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ABSTRACT

Quintero-Moreno, Armando Arturo. 2003. Study on dynamic of sperm population in
semen of stallion, boar and rabbit. 156 pp.

Text in English

The first aim of this study was to test the presence of separate sperm subpopulations
with specific motility characteristics in stallion, boar and rabbit ejaculates by using a
computer-assisted semen analysis system (CASA). Sperm motility descriptors were
analyzed thorough the clustering of variables based on a covariance matrix. This matrix
selects the descriptors of sperm motility that better explain the spermatozoon Kkinetics.
Sperm subpopulations were obtained by disjointing cluster analysis where the observations
are divided into clusters by which each observation belongs to one specific cluster. This
test showed that three separate sperm subpopulations with different motility characteristics
in boar, and four in stallion and rabbit, coexist in the ejaculates. There were significant
(P<0.001) differences in the distribution of these subpopulations among individuals in all
of the studied species, but no clear relationship between motile subpopulation structure and
fertility was obtained. A second aim of the study was to test the possibility for a precise
estimation of the fertilizing ability of mammalian ejaculate based upon the results of semen
analysis. For this purpose, we tested the mathematical combination of several parameters
of the boar and rabbit semen quality analysis as predictive “in vivo” fertility tools The
main mathematical relations utilized among parameters were logistic and linear
regressions. In boar, two mathematical models obtained by logistic regression involving
osmotic resistance test, hyperosmotic resistance test and viability of fresh samples, showed
a significant (P<0.05) relationships between semen characteristics and conception rate.
However, none of the obtained models produced a significant relation between semen
characteristics and litter size. In rabbits, logistic and linear regression analysis rendered
two mathematic, significant (P<0.05) models, with related some semen characteristic
(sperm viability and abnormalities) with “in vivo” fertility and litter size. In stallion, the
study of subpopulations in ejaculates which showed confirmed fertilizing capacity showed
that these ejaculates had the majority of their motile spermatozoa included in a
subpopulation with high progressiveness and low linear velocity. Moreover, all the
ejaculates with proven fertility which have a total sperm count >20x10° spermatozoa/
ejaculate showed all of their motile sperm included in this subpopulation. Our results
support that the use of the values obtained in a standard boar, rabbit and stallion semen
quality analysis to predict life fertilizing ability of a single ejaculate can reasonably be
achieved by applying logistic and linear regression analyses to the parameters included in
this analysis. Thus, our methodology can explain in a systematic manner mammal semen
quality, relating it to conception rate and litter size.

Key words: Mammalian semen analysis, Sperm subpopulations, Conception rate, Litter
size, Functionality tests.



RESUMEN

Quintero-Moreno, Armando Arturo. 2003. Estudio sobre la dinamica de poblaciones
espermaticas en semen de caballo, cerdo y conejo. 156 pp.

Texto en Castellano

El primer objetivo de este estudio fue determinar la presencia de subpoblaciones
espermaticas con pautas especificas de motilidad en semen de caballo, cerdo y conejo. Se
utilizo para este fin el analisis computarizado de la motilidad espermatica (CASA). La
optimizacion de las variables que mejor explican el movimiento espermatico se realizo
mediante un andlisis de agrupamiento de variables basado en el estudio de su matriz de
covarianza. La investigacion demostrd que tres subpoblaciones espermaticas en semen de
cerdos y cuatro en semen de caballo y conejo coexisten en los eyaculados. Se encontraron
diferencias significativas (P<0.01) en la distribucion de estas subpoblaciones en todas las
especies, sobretodo en caballos y en conejos. Sin embargo, no existié una relacion clara
entre las subpoblaciones espermaticas y la fertilidad “in vivo” del semen. Por otra parte, la
estimacion precisa de la capacidad fecundante del eyaculado de mamiferos seria muy util
para la optimizacion de las técnicas de reproduccion asistida. Con este propoésito, se
planted el segundo objetivo de este estudio, que fue determinar la posibilidad de usar la
combinacion matemadtica de varios parametros de calidad seminal en semen de cerdo y
conejo, incluyendo el CASA. En cerdo, dos modelos matematicos obtenidos por regresion
logistica seleccionaron el test de resistencia osmdtica, el test de resistencia hiperosmética y
la viabilidad espermatica como los parametros que mejor predicen la tasa de concepcion
(P<0.05). Sin embargo, ninguno de los modelos hechos por regresion lineal se relaciond
con la prolificidad. En conejo, las regresiones logistica y lineal proporcionaron dos
modelos matematicos significativos (P<0.05) que seleccionaron la viabilidad y las
anormalidades espermaticas como los pardmetros de mayor prediccion de la fertilidad y la
prolificidad. En caballos, los eyaculados con al menos una fertilidad confirmada
presentaron espermatozoides con gran linealidad y progresividad. Ademas, la totalidad de
las muestras fértiles presentaban un numero total de espermatozoides por eyaculado
superior a 20 x10°. Nuestras observaciones respaldan la opinién de que la utilizacion
predictiva de los resultados obtenidos en el andlisis de semen de estos mamiferos puede
conseguirse en forma razonable mediante la aplicacion de analisis de regresion que
permitan relacionar todos los pardmetros de calidad seminal evaluados en cada especie.
Asi, la metodologia empleada explica sistematicamente la calidad del semen de mamiferos,
ademads de relacionarla con la tasa de concepcion obtenida después de la inseminacion
artificial y la prolificidad en los mamiferos evaluados.

Palabras claves: Analisis seminal en mamiferos, Subpoblaciones espermaticas, Tasa de
concepcidn, Tamafio de la camada, Pruebas funcionales.



RESUM

Quintero-Moreno, Armando Arturo. 2003. Estudi sobre la dinamica de poblacions
espermatiques en semen de cavall, porc i conill. 156 pp.

