAX rotation method was used, and the number of PCs was selected using
the Kaiser criterion for selecting those with an eingen value greater than 1.
The second step was to analyse the sperm-derived indexes obtained after PC by two-step cluster
procedure. Different subpopulations were then identified and outliers were detected. Normality
was tested using the Shapiro-Wilks test and when data were not normal, they were transformed.
Variables expressed as percentages were arc sine transformed (LIN, STR and WOB) and
variables expressed as absolute values were log transformed (VCL, VSL, VAP, ALH and BCF),
in order to carry out comparisons between subpopulations observed in different sperm
concentration samples and different fractions obtained after sperm separation by SLC. Oneway ANOVA was carried out to determine differences for each sperm variable between
subpopulations and Tukey’s Post Hoc test was used when significant differences were detected.
The type of sperm subpopulation was analysed in each sperm sample and the Chi square test
was used to compare the relative frequencies of subpopulations within each sperm sample (or
fraction).
3. Results
3.1. Recovery rate by SLC
After sperm separation by SLC, the percentage of sperm recovery in the fraction containing the
theoretically best spermatozoa (F3) showed no significant differences (P>0.05) between C800
and C3000 (36.1% and 27.5%, respectively) (Figure 2).
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A, B

Different uppercase letters indicate significant differences (P ≤ 0.05) between different fractions.

Figure 2. Sperm recovery rate (%) at different fractions obtained after SLC in samples
containing 800 and 3000 x106 sperm/ml; (C800 and C3000). Asterisk indicate significant
differences (P ≤ 0.05) between the same fraction in samples containing different sperm
concentrations.
C800 samples did not show significant differences between the three obtained fractions after
SLC. By contrast, C3000 samples recovered significantly higher percentage of spermatozoa in
F1 than in F3. In addition, comparing the different concentrations was observed that in C3000
samples the percentage of isolated spermatozoa in F1 was significantly higher than in C800
samples, contrarily than in F2 were the opposite was observed.
3.2. Sperm assessment
Table 1 shows the motility values corresponding to spermatozoa isolated in the different
fractions after SLC. No differences were observed between fractions or between sperm
concentrations.
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Table 1. Mean (SD) values of motility and kinematic parameters from different sperm
fractions obtained after SLC in samples containing 800 and 3000 x106 sperm/ml (C800 and
C3000).
Parameters

C800

Fraction
FRESH

TM (%)

PM (%)

VCL (µm/s)

VSL (µm/s)

VAP (µm/s)

LIN (%)

STR (%)

WOB (%)

ALH (µm)

BCF (Hz)

F1
F2
F3
Whole
F1
F2
F3
Whole
F1
F2
F3
Whole
F1
F2
F3
Whole
F1
F2
F3
Whole
F1
F2
F3
Whole
F1
F2
F3
Whole
F1
F2
F3
Whole
F1
F2
F3
Whole
F1
F2
F3
Whole

C3000
SLC
89.0 ± 2.0
88.4 ± 6.8
89.5 ± 2.5

87.9 3.7

FRESH

89.8 3.06
50.3 ± 7.0
41.7 ± 9.6
37.0 ± 18.4

48.8 12.2

48.2 ± 4.8
56.2 ± 12.2
48.4 ± 20.2
50.2 9.0

121.4 ± 17.6
127.3 ± 12.8
133 ± 18.6
117.9 11.1

119 ± 5.3
120 ± 9.7
129.9 ± 12.9
124.2 4.7

72.2 ± 13.9
66.5 ± 12.4
69.1 ± 12.3
59.9 18.6

69.7 ± 7.1
81.8 ± 11.8
71.7 ± 14.6
58.2 18.1

94.9 ± 16.5
94.2 ± 15.4
96.5 ± 14.5
80.23 18.0

91.5 ± 7.4
100.2 ± 6.9
95.1 ± 12.0
77.9 17.5

59.4 ± 6.3
52.2 ± 9.0
52.9 ± 11.2
50.0 10.2

58.4 ± 3.5
68.4 ± 12.3
56.7 ± 14.9
46.6 12.9

76.1 ± 5.5
70.5 ± 5.7
71.4 ± 6.9
72.8 6.3

76.1 ± 2.1
81.3 ± 8.7
74.7 ± 7.8
73.7 5.8

77.9 ± 4.6
73.7 ± 8.3
73.5 ± 10.6
66.7 9.4

76.8 ± 3.4
83.8 ± 7.8
74.6 ± 13.3
62.5 12.3

3.4 ± 0.4
3.8 ± 0.4
3.9 ± 0.9
3.78 0.3

3.5 ± 0.4
3.1 ± 0.5
3.9 ± 1.2
4.3 0.4

8.9 ± 3.2
8.9 ± 2.7
10.1 ± 4.0
11.9 0.9

SLC
86.0 ± 3.5
86.5 ± 4.0
88.5 ± 6.1

10.3 ± 0.3
10.0 ± 0.8
10.9 ± 2.0
12.9 1.6

C800: Sample with 800 x 106 sperm/ml; C3000: Sample with 3000 x 106 sperm/ml; SLC: Single layer
centrifugation; F1: Top phase, F2: Medium phase; F3: Bottom phase; TM: total motility; PM: progressive motility;
VCL: curvilinear velocity; VSL: straight-line velocity; VAP: average path velocity; STR: straightness; LIN:
linearity; ALH: amplitude of lateral head displacement; BCF: beat/cross frequency; WOB:side to side movement
of the sperm head.
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Table 2 represents sperm viability, morphology and membrane functionality of samples
processed. Although fraction 3 showed the higher values in all the studied parameters, no
significant differences (P>0.05) were observed in relation with the other fractions or between
samples with different sperm concentrations.
Table 2. Mean (SD) values of viability, morphology, membrane functionality from different
sperm fractions obtained after SLC in samples in samples containing 800 and 3000 x106
sperm/ml; (C800 and C3000).
Parameters