Text en Catala

El primer objectiu d’aquest estudi va ser determinar la preséncia de subpoblacions
espermatiques amb pautes especifiques de motilitat en semen de cavall, porc i conill. Es va
utilitzat per aquest fi 1’analisi computaritzat de la motilitat espermatica (CASA).
L’optimitzacid de les variables que millor expliquen el moviment espermatic es va realitzar
mitjancant una analisi d’agrupament de variables basat en 1’estudi de la seva matriu de
covarianga. La investigacid va demostrar que tres subpoblacions espermatiques en semen
de porc 1 quatre en semen de cavall i conill coexisteixen en els ejaculats. Es varen trobar
diferéncies significatives (P <0.01) en la distribucio d’aquestes subpoblacions en totes les
especies, sobretot en cavalls i conills. No obstant, no va existir una relacio clara entre les
subpoblacions espermatiques i la fertilitat “in vivo” del semen. P’altra banda, 1’estimaci6
precisa sobre la capacitat fecundant de 1’ejaculat de mamifers seria molt util per
I’optimizacié de les técniques de reproduccid assistida. Amb aquest proposit, es va
plantejar el segon objectiu d’aquest estudi, que va ser determinar la possibilitat d’utilitzar
la combinaci6 matematica de varis parametres de qualitat seminal en semen de porc i
conill, incloent el CASA. En porc, dos models matematics obtinguts per regressio logistica
varen seleccionar el test de resisténcia osmotica, el test de resisténcia hiperosmotica i la
viabilitat espermatica com els parametres que millor prediuen la taxa de concepcid
(P<0.05). No obstant, cap dels models fets per regressio lineal es va relacionar amb la
prolificitat. En conill, les regressions logistica i lineal van proporcionar dos models
matematics significatius (P<0.05) que van seleccionar la viabilitat i les anormalitats
espermatiques amb els parametres de major prediccié de la fertilitat i la prolificitat. En
cavalls, els ejaculats amb almenys una fertilitat confirmada van presentar espermatozoides
amb gran linealitat i progressivitat. A més, la totalitat de les mostres fertils presentaven un
numero total d’espermatozoides per ejaculat superior a 20 x 10°. Les nostres observacions
recolzen 1’opini6 de que la utilitzacié predictiva dels resultats obtinguts en I’analisi de
semen d’aquests mamifers pot aconseguir-se de forma raonable mitjancant I’aplicaci6 dels
analisis de regressi0 que permetin relacionar tots els parametres de qualitat avaluats en
cada especie. Aixi, la metodologia utilitzada explica sistematicament la qualitat del semen
de mamifers, a més de relacionar-la amb la taxa de concepcid obtinguda després de la
inseminacio6 artificial i la prolificitat en els mamifers avaluats.

Paraules claus: Analisi seminal en mamifers, Subpoblacions espermatiques, Taxa de
concepcid, Tamany de la camada, Proves funcionals.
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CAPITULOI:
INTRODUCTION Y OBJETIVOS

1. Introduccién

Investigaciones recientes han demostrado la existencia de subpoblaciones espermaticas
en eyaculados frescos y conservados en algunos mamiferos. Estas subpoblaciones han sido
definidas de acuerdo a patrones especificos de movimiento espermatico, observandose en
especies como el mono titi, la gacela, el cerdo y el perro (Holt, 1996; Abaigar y col, 1999 y
2001; Rigau y col, 2001, Thurston y col, 2001). La existencia de esta estructura en la
mayoria de los mamiferos estudiados, a pesar de sus diversos origenes filogenéticos,
sugieren la existencia de alguna relacion entre cambios en la estructura subpoblacional de
una muestra seminal y su capacidad fecundante. De aqui se infiere que el estudio y
caracterizacion de estas subpoblaciones pueden abrir una nueva via para mejorar las
técnicas del andlisis seminal en mamiferos. El cerdo es la especie en la cual se ha
profundizado mas en esta linea de investigacion, habiéndose determinado una estructura
dividida en subpoblaciones espermadticas, ya sea por su motilidad o por su morfometria
(Abaigar y col, 1999; Thurston y col, 2001; Hirai y col, 2001). En referencia al caballo y al
conejo, no se han encontrado referencias bibliograficas previas que soporten esta teoria a
pesar del interés comercial y cientifico de estas especies. Por otro lado, la existencia de
subpoblaciones espermaticas con distintos patrones de motilidad no puede apreciarse en el
analisis seminal clasico. Este hecho podria explicar, al menos en parte, las limitaciones de
la interpretacion intrinsecas a dicho andlisis en el caso que la estructura de las
subpoblaciones espermaticas y la capacidad fertilizante del semen tuvieran alguna relacion.
De esta manera, los estudios basados en subpoblaciones espermaticas podrian ser
importantes para lograr una mejor definicion de la calidad seminal en mamiferos .Por lo
tanto, estos estudios podrian tener también una repercusion econdémica muy importante, al

ayudar a una mejor comercializacion de dosis seminales con mayor garantia de calidad.



La presencia de las subpoblaciones espermaticas con caracteristicas especificas de
motilidad puede ser analizada mediante el analisis computerizado de la motilidad (CASA).
El CASA realiza mediciones rapidas y objetivas de los parametros de motilidad individual.
Los detalles técnicos del CASA han sido descritos ampliamente por Boyers y col (1989),
mientras que otros estudios mas recientes han explicado aspectos practicos de operatividad
con este sistema (Davis y Katz, 1993; Davis y Siemers, 1995; Irvine, 1995; Krause, 1995;
Mortimer, 2000; Verstegen y col, 2002). Los resultados obtenidos en el CASA se procesan
posteriormente mediante analisis estadisticos multivariados, que permiten hacer el estudio
de las caracteristicas de las subpoblaciones espermaticas con un alto grado de precision
(Renard y col; 1996; Holt, 1996; Abaigar y col; 1999 y 2001; Thurston y col; 2001). Los
analisis multivariados también han permitido estudiar la relacion entre las motilidad
espermatica de muestras criopreservadas de humanos y su capacidad de fecundacion “in
vitro”, con resultados positivos (Davis y col, 1991 y 1995). Estos estudios sugieren por lo
tanto, que el uso de los analisis multivariados mejora grandemente la identificacion de las
subpoblaciones espermaticas con caracteristicas especificas de motilidad en un eyaculado.
A pesar de todo, un inconveniente del CASA es que el software utilizado aporta una gran
variedad de descriptores de la motilidad espermatica, los cuales en su mayoria estan
altamente correlacionados. Este hecho dificulta la seleccion de parametros que mejor
explican el movimiento espermatico. Por lo tanto, es necesario buscar el modelo estadistico
mas adecuado para emplearlo en los andlisis, conservando esta manera la mayor cantidad
posible de informacion. La mejor alternativa es hacer andlisis estadisticos multivariados
basados en el agrupamiento de variables (parametros) y de observaciones
(espermatozoides) en funcion de sus caracteristicas comunes. Esto permite separar
objetivamente los espermatozoides de la muestra seminal en subgrupos, ademas de
explicar sus patrones cinéticos con las variables que mejor lo describen (Quintero y col,

2001; Rivera y col, 2002).

En referencia al semen equino, no existen citas bibliograficas sobre el estudio de las
subpoblaciones espermadticas, a pesar del interés practico que podria tener este
conocimiento en esta especie. Precisamente, las pruebas clasicas suelen tener un valor
relativo en la determinacion de la calidad seminal equina (Caiza de la Cueva, 1997). Por lo
tanto, la sistematizacion de una prueba basada en el andlisis de subpoblaciones puede ser
especialmente importante en esta especie. De esta manera, es relevante determinar la

distribucion de las subpoblaciones en eyaculados fértiles y en semen refrigerado o



descongelado para poder definir de una manera mas efectiva la calidad del eyaculado y asi

distribuir comercialmente dosis seminales con mayor certeza respecto a su calidad.

En referencia al semen porcino, como ya se ha dicho es la especie con mas estudios
publicados respecto a su estructura espermatica subpoblacional. Ademas, debido a la gran
importancia comercial que tiene el cerdo a nivel mundial, existe un gran nimero de
investigaciones donde se discuten aspectos reproductivos, correlaciondndose los
parametros de calidad seminal con la fertilidad (Berger y col, 1996; Gadea y col, 1998;
Pérez-Llano y col, 2001). No obstante, pocos experimentos han disefiado andlisis
estadisticos de relacion entre andlisis seminal y fertilidad en porcino utilizando regresiones
lineales o logisticas (Holt y col, 1997; Gadea y col, 1998), asi como tampoco aparecen
muchos estudios que relacionan la estructura subpoblacional con la fertilidad (Abaigar y

col, 2001).

Por ultimo, entre las especies estudiadas, el conejo es mamifero mas pequefio al cual se
le puede extraer semen facilmente para evaluar en el laboratorio. El analisis de la calidad
espermatica de semen del conejo es frecuentemente usado para estudios de toxicidad
reproductiva, posteriormente aplicados en medicina humana (Amann, 1982). Sin embargo,
los resultados de este analisis presentan grandes limitaciones, ya que todavia se realiza la
evaluacion de pardmetros como la motilidad total de una manera subjetiva, minimizando
su importancia como indicador de la calidad seminal. Conjuntamente al interés que tiene el
conejo en toxicologia humana, la inseminacion artificial se ha convertido en un proceso
rutinario en explotaciones comerciales intensivas de esta especie, sobretodo en Italia,
Francia, Hungria y Espafia (Roca y col, 2000). En este sentido, la optimizacion del analisis
seminal del conejo es necesaria para mejorar la productividad en esta especie,
conociéndose muy poco sobre la relacion que existe entre los parametros seminales y la

fertilidad o la prolificidad en conejos.

2. Objetivos

El primer objetivo general del presente trabajo es el de explorar la informacion aportada
por el anélisis de motilidad esperméatica (CASA) y determinar las posibles subpoblaciones
moviles presentes en los eyaculados de caballo, cerdo y conejo. La finalidad de este

estudio es el de conseguir disefar un procedimiento de aplicacion del CASA que permita



mejorar el analisis seminal tradicional en mamiferos. Para ello se planted la siguiente

metodologia de trabajo:

1. Optimizar los descriptores de la motilidad espermatica aportados por CASA mediante

una seleccion estadistica reductora.

2. Determinar la presencia de subpoblaciones espermaticas en muestras seminales diluidas

de caballos, cerdos y conejos, ademds de determinar su relacion con la fertilidad.

3. Sefialar la asociacion existente entre las subpoblaciones encontradas y el semental

(caballo/ cerdo) o grupo genético (conejo) evaluado.

4. Precisar la asociacion existente entre las subpoblaciones encontradas frente a otros

parametros importantes de calidad seminal.

El segundo objetivo general del estudio fue el de determinar una posible relacion entre
el andlisis seminal en su conjunto de los eyaculados equinos, porcinos y cunicolas y la

capacidad fecundante de estos. Para ello se sigui6 el esquema de:

1. Determinar la relacién de los resultados obtenidos del andlisis seminal frente a la
tasa de concepcion en yeguas, cerdas y conejas.
2. Precisar la relacion entre los resultados obtenidos del analisis seminal y el tamafio

de la camada en cerdas y conejas.
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CAPITULO I1:
REVISION BIBLIOGRAFICA

Muchos investigadores en el area de reproduccion animal estan tratando de disefiar el
“analisis seminal ideal”, que valore adecuadamente y prediga la fertilidad de una muestra
seminal. Asi, el andlisis de semen ideal seria aquel que de forma sencilla y eficaz
permitiera conocer de manera predictiva la capacidad fecundante de un eyaculado
concreto. Segiin Graham (1996), las cualidades que deben tener los espermatozoides de un
eyaculado fecundante son: motilidad progresiva, morfologia normal, metabolismo
energético activo, capacidad para desarrollar una motilidad hiperactivada, integridad
estructural y funcional de la membrana, integridad de las enzimas asociadas con la
fecundacion, capacidad de penetracion y transferencia optima del material genético. Sin
embargo, este analisis integral es muy dificil de desarrollar, debido a que la enorme
complejidad inherente a la funcion espermdtica (Amann y Hammerstedt, 1993; Graham,
1996, Caiza de la Cueva, 1998). Esta complejidad eleva a la evidencia el hecho de que el
analisis clasico basado en el estudio de la motilidad, la concentracidn, la viabilidad, las
anomalias morfologicas y el estado del acrosoma no permite evaluar todas las
caracteristica funcionales espermaticas, sobreestimando o subestimando asi el potencial
fecundante de una muestra (Butler y Roberts, 1975; Graham y col, 1980; Saacker y col,
1980; Pace y col, 1981).

Los estudios actuales sobre contrastacion seminal persiguen como objetivo final
identificar algin pardmetro cinético, morfolégico o bioquimico que indique el estado de la
célula espermatica en un momento dado y que también pueda ser correlacionado con la
fertilidad y calidad del eyaculado. No hay que olvidar que el objetivo del examen
cualitativo del semen es asegurar que la fertilidad subsiguiente de dicho semen sea 6ptimo.
Sin embargo, las técnicas de contrastacion del semen, tanto para la utilizacion en
investigacion como en la practica deben ser precisas, sencillas, rapidas y econdmicas.
Hasta ahora, las pruebas rutinarias que se realizan en los centros de inseminacion artificial

para detectar problemas de baja fertilidad e infertilidad cumplen dichas premisas. Ahora



bien, también es cierto que muchas veces dicha pruebas no son totalmente indicativas de la

calidad seminal o de la fertilidad de un animal.