Fraction

C800
FRESH

SLC
91.3 ± 0.2

92.0 ± 8.6

93.5 ± 8.2

F3

95.4 ± 5.4

94.8 ± 5.7

89.0 8.9

89.5 14.6

F1

61.0 ± 5.9

83.5 ± 7.1

F2

80.7 ± 5.5

90.3 ± 5.9

F3

85.3 ± 6.6

93.5 ± 5.1

Whole

Membrane functionality (%)

FRESH

F2
Whole

Morphology (%)

SLC
81.2 ± 7.1

F1
Viability (%)

C3000

87.6 5.1

90.1 3.3

F1

64.5 ± 5.8

75.3 ± 7.9

F2

65.5 ± 9.9

78.7 ± 2.7

F3

68.3 ± 9.8

80.7 ± 3.8

Whole

65.4 11.7

80.66 4.5

C800: Sample with 800 x 106 sperm/ml; C3000: Sample with 3000 x 106 sperm/ml; SLC: Single layer
centrifugation; F1: Top phase, F2: Medium phase; F3: Bottom phase.

3.3. Sperm subpopulations
Three sperm subpopulations were identified in a total of 20485 individual motile spermatozoa
analysed. Kinematic and velocity values are shown in Table 3.
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Table 3. Mean (SD) values of kinematic and velocity parameters used for the characterization
of three sperm subpopulations identified in fresh ovine semen samples.
Subpopulation

N

%

VCL
(µm/s)

VSL
(µm/s)

VAP
(µm/s)

LIN
(%)

STR
(%)

WOB
(%)

ALH
(µm)

BCF
(Hz)

SP1

3906

19.07

65.541.4

18.513.4

38.927.4

312

522

601

2.91.7

5.52.5

SP2

8950

43.69

12136.2

93.131.7

106.934.4

771

871

888

3.11.2

9.42.8

SP3

7629

37.24

154.435.2

61.426.7

96.726.9

402

652

631

5.41.4

12.93.1

Total

20485

100

122.848.6

67.138.7

90.139.6

552

722

732

3.91.8

103.9

VCL: curvilinear velocity; VSL: straight-line velocity; VAP: average path velocity; STR: straightness; LIN:
linearity; ALH: amplitude of lateral head displacement; BCF: beat/cross frequency; WOB: side to side movement
of the sperm head.

Three PCs were obtained after the data reduction, which explain the 76.70% of the variance.
PC1 was associated with VCL, VSL, and VAP, PC2 was related with STR and LIN, and PC3
showed association with WOB (Table 4).
Table 4. Principal component analysis of 8 sperm parameters, using Varimax rotation.
Eigenvalue
Percentage
Cumulative percentage
VCL
VSL
VAP
ALH
BCF
LIN
STR
WOB

PC1
2.55
31.91
31.91
0.96

PC2
2.27
28.35
60.26
0.01

PC3
1.31
16.44
76.70
-0.06

0.70
0.92
0.46
0.23
0.11
0.06
0.17

0.64
0.16
-0.18
0.13
0.82
0.98
0.39

0.24
0.29
-0.28
-0.02
0.53
0.15
0.89

Loadings exceeding 0.70 are highlighted in bold.

Subpopulation 1 (SP1) showed lower velocity (determined by VCL, VSL and VAP) and no
progressive motility (low LIN, STR, WOB, ALH and BCF); a total of 19,1% of spermatozoa
came within this subpopulation. Subpopulation 2 (SP2) showed high velocity (VCL, VSL, VAP
and ALH), high progressivity (high LIN, STR and WOB) and good ALH and BCF. This
subpopulation could be defined as consisting of rapid and progressive spermatozoa, with 43.7%
of the spermatozoa came within this subpopulation. Subpopulation 3 (SP3) showed high values
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of VCL, ALH and BCF, while LIN and STR values were low; these were defined as rapid and
nonlinear spermatozoa and 37.24% of spermatozoa were assigned to this subpopulation. All the
values from each sperm subpopulation are shown in Table 3.
3.4. Frequency distribution of spermatozoa subpopulations at different fractions obtained after
SLC
As shown in Figure 3, in C800 samples the SP3 was significantly higher in the F2 and F3 than
in F1, while SP1 and SP2 were significantly higher in the F1 than in the others.
The distribution of subpopulations varied in C3000 samples. SP2 (rapid and progressive) was
significantly higher in F1 than in F3 (or selective fraction) and F2. SLC in this type of samples
provoked that the majority of spermatozoa in the F3 (pellet) were from SP3 (rapid non
progressive).

a, b

Different uppercase letters indicate significant differences (P ≤ 0.05) between different fractions for each

concentration.

Figure 3. Relative frequency distribution of sperm subpopulations into the different sperm
fractions obtained after SLC in samples containing 800 and 3000 x106 sperm/ml (C800 and
C3000).

4. Discussion
The present study evaluated the sperm separation capacity of single layer centrifugation (SLC)
in normospermic ram samples with a volume (i.e., around 1.5 ml) and sperm concentrations
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(with 800 or 3000 x106 mill/ml) similar to fresh ejaculates. Also, the characteristics of the
isolated sperm fractions were analysed. In addition, by focusing on eight kinematic parameters,
three different sperm subpopulations were found in whole fresh ejaculates and in separated
fractions obtained by SLC.
It is known that sperm centrifugation can affect motility and membrane integrity in small
ruminant spermatozoa (Ritar, 1993; Gil et al., 2000). However, the use of centrifugation
combined with colloids could be an interesting option to select the best spermatozoa’s, in order
to improve AI results. The results obtained in this study suggest that SLC does not offer an
adequate separation of spermatozoa based on motility, viability, morphology or membrane
functionality when normospermic ram semen is processed. In a recent study carried out on red
deer (García-Alvárez et al., 2016), it has been demonstrated that the type of colloids affects the
efficiency of layer centrifugation, and double layer centrifugation (DLC) offers better
separation ability if low-quality sperm samples (Maxwell et al., 2007).
In the present study, spermatozoa isolated in F3 after SLC (where are expected the best
spermatozoa were found) did not achieve higher sperm motility (total and progressive) than
spermatozoa located in the other fractions after centrifugation. As far as sperm morphology is
concerned, although the results showed that morphological abnormalities are reduced while
sperm crosses the colloid layers, differences were not significant. These results are in line with
those obtained by Santiago-Moreno et al. (2014) in wild ruminants and Santa Cruz et al. (2016)
in llama sperm, who observed no morphological sperm differences between fresh and separated
spermatozoa in good quality semen samples. In bull sperm, colloidal procedures increased the
number of normal morphological spermatozoa in poor-quality samples (Gloria et al., 2016).
However, when SLC was used with normospermic samples, it was here observed that no
advantages were obtained in terms of separating morphologically normal spermatozoa.
The sperm membrane functionality did not vary after application of SLC in C800 or C3000
sperm samples. The present results showed that SLC is not able to separate spermatozoa with
injured membrane functionality, morphology and viability, in agree with results reported for
equine samples separated by SLC using Androcoll (Gamboa et al., 2017). In addition, studies
of normospermic bull sperm have concluded that there was no effect on samples before and
after application of SLC in comparison with untreated samples (Gloria et al., 2016).
To the present authors’ knowledge, this is the first study of ram sperm to analyse sperm
subpopulations in different sperm fractions obtained by SLC. It has been affirmed that
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ejaculates have heterogeneous sperm subpopulations, which determine their fertility, i.e. their
success after insemination through natural spermatozoa selection (Holt & Van Look, 2004).
And fertility can be also promoted by the different procedures for spermatozoa selection, such
as centrifugation through colloids. After the evaluation of individual kinematic parameters in
ram spermatozoa samples, three different subpopulations were selected with differential
characteristics, in keeping with other authors (Santolaria et al., 2015; Yániz et al., 2015).
As expected in normospermic ejaculates, the subpopulation showing spermatozoa with low and
non-progressive motility (SP1) was poorly represented in the sperm sample (19.1%). By
contrast, SP2 (classified as rapid progressive subpopulation) showed a total of 43.7% of
spermatozoa came within this subpopulation, being the higher subpopulation. Finally, SP3
showed high values of VLC and ALH, while LIN and STR values were low, and a total of
37.4% of spermatozoa were included in this subpopulation; this subpopulation was classified
as rapid and nonlinear, in line with other authors (Santolaria et al., 2015; Yániz et al., 2015).
The results obtained after centrifugation and different fractions isolation suggest that SLC does
not separate the best motility quality subpopulation, whether in C800 or in C300 sperm samples,
not being SP2 the most abundant subpopulation in F3, as expected. It was observed that many
spermatozoa belonging to SP2 (considered as the best subpopulation) were retained in the
second interface; one possible explanation for this is that the high number of spermatozoa
included in the sample may impede other optimal spermatozoa from swimming to the bottom
of the tubes (Bergstein et al., 2016). As recommended by Morrell et al. (2011), SLC it is better
to use for processing of large volumes of semen, suggesting that the increment of the sperm
concentration was an impediment to the smooth operation of this method. In keeping with
Santiago-Moreno et al. (2014), the present results showed that sperm selection techniques do
not improve sperm quality in non-stressed sperm samples.
In summary, colloid centrifugation is not an effective method for sperm selection when samples
containing a high concentration of spermatozoa with good quality (i.e. normospermic sperm
samples) are processed. Further studies should be conducted with low quality sperm samples
to determine the sperm separation efficiency of colloidal centrifugation in ram sperm, and also
to determine the freezability of sperm fractions separated by colloid centrifugation.
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Conclusiones
DEL CAPÍTULO 1: STORAGE TEMPERATURE AND SUCROSE CONCENTRATIONS
AFFECT RAM SPERM QUALITY AFTER VITRIFICATION Arando A., González A., Delgado
J.V., Arrebola F.A., Pérez-Marín C.C. Anim. Reprod. Sci. 181, 175-185 (2017).

I.

La baja calidad espermática observada en semen vitrificado de carnero desaconsejan
su uso mediante inseminación artificial, aunque el empleo de otras tecnologías como
la inyección intracitoplasmática de espermatozoides (ICSI) podrían ayudar a superar
dicho hándicap.

II.

La refrigeración de los espermatozoides a 5ºC previa a la vitrificación ofrece una
mejora de los resultados de calidad espermática.