Asi pues, la evaluacion de semen tiene una gran importancia en el diagnostico de la
capacidad fecundante de los espermatozoides de un eyaculado. Ello deriva en un
diagnodstico que en caso de ser desfavorable, plantearia la necesidad de un tratamiento
clinico o incluso el descarte del animal como reproductor (Caiza de la Cueva, 1998).
Actualmente, el andlisis seminal clasico ha mejorado mediante la introduccion de nuevas
técnicas analiticas procedentes de otros campos de la investigacion cientifica. Asi, el
estudio de la motilidad espermatica, la concentracion espermatica y las anomalias
morfoldgicas que anteriormente se hacian de una manera subjetiva, pueden realizarse hoy
en dia mediante el uso de métodos computarizados de andlisis (Budworth y col, 1988;
Samper y col, 1991; Palmer y Magistrini, 1992; Tuli y col, 1992; Varner y col, 1991; Davis
y col, 1993; Ball y Mohammed, 1995; Holt, 1996; Vazquez y col, 1997a). La
implementacidn de estos métodos informdticos atentia en gran parte el factor subjetivo del
analisis seminal y garantiza una mejor correlacion con la capacidad fecundante del

espermatozoide (Jasko y col, 1992).

1. Técnicasde andlisisde calidad seminal

El analisis seminal o espermiograma incluye una serie de pruebas que evaluan diversos
factores o funciones de la célula espermatica. Como resultado del andlisis seminal
podemos calificar a la muestra como apta o no apta para su uso en inseminacion artificial.

Entre todas las pruebas disponibles detallaremos las siguientes:

1.1. Concentracion espermatica

La concentracion espermatica es una de las pruebas de andlisis seminal méas importante.
Existe una variabilidad muy grande en la concentraciéon de un eyaculado a otro, siendo
importante conocer el nimero de espermatozoides por eyaculado, ya que de este pardmetro
depende el nimero de hembras a inseminar. La concentracion puede calcularse por varios
métodos a partir de una muestra de semen. Entre estos métodos destaca la

espectrofotometria, la colorimetria, la citometria de flujo y el uso de cdmara de recuento



celular como las de Biirker, Neubauer o Thoma (Woelders, 1990; Hafez, 2000; Noakes y
col, 2001).

La espectrofotometria es un método indirecto, capaz de medir la luz monocromatica
absorbida por las particulas en suspension o los espermatozoides. La medicion de la
densidad optica de la muestra es comparada frente a una curva estdndar patrén previamente
validada. Esta comparacion permite conocer el nimero de espermatozoides (Woelders,
1990; Noakes y col, 2001). El método de citometria de flujo tampoco es realmente un
método directo. Sin embargo, puede determinar el nimero de particulas por unidad de
volumen, aunque no puede asegurar que todas estas particulas son realmente
espermatozoides (Woelders, 1990). En eyaculados de conejo este técnica puede inducir a
error debido a la gran cantidad de impurezas que presenta el semen (Gonzalez-Urdiales;

2002).

El método mas extendido es la utilizacion de la cdmara de recuento celular. Este andlisis
se lleva a cabo mediante contaje en un microscopio Optico con el que se examina la
muestra de semen previamente diluida con soluciones fijadoras (formaldehido, cloraceno,
etc). Los preparados se mezclan cuidadosamente y se cuentan en el microscopio Optico con
un aumento de 100X o 400X, empleando por comodidad un contador manual. El contaje se
puede realizar de varias maneras; contando todos los espermatozoides que se encuentran
dentro de todos los cuadrados de la cadmara o contando aquellos que estan en los cuadrados
externos y centrales (Figura 1). Se cuentan ambos lados del hemocitometro y finalmente se
calcula el promedio. Este método es econémico y facil de llevar a cabo (Hefez, 2000), si
bien el nimero de células contadas puede ser superior al de otros métodos (Woelders,

1990).

Figura 1. Camara de Neubauer




Los resultados obtenidos en la camara de recuento celular presentan mayor coeficiente
de variacion (12,3%) que en el espectrofotometro (2,9%) y que la citometria de flujo
(2,3%) lo cual ha llevado a afirmar que el espectrofotdmetro y la citometria de flujo son las

técnicas mas precisas para el recuento espermatico (Paulenz y Hofmo; 1996).

1.2. LaMotilidad total

La motilidad es uno de los parametros mas importantes de la analitica seminal. Existen
varias técnicas de estudio de la motilidad, pero la mas utilizada y a la vez la mas simple es
la valoracion visual subjetiva del porcentaje de espermatozoides moviles y la calidad de su
movimiento. Para la realizacion de esta valoracion todo el material usado debe de estar en

condiciones de normocinesis (temperatura de 37°C).

Los espermatozoides pueden presentar 2 tipos de movimientos:
Movimiento de rotacion (alrededor de su eje).
Movimiento progresivo (desplazamiento de la célula), el cual a su vez puede ser: lineal

o circular.

Dentro de la motilidad total un caso especial hace referencia a la denominada
“motilidad masal” que es unicamente evaluable en eyaculaciones de mamiferos con
concentraciones espermaticas muy elevadas, como es el caso de los rumiantes. Se
determina depositando una gota de la muestra seminal sin diluir sobre un porta-objetos
atemperado en una placa térmica y se visualiza sobre la muestra en un microscopio Optico
a 40 aumentos. Se evaltia de forma subjetiva el movimiento de las células espermaticas en
su conjunto. Se les da una valoracion del 0 al 5 o del 0 al 100% segun la preferencia del
técnico evaluador. La motilidad individual se obtiene utilizando mediante observacion en
microscopio optico a 100-400 aumentos de una gota seminal (generalmente diluida)
dispuesta entre portaobjeto y cubreobjeto. En este caso se valoran dos pardmetros: Primero,
el porcentaje estimado de espermatozoides que muestran algun tipo de movimiento o
“motilidad total”. Segundo, el porcentaje de espermatozoides motiles que presentan un
movimiento progresivo o “motilidad progresiva”. Por otro lado, el porcentaje de
espermatozoides con movimientos no progresivos nos valorara la motilidad “in situ” de la
muestra. La estimacién de la motilidad total y la progresiva sera una indicacion de la

calidad de movimiento que presente la muestra seminal.



1.3. Integridad de la membrana esper matica

La integridad de la membrana espermatica ha sido uno de los parametros mas
estudiados, por su papel clave en la funcion espermatica. De hecho, el estado de la
membrana espermatica marca la integridad morfologica y funcional de la célula
(Rodriguez-Martinez y col, 1997). La evaluacion morfolédgica se realiza usando la doptica
de contraste diferencial de interferencia o de Nomarski, la ptica de contraste de fase o las
tinciones supravitales como el verde rapido/eosina, la eosina/azul de anilina, el azul
tripan/Giemsa (figura 2A) o el amarillo de naftol/eritrosina. También el examen a través de
la microscopia electronica de transmision o de barrido ha sido valiosa para determinar
aspectos de integridad espermadtica (Rodriguez-Martinez y col, 2001). Sin embargo, la
mayor parte de estas técnicas aportan solo informacion estructural parcial, y suelen ser
tediosas y costosas. Ademas, aun cuando algunas técnicas morfologicas informa de los
dafios de la membrana plasmatica, estos resultados no siempre estan correlacionados con la
fertilidad del semen, a menos que el dafio que presenten los espermatozoides sea muy
importante (Rodriguez-Martinez y col, 2001). De hecho, posiblemente la tincidn mas
utilizada es la eosina-nigrosina (Figura 2B), la cual es muy econdémica, asequible y facil de
realizar. Esta técnica tifie de color rosado aquellos espermatozoides que presentan una
membrana alterada, mientras que los espermatozoides vivos se observan de color blanco
sobre un fondo purpura. Uno de los primeros autores que utiliz6 la eosina como colorante

vital fue Murosoff (1930; citado por Garcia-Artiga y col, 1994).

A B

Figura 2.
Arriba: Tinciones espermaticas (A: tincion de azul trypan/Giemsa en espermatozoide de
verraco; B: tincion de eosina nigrosina en espermatozoide de verraco.



Posteriormente, son numerosos los trabajos de investigacion que determinan las
diferencias entre los espermatozoides viables y no viables dentro de un eyaculado
utilizando esta tincién, conjuntamente con otras técnicas (Bamba, 1988). Actualmente se
estan utilizando también diversas tinciones fluorescentes, las cuales presentan una mejor
precision en el estudio de las caracteristicas de la membrana espermatica (Harkema y
Boyle, 1992; Magistrini y col, 1997). Asi, se ha estado utilizado ampliamente el diacetato
de carboxifluoresceina y el ioduro de propidio, Con estas técnicas se visualizan los
espermatozoides funcionales de color verde frente a los espermatozoides muertos que se

observan de color naranja.

1.4. Estado del acrosoma

El acrosoma juega un papel fundamental en la fecundacion y esta importancia hace que
convenga realizar una valoracion especifica del mismo. En un espermatozoide que tenga el
acrosoma en perfectas condiciones se pueden distinguir tres regiones claramente
diferenciadas en la cabeza: la zona acrosomal, con su borde apical, la zona postacrosomal y
el segmento ecuatorial entre ambas. Las muestras seminales con alta proporcion de
acrosomas alterados o ausentes suelen tener una fertilidad baja. Para determinar el estado
del acrosoma se han usado desde hace mucho tiempo diferentes tinciones. Entre éstas
tenemos la tincion de Giemsa (Watson, 1975), la eosina—fast green (Wells y Awa, 1970), la
eosina/nigrosina (Bamba, 1988), las dobles y triples tinciones basadas en la combinacion
de azul tripdn con otros colorantes (Talbot y Chacon, 1981; Vazquez y col, 1992;
Rodriguez—Gil y col, 1994) y tinciones comerciales como el Spermac (Oettlé, 1986).
Recientemente, se han utilizado anticuerpos acrosomales especificos marcados con
fluorescencia (Blach y col, 1988). Sin embargo, la manera mas rapida de determinar el
estado del acrosoma en aquellas especies donde el espermatozoide es lo suficientemente
grande como para permitirlo es fijar la muestra en una solucién de glutaraldehido y
visualizas seguidamente de forma directa la estructura acrosomal en un microscopio con
contraste de fase. Con este sistema distinguimos un borde apical nitido que se corresponde
con el acrosoma, asi como las posibles alteraciones del mismo. El estado del acrosoma
también puede ser evaluado mediante el empleo de lectinas que, junto con el ioduro de
propidio, permiten estudiar el proceso de reaccidon acrosomica. Las lectinas también se han
venido utilizando desde hace mas de una década debido a su capacidad de adherirse a las

glicoproteinas especificas del acrosoma, permitiendo asi un adecuado estudio de su



funcionalidad (Cross y Meizel, 1989). Estas técnicas han sido validadas para semen equino
(Farlin y col, 1992; Casey y col, 1993; Meyers y col, 1995; Maxwell y Johnson, 1997) y de
verraco (Vazquez y col, 1996).

1.5. Produccién de L-lactato:

La produccion de L-lactato es un indicador del estatus metabdlico de los
espermatozoides. La gran capacidad que tiene el espermatozoide para metabolizar azucares
como la glucosa o fructosa es la base para desarrollar este tipo de prueba (Rigau y col,
1996). La determinacion de la produccion de L-lactato a partir de un medio con una
concentracion conocida de fructosa es una prueba funcional que ha mostrado una
correlacion aceptable con la fertilidad in vivo en el cerdo (Rigau y col, 1996). La prueba
consiste en incubar 100 puL. de semen en 900 pL de una solucién isoosmotica a pH 7,4 que
contiene 2,94% de citrato de sodio y 5,4% de fructosa (presion osmotica de 300 + 5
mOsm) por 1 hora a 37°C. Tras la incubacion, se centrifuga a 3000Xg durante 20 minutos.
Luego se separa el sedimento obtenido del sobrenadante y se almacenan por separado en
un congelador hasta su medicion. Se determina la cantidad de L-lactato producida en el
sobrenadante segun la determinacion enzimatica descrita por Noll (1984). La cantidad de
L-lactato obtenida se ajusta en funcion de la cantidad de proteina encontrada en el
sedimento. Para obtener el valor proteico, el sedimento celular es resuspendido en 100 pL
de agua destilada, se homogeniza mediante ultrasonidos y se determina la cantidad de

proteina existente usando la técnica de Bradford (1976).