III.

El uso de la sacarosa como agente crioprotector no permeable permite preservar
eficazmente la morfología de los espermatozoides y la integridad del ADN
espermático durante su vitrificación.

DEL CAPÍTULO 2: VITRIFICATION INDUCES CRITICAL SUBCELLULAR DAMAGES IN
RAM SPERMATOZOA. Arando A., Delgado J.V., Arrebola F.A., León J.M., Alcalá C.J.,
Pérez-Marín, C.C. Cryobiology 87, 52-59 (2019).

IV.

El tamaño de las células espermáticas se reduce significativamente tras la
vitrificación en comparación con las muestras de semen fresco y congelado,
sugiriendo que dicha diferencia es consecuencia del tipo de crioprotectores y método
de criopreservación utilizados.

V.

Los defectos en las mitocondrias detectados por microscopía electrónica de
transmisión en espermatozoides vitrificados pueden explicar la reducida motilidad
espermática observada.

VI.

La integridad del acrosoma se redujo significativamente tras la vitrificación. Estos
hallazgos fueron evidentes con el uso de la microscopía electrónica de transmisión,
observando la ausencia de contenido acrosómico y daños en la membrana
acrosomal.

VII.

La evaluación de la ultraestructura espermática demuestra el impacto altamente
negativo de la vitrificación sobre los espermatozoides y destaca la necesidad de
estudios adicionales para implementar el uso de nuevos agentes crioprotectores que
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protejan de manera eficiente la membrana plasmática, el acrosoma y las
mitocondrias durante la vitrificación.

VIII. La

información ultraestructural obtenida tras los diferentes procesos de

criopreservación proporciona un enfoque más integral para la conservación de
espermatozoides y un conocimiento más profundo sobre las estructuras dañadas en
los espermatozoides durante estos procesos.
DEL CAPÍTULO 3: EFFECT OF DIFFERENT OLIVE OIL-DERIVED ANTIOXIDANTS
(HYDROXYTYROSOL AND 3,4-DIHYDROXYPHENYLGLYCOL) ON THE QUALITY OF
FROZEN-THAWED RAM SPERM. Arando A., Delgado J.V., Bermúdez-Oria A., León J.M.,
Fernández-Prior A., Nogales S., Pérez-Marín C.C. Cryobiology 86, 33-39 (2019).

IX.

La suplementación con antioxidantes derivados del aceite de oliva tales como el HT,
DHPG o la combinación de ambos en diluyentes con base Tris ofrecen una
protección significativamente superior frente a la peroxidación de la membrana
plasmática en muestras de semen criopreservado con respecto al control, con valores
similares a los obtenidos en el semen fresco.

X.

La motilidad espermática (incluyendo diversos parámetros cinemáticos y de
velocidad), la integridad de membrana, la integridad del acrosoma y el potencial
mitocondrial no se vieron afectados positivamente tras la adición de los
antioxidantes estudiados.

XI.

El uso de diluyentes que contenían una combinación de HT y DHPG indujo una
reducción en la viabilidad espermática e integridad del acrosoma en comparación
con aquellos diluyentes que contenían solo un tipo de antioxidante, recomendándose
la adición de un solo tipo de antioxidante, evitando su combinación para congelación
espermática.

98

Conclusiones
DEL

CAPÍTULO

4:

EFFECT

OF

OLIVE-DERIVED

ANTIOXIDANTS

(3,4-

DIHYDROXYPHENYLETHANOL AND 3,4-DIHYDROXYPHENYLGLYCOL) ON SPERM
MOTILITY AND FERTILITY IN LIQUID RAM SPERM STORED AT 15ºC OR 5ºC. Arando A.,
Delgado J.V., Bermúdez-Oria A., León J.M., Fernández-Prior A., Nogales S., Pérez-Marín C.C.
(EN PREPARACIÓN).

XII.

El uso de HT, DHPG y la combinación de ambos antioxidantes durante la
refrigeración de semen ovino no mostró un efecto significativo en la motilidad total
y progresiva, ofreciendo una pequeña mejora en los parámetros cinemáticos de los
espermatozoides.

XIII. El uso de HT, DHPG y la combinación de ambos antioxidantes no mostró un efecto
significativo sobre la fertilidad.
DEL CAPÍTULO 5: EFFECT OF THREE COMMERCIAL EXTENDERS ON SPERM
MOTILITY AND FERTILITY IN LIQUID RAM SPERM STORED AT 15ºC OR 5ºC. Arando A.,
Delgado J.V., León J.M., Nogales S., Navas-González F.J., Pizarro M.G., Pérez-Marín C.C.
Acta Veterinaria Hungarica, 67, 2 (2019).

XIV. El

diluyente con proteínas de origen vegetal (Ovixcell) empleado para la

refrigeración de esperma ovino mostró resultados similares tanto in vitro como in
vivo en comparación con otros de origen animal (Inra 96 y Biladyl), lo que
demuestra su capacidad para reemplazar a dichos diluyentes.

XV.

El almacenamiento de dosis seminales a 5ºC ofrece mejores resultados para la
conservación del semen durante días en comparación con las muestras almacenadas
a 15ºC, las cuales a partir de las 72 horas de almacenamiento comienzan a disminuir
la calidad seminal.

DEL CAPÍTULO 6: CAN COLLOIDAL CENTRIFUGATION SEPARATE THE BEST SPERM
POPULATION IN NORMOSPERMIC RAM SPERM SAMPLES? Pérez-Marín C.C., Arando
A., Marín A., Delgado J.V. (EN PREPARACIÓN).