1.6. Técnicas defiltracion de esper matozoides

Las nuevas técnicas de laboratorio han permitido determinar més de una propiedad del
espermatozoide. Asi, la filtracion a través de lana de vidrio y Sephadex (Figura 3) ha
permitido seleccionar y descartar los espermatozoides con alteraciones morfologicas y de
motilidad, asi como su grado de reaccién acrosomica en el cerdo (Fayemi y col, 1979;
Ramio y col, 2003), el toro (Crabo y col, 1992; Anzar y Graham, 1995 y 1996), el bufalo
(Ahmad y col, 2003), el caballo (Samper y col, 1991; Samper y Crabo, 1993; Samper y
col, 1995; Alghamdi y col. 2002) y el perro (Mogas y col, 1998). Es una técnica que
permite seleccionar los espermatozoides de mejor calidad aparente y se basa en el supuesto

de que un espermatozoide normal y vigoroso es capaz de atravesar la barrera de filtracion



sin modificar sus caracteristicas funcionales. Asi, la utilizacion de estas resinas mejora la
calidad del semen de bovino al atrapar células inmoviles o con motilidades muy bajas
(Anzar y Graham, 1995 y 1996) e incrementa la motilidad en semen porcino y equino
(Hammit y Martin, 1989; Samper y Crabo, 1993). Sin embargo, en semen de perro el
efecto de las resinas depende del tipo de lecho mecéanico que sustenta las columnas de
Sephadex (Mogas y col, 1998). La filtracion con Sephadex G-15 en presencia de lana de
vidrio, pero no con una sujecion de polipropileno inerte, atrapa espermatozoides
capacitados que han perdido algunas proteinas externas de la membrana, indicando que
factores como la clusterina induce una interaccion entre los espermatozoides y los filtros

en semen de caballo y toro (Samper y col, 1995; Ibrahim y col, 2001).

Figura 3. Espermatozoide de perro adherido a
una particula de Sephadex G-15 (Mogas y col,
199R)

1.7. Citometriadeflujo

La evaluacion del grado de desnaturalizacion del ADN usando citometria de flujo
(SCSA) parece ser un complemento de gran valor para la evaluacion espermatica (Evenson
y col, 1980). Esta técnica ha permitido analizar entre otras cosas, la concentracion
espermatica, la viabilidad, la funcién mitocondrial y la integridad del acrosoma (Evenson y
col, 1980; Evenson y col, 1982; Evenson y Ballachey, 1986; Auger y col, 1989; Graham y
col, 1990; Henry y col, 1993; Wilhelm y col, 1993; Wilhelm y col, 1996; Papaioannou y
col, 1997; Evenson, 1999; Evenson y Spano, 2002). El método mide el grado de
incremento de la heterogeneidad estructural de la cromatina, la cual se asocia a alteraciones

durante la espermatogénesis. Esta heterogeneidad es visible en forma de anormalidades



espermaticas, la que se refleja en problemas de fertilidad (Rodriguez-Martinez y col,
2001). La instauracion de esta técnica ha permitido el estudio de la estructura de la
cromatina espermatica y la medicion del grado de desnaturalizacion del ADN en especies
como el cerdo (Evenson y col, 1994), el caballo (Kenney y col, 1995) y el toro (Rodriguez-
Martinez, 2000), permitiendo detectar infertilidades idiopaticas, ya que algunos de los
parametros analizados tienen relacion significativa con la fertilidad de los reproductores.
Cuando se somete la muestra a condiciones acidicas y se incuba con colorantes
metacromaticos como la naranja de acridina, el ADN intacto muestra una fluorescencia
verde, mientras que el ADN dafiado muestra una fluorescencia roja. En verracos, la
relacion de espermatozoides verdes: rojos se relaciona con la fertilidad (Evenson y

Thompson, 1990; Evenson y col, 1994).

1.8. Pruebas de penetracion esper matica

Las pruebas de penetracion espermatica permiten una buena determinacion de la calidad
seminal, al evaluar al mismo tiempo diferentes funciones como la motilidad, la capacidad
de sufrir la reaccioén acrosoémica, la penetracion del oocito y la descondensacion del DNA
(Evenson y col, 1980; Didion y col, 1989; Cross y Meizel, 1989; Eaglesome y Miller,
1989). La penetracion de oocitos homodlogos libres de zonas peliicida es una técnica
utilizada en diferentes especies incluidas la equina y la porcina (Cristanelli y col, 1984;
Samper y col, 1989; Zhang y col, 1990; Ivanova y Mollova, 1993; Martinez y col, 1993;
Berger y col, 1996; Xu y Foxcroft, 1996; Gadea y col; 1998). En el toro (Graham y Foote,
1987 a y b) también se ha encontrado una alta correlacion entre la penetracion de oocito de

hamster libres de zonas pelucida y la fertilidad.

1.9. Pruebas de funcionalidad esper matica

La membrana espermdtica es una estructura dindmica que participa en el
reconocimiento y transporte de moléculas. Estas funciones permiten que el espermatozoide
adapte su metabolismo al medio circundante, proporcionando asi un sistema molecular
para el reconocimiento del oocito (Hammerstedt y col, 1990). La evaluacion de la
integridad de membrana constituye una informacion importante en la evaluacion de la
fertilidad del macho (Jeyendran y col, 1984). Ademads, esta integridad no sélo es

fundamental para el metabolismo espermatico, sino que también lo es para una adecuada



capacitacion y reaccion acrosomica, y por ende para la fertilidad del macho (Yanagimachi,
1993). Un grupo de pruebas de funcionalidad espermatica que ha centrado un gran interés
por su simplicidad y su valor predictivo son las de resistencia osmotica. Estas pruebas se
basan en los estudios de Drevius y Eriksson (1966), quienes demostraron la capacidad del
espermatozoide de toro, conejo y hombre para captar agua en un medio hisposmotico.
Estos autores observaron que la hinchazén osmética esta asociada con el enrollamiento de
la cola del espermatozoide, que se desdobla cuando la célula era devuelta a un medio
isoosmotico. Estos cambios fueron confirmados por otros autores que relacionaron este
fenomeno con la capacidad funcional de la membrana del espermatozoide humano
observando una alta correlacion entre la capacidad de hinchamiento del espermatozoide
humano en un medio hispomético y su capacidad de penetracion en oocito de hdmster libre
de zona peltcida (Foote y Bredderman, 1969; Mahi y Yanagimachi, 1973; Jeyendran y col,
1984). Dentro de las pruebas desarrolladas a partir de este fendmeno destacan dos: El test

de endosmosis y el test de resistencia osmatica.

1.9.1. Test de enddsmosis

El test de enddosmosis (Hypoosmotic Swelling test, HOST) consiste en someter a los
espermatozoides a un medio de presion osmotica mas baja que la fisioldgica, lo que causa
una entrada de agua en la célula en un intento de equilibrar la presion osmética interna con
la del medio externo. Para que esta respuesta se produzca, la membrana plasmatica del
espermatozoide debe de estar integra y con los mecanismos de intercambio de fluidos
funcionando correctamente. La entrada de agua provoca en estas células un hinchamiento y
enrollamiento del flagelo. Las células con la membrana fisica o funcionalmente dafiada no
experimentaran cambios en la forma del flagelo (Pérez-Llano y col, 1999). Los valores
obtenidos en esta prueba se correlacionan con otros parametros de calidad seminal, como
la motilidad, la viabilidad o la morfologia. Esta prueba se ha aplicado en el semen del
hombre (Zaneveld y Jeyendran, 1990; Jeyendran y col, 1992; Van den Saffele y col, 1992),
del toro (Correa y Zavos, 1994; Correa y col, 1997), del perro (Kumi—Diaka, 1993; Kumi—
Diaka y Badtram, 1994; Rodriguez—Gil y col, 1994; Sanchez y col, 2002), del caballo (Von
Buiten y col, 1989; Caiza de la Cueva, 1997 a y b) y del cerdo (Véasquez y col, 1996;
Vazquez y col; 1997 b; Pérez Llano y col, 1998 a y b). Por otra parte, presenta una elevada
correlacion con el test de penetracion en ovocito de hamster en semen humano (Jeyendran

y col, 1984). En humanos se ha encontrado una correlacion elevada entre los resultados de



HOST vy los obtenidos en fecundacién “in vitro” (Van der Ven y col, 1986). En cerdos, si
la presion osmotica es demasiado baja, la membrana plasmadtica se rompe y el flagelo
aparece de nuevo recto, por lo que se confundiria con un espermatozoide que aun no ha
reaccionado (Pérez Llano y col, 1998b). En la misma especie, el HOST detecta una
subpoblacion de espermatozoides viables que no reacciona al test, siendo asi una prueba
mas sencilla a la hora de evaluar la viabilidad que la tincidon de eosina-nigrosina o las
tinciones fluorescentes (Pérez-Llano y col, 2003). En la especie humana, el test HOST
parece ser un buen método predictivo de la capacidad fecundante “in vitro” e “in vivo” del
semen (Check y col, 1989; Zaneveld y Jeyendran, 1990; Verheyen y col. 1997), sin

embargo, no todos los autores avalan estos resultados (Rogers y Parker, 1991).

En los espermatozoides funcionalmente alterados no se produce la captacion selectiva
de agua de forma adecuada alcanzandose asi un equilibrio pasivo entre los medios intra y
extracelular que no provoca cambios morfologicos apreciables. Por otra parte, el
hinchamiento de las células se puede provocar mediante otras vias distintas al descenso de
la osmolaridad del medio que rodea a las células. Soluciones isosmoticas de solutos polares
como el glicerol puede provocar el hinchamiento celular debido a la capacidad de estas
sustancias de arrastrar agua cuando atraviesan la membrana celular, alterando asi el
equilibrio de las presiones osmoticas internas y extremas (Hammerstedt y col, 1990). De
esta manera, las alteraciones celulares atribuidas al glicerol parecen estar mas relacionadas
con un shock osmético que con la toxicidad quimica (Watson, 1979; Critser y col, 1988;
Frim y Mazur, 1983; Gao y col, 1992). A pesar de todo ello, todavia existe un gran
desconocimiento sobre los mecanismos moleculares especificos que el espermatozoide

utiliza para reaccionar frente a un medio hispomético.

1.9.2. Test deresistencia osmoética

Se ha desarrollado otro test basado en el porcentaje de espermatozoides que presentan
una alteracion estructural evidente en el acrosoma tras su incubaciéon en un medio
hiposmético (Schilling y col, 1984 y 1986; Tamuli y Watson, 1992, Correa y Zavos, 1994;
Gil y col 2000). Esta prueba se denomina test de resistencia osmotica (ORT) y presenta
una correlacion negativa con la capacidad fecundante del espermatozoide (Schilling y
Vengust, 1985; Schilling y col, 1986). Por lo tanto, este test permite analizar el potencial

reproductivo de los machos mediante el analisis de la calidad espermatica. Se fundamenta



en someter los espermatozoides a un medio hipoosmético, de forma que aquellos
funcionales no mostrardn alteraciones a nivel acrosomico (Pérez-Llano y col, 1998 b,c). La
prueba en si consiste en diluir 100 a 200 microlitros de semen en 1 ml de una solucion
fisiologica ajustada a 300 mOsm/Kg incubandose durante 30 minutos. La evaluacion del
estado de los acrosomas tras esta incubacién permite comparar la resistencia osmotica de
las membranas de distintos eyaculados, asi como predecir el comportamiento de los
mismos tanto en lo referente a la fertilidad (Schilling y col, 1986) como a la capacidad de
conservacion (Schilling, 1984, Schilling y Vengust; 1985). Se ha creado una variante de
esta prueba que se denominada ORT corto (ORTC) en el que el periodo de incubacion se
reduce a 5 minutos, de manera que puede ser usada dentro de la rutina diaria en los centros

de inseminacion artificial (Pérez-Llano y col, 1998 c).

1.10. Parametr os bioquimicos relacionados con la calidad seminal

Los métodos bioquimicos para la valoracion de la calidad seminal se pueden clasificar
en métodos de evaluacion celular (composicion fosfolipidica de la membrana espermatica,
actividad de enzimas como la aspartato aminotrasferasa o la acrosina y el estado de la
cromatina) y de evaluacion del plasma seminal (proteinas totales, niveles de zinc, etc.), los

cuales se describen a continuacion.