XVI. La centrifugación coloidal de una sola capa no es un método eficaz para la selección
de espermatozoides cuando se procesan muestras que contienen una alta
concentración de espermatozoides con buena calidad.
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XVII.

La separación de subpoblaciones mediante centrifugación coloidal de una sola

capa no es efectiva en muestras de semen ovino fresco normospermico.

100

CONCLUSIONS

101

Conclusions
OF THE CHAPTER 1: STORAGE TEMPERATURE AND SUCROSE CONCENTRATIONS
AFFECT RAM SPERM QUALITY AFTER VITRIFICATION Arando A., González A., Delgado
J.V., Arrebola F.A., Pérez-Marín C.C. Anim. Reprod. Sci. 181, 175-185 (2017).

I.

Vitrified ram sperm show insufficient values for its use in artificial insemination,
although other technologies as ICSI could overcome this handicap.

II.

Sperm storage at 5ºC before vitrification offers an improvement in the sperm quality
after vitrification.

III.

Sucrose, a non-permeable cryoprotectant, is capable of effectively preserving sperm
morphology and DNA integrity in vitrified-warmed sperm samples.

OF THE CHAPTER 2: VITRIFICATION INDUCES CRITICAL SUBCELLULAR DAMAGES
IN RAM SPERMATOZOA. Arando A., Delgado J.V., Arrebola, F.A., León J.M., Alcalá C.J.,
Pérez-Marín, C.C. Cryobiology 87, 52-59 (2019).

IV.

The cell size after vitrification was significantly reduced in comparison with fresh
and frozen sperm samples, which it is suggested that is a consequence of the CPA
and cryopreservation method used.

V.

Mitochondria defects detected by TEM in vitrified sperm samples can explain the
reduced sperm motility observed in this group.

VI.

Acrosome integrity was significantly reduced after vitrification; these findings were
evident by TEM throughout the observation of absence of acrosome content and
acrosomal membrane damages.

VII.

Ultrastructural assessment demonstrates the highly negative impact of vitrification
on the spermatozoa, and highlights the requirement of further studies to implement
new protective agents for membranes, acrosome and mitochondria during
vitrification.

VIII.

Ultrastructural information obtained after different procedures for cryopreservation
will provide a more comprehensive approach to sperm conservation and a deeper
knowledge about the sperm injured structures during these procedures.

103

Conclusions
OF THE CHAPTER 3: EFFECT OF DIFFERENT OLIVE OIL-DERIVED ANTIOXIDANTS
(HYDROXYTYROSOL AND 3,4-DIHYDROXYPHENYLGLYCOL) ON THE QUALITY OF
FROZEN-THAWED RAM SPERM. Arando A., Delgado J.V., Bermúdez-Oria A., León J.M.,
Fernández-Prior A., Nogales S., Pérez-Marín C.C. Cryobiology 86, 33-39 (2019).

IX.

The addition of olive oil-derived antioxidants such as HT, DHPG or both to Trisbased freezing extender offers significant protection against LPO of the plasma
membrane in frozen-thawed ram spermatozoa, with the values recorded being
similar to those of fresh sperm.

X.

Sperm motility, kinetic and velocity parameters, membrane integrity, acrosome
status and mitochondrial membrane potential were not positively affected.

XI.

Supplementation with both HT and DHPG in combination was associated with
significantly lower sperm viability and acrosome status compared to when single
antioxidants were applied, an observation that seems to recommend the use of pure
antioxidants for freezing sperm.

OF THE CHAPTER 4: EFFECT OF OLIVE-DERIVED ANTIOXIDANTS (3,4DIHYDROXYPHENYLETHANOL AND 3,4-DIHYDROXYPHENYLGLYCOL) ON SPERM
MOTILITY AND FERTILITY IN LIQUID RAM SPERM STORED AT 15ºC OR 5ºC. Arando A.,
Delgado J.V., Bermúdez-Oria A., León J.M., Fernández-Prior A., Nogales S., Pérez-Marín C.C.
(UNDER PREPARATION).

XII.

The use of HT, DHPG and the combination of both antioxidants for ovine cooling
sperm showed no significant effect in sperm total and progressive motility, but a
slight positive effect on the kinematic sperm parameters.

XIII. The addition of HT, DHPG and the combination of both antioxidants to cooling
extenders did not showed significant effect on fertility.
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OF THE CHAPTER 5: EFFECT OF THREE COMMERCIAL EXTENDERS ON SPERM
MOTILITY AND FERTILITY IN LIQUID RAM SPERM STORED AT 15ºC OR 5 ºC. Arando
A., Delgado J.V., León J.M., Nogales S., Navas-González F.J., Pizarro M.G., Pérez-Marín C.
C. Acta Veterinaria Hungarica, 67, 2 (2019).

XIV. Results

showed that progressive motility was significantly higher up to 72 h of

storage in sperm samples maintained at 5ºC in comparison with 15ºC, similar in
each tested diluent. Ovixcell extender provides similar in vitro and in vivo efficacy
than Inra 96 and Biladyl, suggesting that it can be a good replacement for animalorigin extenders, in order to avoid potential diseases dissemination.

XV.

The storage of semen at 5ºC offers better results for the conservation of semen
during days compared to the samples stored at 15ºC, which up to 72 hours of storage
begin to decrease the seminal quality.

OF THE CHAPTER 6: CAN COLLOIDAL CENTRIFUGATION SEPARATE THE BEST
SPERM POPULATION IN NORMOSPERMIC RAM SPERM SAMPLES? Pérez-Marín C.C.,
Arando A., Marín A., Delgado J.V. (UNDER PREPARATION).

XVI. SLC is not an effective method for sperm selection when samples containing high
concentration and good quality of spermatozoa are processed.

XVII.

The separation of subpopulations is not efficient after SLC in whole ram

normospermic ejaculates.
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Resumen
La aplicación de la inseminación artificial (IA) en el ganado ovino no está tan extendida como
en otras especies. El éxito de dicha técnica está asociada a diversos factores, entre los cuáles
aquellos relacionados con la composición de los diluyentes o la técnica de preservación serán
objeto de estudio en la presente tesis doctoral.
Para ello, el objetivo del primer estudio que conforma esta tesis fue evaluar el impacto de la
vitrificación sobre la calidad del esperma ovino, utilizando para ello diferentes agentes
crioprotectores (AC) y temperaturas de almacenamiento. Se prepararon dos alícuotas,
mantenidas a temperatura ambiente (22°C) y a 5°C, las cuales fueron sometidas a la exposición
de AC y a vitrificación. El semen fue diluido (1:2) en medios con diferentes concentraciones
de sacarosa (0.4 M, 0.6 M y 0.8 M), además de establecer un grupo control (solo con BSA). En
el momento de la exposición a los AC y tras la vitrificación se evaluaron los parámetros de
motilidad, morfología, funcionalidad de membrana (HOST), viabilidad, integridad del
acrosoma y fragmentación del ADN espermático. La exposición de los espermatozoides a
varias concentraciones de sacarosa mostró diferencias significativas, observándose valores
inferiores de motilidad (total y progresiva), de morfología espermática normal y de
funcionalidad de la membrana cuando se utilizaban mayores concentraciones de sacarosa, con
respecto al tratamiento control. En cambio, en muestras vitrificadas, aunque la calidad
espermática disminuyó drásticamente, la sacarosa ofreció una mayor motilidad total, viabilidad
y funcionalidad de la membrana con respecto al control, estando esta mejora estrechamente
ligada a la temperatura de almacenamiento previa a la vitrificación, con mejores resultados en
muestras almacenadas a 5°C.
En aras de determinar los daños sufridos por los espermatozoides durante la vitrificación, en el
segundo experimento se procedió a analizar las variaciones ultraestructurales de estas células
cuando eran sometidas a diferentes protocolos de criopreservación. Se prepararon alícuotas que
fueron evaluadas a) tras la recolección de semen, b) tras la congelación convencional, c) tras la
vitrificación de muestras mantenidas a temperatura ambiente (22°C) previo a la vitrificación, y
d) tras la vitrificación de muestras mantenidas a 5°C previo a la vitrificación. Se evaluó la
motilidad, la integridad del acrosoma y la fragmentación del ADN. Los cambios subcelulares
fueron evaluados y descritos mediante microscopía óptica, microscopía electrónica de barrido
(MEB) y microscopía electrónica de transmisión (MET). Los espermatozoides mantenidos a
5°C previo a la vitrificación y diluidos con sacarosa a 0.4 M mostraron menores dimensiones
para el área, longitud y anchura de la cabeza en comparación con aquellas muestras
correspondientes a semen fresco, congelado y vitrificado (previamente mantenido a 22 °C). Por
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ello, se hipotetiza que una mayor pérdida de líquido intracelular durante la vitrificación podría
prevenir daños en el espermatozoide a raíz de la reducción de la formación de cristales de hielo,
aunque quizás estos efectos protectores pudieran deberse más a la reducción de cristales
extracelulares como consecuencia de la modificación de las propiedades físicas tras la adición
de altas concentraciones de azucares. Este es el primer estudio ultramicroscópico realizado en
espermatozoides ovinos vitrificados que confirma las alteraciones funcionales del esperma
detectadas previamente.
Durante los procesos de criopreservación del semen, la proliferación de especies reactivas de
oxigeno (EROs) produce un desequilibrio celular que deriva en daños irreversibles. Por ello, en
el tercer y cuarto experimento se planteó el uso de antioxidantes, teniendo en cuenta sus efectos
positivos frente a las EROs descritos por numerosos investigadores. Para ello, en el tercer
estudio se evaluó el efecto de la adición de diferentes concentraciones de dos antioxidantes
derivados del aceite de oliva, el hidroxitirosol (3, 4-dihidroxifenilethanol, HT) y el 3, 4dihidroxifenilglicol (DHPG) durante el proceso de congelación-descongelación. El semen se
diluyó y varias alícuotas fueron complementadas con diferentes concentraciones (10 μg/ml, 30
μg/ml, 50 μg/ml y 70 μg/ml) de HT, DHPG y una mezcla (MIX) de ambos antioxidantes.
También se preparó un grupo control, sin antioxidantes. Se evaluó la motilidad, viabilidad,
integridad del acrosoma, potencial de la membrana mitocondrial y la peroxidación lipídica (PL).
En muestras descongeladas a las que se había añadido antioxidantes, los espermatozoides
mostraron una menor PL, registrando valores similares a los espermatozoides frescos. Por el
contrario, el grupo control (sin antioxidantes) mostró una PL significativamente mayor tras la
descongelación. Cuando se utilizó la mezcla entre HT + DHPG (MIX), se apreció un impacto
negativo sobre la integridad de la membrana de los espermatozoides y sobre la integridad del
acrososoma.
En el cuarto estudio se evaluó el efecto de la adición de HT, DHPG y MIX sobre el semen ovino
durante su almacenamiento a 5ºC y 15ºC. Los espermatozoides se diluyeron para luego
dividirlos en alícuotas suplementadas con diferentes concentraciones (5 μg/ml, 10 μg/ml, 50
μg/ml y 100 μg/ml) de HT, DHPG y una mezcla (MIX) de ambos antioxidantes. Se evaluó la
motilidad del esperma a 0, 6, 24, 48, 72, 96 h tras la dilución del semen y posteriormente la
fertilidad. La adición de antioxidantes no mejoró significativamente la motilidad total y
progresiva para ambas temperaturas. Sin embargo, en las muestras almacenadas a 5ºC, los
valores de LIN (48, 72, 96 h), STR (0 h) y WOB (0, 48, 72, 96 h) disminuyeron
significativamente en comparación con el tratamiento control cuando se agregó una alta
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concentración de antioxidante (MIX100 o HT100). Por el contrario, a 15ºC, MIX50 mostró
valores de VCL significativamente más altos a las 6 h que el tratamiento control. En cuanto al
ensayo de inseminación artificial, aunque se apreciaron valores más altos cuando se utilizó
semen suplementado con antioxidantes derivados del aceite de oliva, no se observaron
diferencias significativas lo que sugiere la necesidad de desarrollar nuevos estudios.
El quinto estudio se centró en evaluar el efecto de diferentes diluyentes sobre la motilidad
espermática y la fertilidad durante el almacenamiento del semen a 5ºC y 15ºC utilizando para
ello diluyentes de origen animal y vegetal. El semen se diluyó en tres diluyentes comerciales:
Inra 96® (INRA) con base de leche desnatada, la fracción A del Biladyl® (BIL) con yema de
huevo y Ovixcell® (OVIX) a base de lecitina de soja. Se evaluó la motilidad espermática a las
0, 6, 24, 48, 72 y 96 h. Para evaluar la fertilidad, se utilizaron muestras almacenadas a 15ºC
diluídas en INRA y OVIX. Los resultados mostraron que la motilidad progresiva fue
significativamente mayor hasta las 72 h de almacenamiento en muestras de esperma mantenidas
a 5ºC en comparación con 15ºC. Cuando las muestras se almacenaron a 5ºC en OVIX, los
parámetros cinemáticos como la velocidad (excepto VCL), la trayectoria (LIN, STR, WOB),
ALH y BCF fueron mayores que para INRA y BIL. No se detectaron diferencias significativas
en la tasa de preñez entre el INRA (62.6%) y OVIX (58.9%). Los resultados sugieren que el
almacenamiento de semen a 5ºC con el diluyente OVIX es una opción interesante, ya que no se
utilizan componentes de origen animal y ofrece una eficacia in vitro e in vivo similar a la de
otros diluyentes de origen animal.
El objetivo del sexto estudio fue analizar la eficacia de un protocolo de separación espermática
de una única capa para la selección de la mejor población de espermatozoides de eyaculados
frescos normales, lo que podría incrementar sus resultados tras la IA. Para este propósito, tres
fracciones de esperma fueron separadas con la ayuda de la centrifugación coloidal de una sola
capa (SLC). Se evaluaron la tasa de recogida espermática, la calidad y las subpoblaciones de
cada fracción obtenida. Se utilizó semen de moruecos con buena calidad seminal, dividido en
dos altas concentraciones espermáticas (800 y 3000 millones spz/ml, C800 y C3000,
respectivamente). Tras su procesamiento mediante SLC se identificaron tres subpoblaciones
diferentes en base a la motilidad espermática: SP1, rápidos y progresivos (36%); SP2, baja
velocidad y sin progresividad (20,1%); y SP3, espermatozoides rápidos y no lineales, con
movimiento flagelar activo (43,9%). Los resultados sugieren que la SLC no permite la
separación adecuada de las poblaciones de espermatozoides cuando se utiliza en las muestras
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de semen de morueco de buena calidad y que contienen altas concentraciones de
espermatozoides.

112

SUMMARY

113

Summary
The application of artificial insemination (AI) in ovine is not as widespread as occur in other
species. The success of the application of this technique is associated with several factors, such
as extender composition or sperm preservation technique, which will be studied in the present
doctoral thesis.
For this purpose, the objective of this first study was to evaluate the impact of vitrification on
the sperm quality using different cryoprotectant agents (CPAs) and storage temperatures. Two
aliquots were prepared, maintained at room temperature (22°C) and at 5ºC, which were
subjected to CPAs exposure and vitrification. The sperm was diluted (1:2) in different sucrose
concentrations (0.4 M, 0.6 M and 0.8 M), as well as establishing a control group (only with
BSA). Motility, morphology, membrane functionality (HOST), viability, acrosome integrity
and sperm DNA fragmentation were evaluated during the sperm exposure to CPAs and after
vitrification. The exposure of spermatozoa to high sucrose concentrations showed significantly
lower total and progressive motility, higher morphologically abnormal spermatozoa and higher
damage in sperm membrane functionality, in comparison with control treatment. On the other
hand, although vitrified sperm suffered a drastic quality reduction, the adition of sucrose
showed a greater total motility, viability and membrane functionality in comparison with
control, being this improvement closely linked to the temperature at which the sperm had been
previously maintained, showing higher values when sperm was stored at 5°C.
In this sense, to determine the damage suffered by the sperm during the vitrification, in the
second experiment we proceeded to analyse ultrastructural variations in ovine spermatozoa
under different cryopreservation protocols. Aliquots were prepared and evaluated a) after the
semen collection and pooling, b) after conventional freezing, c) after vitrification of samples
maintained at room temperature (22 °C) prior to vitrification, and d) after vitrification of
samples maintained at 5°C prior to vitrification. We assessed motility, acrosome integrity and
DNA fragmentation. Subcellular sperm changes were assessed and described by light
microscopy, scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). The maintenance of spermatozoa at 5°C prior to vitrification and the use of 0.4M
sucrose pointed out lower dimensions of area, length and width than fresh, frozen and vitrified
sperm (maintained at 22°C prior to vitrification). Therefore, it could be hypothesized that
greater intracellular fluid loss during vitrification could prevent damages in the spermatozoon
throughout the reduced ice crystals formation, but mainly by the reduction of extracellular ice
crystals due to the physical properties modification obtained when high concentrations of sugars
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are added. This is the first ultramicroscopic study carried out in ovine vitrified spermatozoa,
which confirms the functional sperm alterations previously detected.
During sperm cryopreservation processes, the proliferation of reactive oxygen species (ROS)
produces a cellular imbalance that leads to irreversible damage. Therefore, the use of olive oil
derived antioxidants were evaluated in the third and fourth experiments. The third study
assessed the effect of the addition of hydroxytyrosol (3, 4-dihidroxifenilethanol, HT) and 3, 4dihidroxifenilglicol (DHPG) during the freezing-thawing process. The semen was diluted and
aliquots were supplemented with different concentrations (10 μg/ml, 30 μg/ml, 50 μg/ml and
70 μg/ml) of HT, DHPG and a mixture (MIX) of both antioxidants. A control group without
antioxidants was also prepared. Motility, viability, acrosome integrity, mitochondrial
membrane potential and lipid peroxidation (LPO) were evaluated. When antioxidants were
added, thawed spermatozoa exhibited relatively low LPO, recording values similar to fresh
spermatozoa; by contrast, the control group of frozen-thawed spermatozoa without antioxidants
exhibited significantly higher LPO. The addition of a HT+DHPG mixture (MIX) had a negative
impact on sperm membrane and acrosome integrity
The fourth study evaluated the effect of the addition of HT, DHPG and MIX on ram sperm
during storage at 5ºC and 15ºC. The spermatozoa were diluted and then divided into aliquots
supplemented with different concentrations (5 μg/ml, 10 μg/ml, 50 μg/ml and 100 μg/ml) of
HT, DHPG and a mixture (MIX) of both antioxidants. Sperm motility was evaluated at 0, 6, 24,
48, 72, 96 h after dilution of semen, and fertility was also determined. The addition of
antioxidants did not significantly improve the total and progressive motility for both
temperatures. However, in samples stored at 5ºC, LIN (48, 72, 96 h), STR (0 h) and WOB (0,
48, 72, 96 h) values significantly decreased in comparison with control group when high
antioxidant concentrations were added (MIX100 or HT100). By contrast, spermatozoa
maintained at 15ºC and supplemented with MIX50 showed significantly higher VCL values at
6 h than the control group. According to the artificial insemination trial, no significant
differences were observed when antioxidant were added in the semen extender, although higher
fertility values were observed when semen was treated with antioxidants, suggesting further
studies.
The fifth study evaluated the effects of different extenders on sperm motility and fertility during
storage of semen at 5ºC and 15ºC using animal and plant origin diluents. Semen was diluted in
three commercial extenders: Inra 96® (INRA) based on skimmed milk; Biladyl® A fraction
(BIL) based on egg yolk; and Ovixcell® (OVIX) based on soybean lecithin. Sperm motility
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was assessed at 0, 6, 24, 48, 72 and 96 h. In order to evaluate fertility, samples stored at 15ºC
were used after dilution in INRA and OVIX. Results showed that progressive motility was
significantly higher up to 72 h of storage in sperm samples maintained at 5ºC in comparison
with 15ºC, similar in each tested diluent. When samples were stored at 5ºC in OVIX, kinematic
parameters as velocity (except VCL), trajectory (LIN, STR, WOB), ALH and BCF were higher
than in INRA and BIL. No significant differences for pregnancy rate were detected between
INRA (62.6%) and OVIX (58.9%). The results suggested that the storage of semen at 5ºC with
OVIX extender is an interesting option since non-animal components are used and offers
similar in vitro and in vivo efficiency than other extenders containing animal components.
The objective of the sixth study was analyse the efficiency of a one-layer protocol for sperm
separation to select the best sperm population in fresh, normospermic ram ejaculates, which
might increase the AI results. For this purpose, three fractions of sperm were separated by
single layer colloidal centrifugation (SLC). We assessed the rate of sperm collection, quality
and subpopulations of each obtained fraction. Semen from normospermic ram, containing two
high sperm concentrations (800 and 3000 million sperm/ml, C800 and C3000, respectively)
were processed by SLC. Based on the sperm motility, three different subpopulations were
identified: SP1, rapid and progressive (36%); SP2, low velocity and no progressivity (20.1%);
and SP3, rapid and nonlinear spermatozoa, with active flagellar movement (43.9%). Results
suggest that SLC does not allow adequate separation of sperm populations when used on
normospermic ram sperm samples containing high sperm concentrations.
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