1.10.1. Fosfolipidos de la membrana esper matica

En los tltimos afios se han incrementado los estudios referentes a los componentes de
membrana espermatica, ya que esta juega un papel preponderante en los procesos de
conservacion de los espermatozoides. En estudios recientes realizados en células
espermaticas de verraco, se observa que en eyaculados de alta calidad, la fosfatididilcolina
(FC) estda presente en mayor cantidad y la esfingomielina en menor proporcion,
disminuyendo y aumentando respectivamente cuando la calidad es peor (De Alba y col,
1996). Los lipidos que forman la membrana celular estan involucrados en la respuesta de
los espermatozoides a la conservacion del semen (O’'Rand, 1979; Quinn y col, 1980). Asi,
la FC puede tener efecto protector durante el enfriamiento de la célula. Esto explicaria que
un mayor contenido de FC en el semen podria mejorar la conservacion de dicho eyaculado,
ya que la FC colabora a que la motilidad, el estado del acrosoma y el metabolismo celular

sean normales (Blesbois y Hemier, 1990). Cuando se refrigera o congela un eyaculado



previamente diluido, la membrana de la célula espermatica es el primer lugar donde se
manifiestan los efectos del estrés por frio. La sensibilidad al frio esta relacionada con la
composicion y estructura de la membrana de los espermatozoides. Segun el modelo de la
membrana formulado por Singer y Nicholson (1972), ésta presenta una estructura a modo
de mosaico fluido con una doble capa lipidica y proteinas entremezcladas formando una
matriz de cristales liquidos, donde tanto los lipidos como proteinas pueden realizar
movimientos de traslacion dentro de la bicapa (Figura 4). Por lo tanto, la susceptibilidad de
la célula al enfriamiento est4 relacionada con la composicion lipidica de la membrana del

espermatozoide. Este hecho explica que los espermatozoides de especies como el verraco,

Figura 4. Estructura de membrana en mosaico (Singer y Nicholson, 1972).

el toro o el morueco, en cuya membrana la relacion acidos grasos insaturados/ acidos
grasos saturados es muy alta, sean mas sensibles al frio (Koehler, 1985; citado por De Alba
y col; 1997). La susceptibilidad al choque térmico se ha relacionado también con el
contenido del colesterol y fosfolipidos de la membrana espermatica. Asi, las especies mas
sensibles al choque térmico tienen un contenido de colesterol mas bajo que el de las
especies mas resistentes como el hombre y el perro (White y Darin-Bennett, 1976). En
estudios realizados por De Alba y col (1996), se observan cambios en la composicion
fosfolipidica de la membrana espermatica en el semen del verraco durante su disolucion y
posterior conservacion a 15° C. Por lo tanto, la disolucion produce cambios en la estructura
de la membrana, lo que se traduce en la capacidad de conservacion de dicho eyaculado. De
hecho, la composicion fosfolipidica de la membrana espermatica del verraco es diferente

con respecto a aquellas especies menos sensibles al choque frio (Darin-Bennett y White,



1975; Darin-Bennett, 1977; Watson y Plummer, 1985). Incluso entre eyaculados de
distintas razas también existen diferencias en cuanto a la composicion fosfolipidica de la
membrana (Saiz-Cidoncha y col, 1994). Este hecho podrda estar en la base de las

diferencias individuales existentes respecto a la resistencia osmotica en esta especie.

1.10.2. Actividad enzimética de |la aspartato aminotransfer asa

La aspartato aminotransferasa (AST) es una enzima cuya funcion consiste en transferir
grupos amino del aspartato a moléculas de oxalacetato para formar glutamato. Se
encuentra en las células en forma mitocondrial (mAST) y citoplasmatica (cAST; Ciereszko
y Strzekek, 1989). La actividad de esta enzima en el aparato reproductor de los mamiferos
se localiza principalmente en los espermatozoides, en el liquido epididimario y en las
secreciones prostaticas. La sintesis de esta enzima esta controlada por los androgenos
(Dubiel y col, 1987). Se ha descrito que todo factor que suponga un aumento de la
actividad enzimatica en el fluido extracelular dard como resultado un descenso de la
fertilidad de ese eyaculado (Strzezek y Swidowick, 1986). Sin embargo, en semen fresco
de verraco se ha observado que una actividad de AST elevada es indicativa de una mejor
calidad seminal (De Alba y col, 1996). En esta misma linea estan los estudios de Ciereszko
y col (1990), los cuales describieron la correlacion existente entre la motilidad, la
concentracion espermatica y la actividad AST. Segln estos autores, la enzima se libera del
espermatozoide bajo el efecto de varios factores fisicos-quimicos, y esta actividad
extracelular esta correlacionada con la calidad del semen. Del mismo modo, se ha descrito
que la actividad AST varia durante la conservacion del semen, estando correlacionada con
la capacidad de conservacion del eyaculado (Strzezel y col, 1987; De Alba y col, 1996). La
actividad AST extracelular es 5 veces superior en muestras con espermatozoides moviles
que en las que contienen células inmdviles, observandose una correlacion significativa
entre la concentracion espermatica y la actividad de la enzima (Cierezko y col, 1990; Saiz-
Cidoncha y col, 1994). Esto significa que la AST esta implicada en la supervivencia de los
espermatozoides, dado que, seguramente el espermatozoide muere inmediatamente

después de perder su motilidad

La cuantificacion de la AST es relativamente sencilla. El método esta basado en la
accion de la enzima sobre un substrato formado por acido 2-oxoglutotarico y acido DL-

aspartico, en presencia de piridoxal fosfato, afiadiendo EDTA para la inhibicion de la



accion de las fosfatasas. El color desarrollado en la reaccion se mide por

espectrofotometria a 505nm (Strzezek, 1984; citado por De Alba, 1997).

1.10.3. Determinacion dela acrosina

La acrosina deriva de una proenzima inactiva denominada proacrosina que se ha
identificado y cuantificado en el conejo y el verraco (Huang-Yang y Meizel, 1975;
Polakoski y Zaneveld, 1984). La acrosina es una enzima con caracteristicas similares a la
tripsina y se encuentra en la pared acrosomal interna del acrosoma (Baccetti, 1979). Esta
enzima juega un papel esencial en la penetracion del espermatozoide en el 6vulo (Brown y
Harrison; 1978; Bedford y Cross, 1978). La liberacion de acrosina después de un choque
frio, al igual que ocurre en el caso de la AST, indica el estado de permeabilidad de la

membrana espermatica, y consecuentemente el grado de deterioro de la misma.

La cuantificaciéon de la acrosina requiere una didlisis previa para la eliminacion de
inhibidores del paso de la proacrosina a la acrosina En un trabajo realizado por Marigorta y
col (1995) en semen congelado de verraco, se demuestra que la liberacion de acrosina y de
AST de la célula espermatica durante el proceso de congelacion son paralelas y estan

altamente correlacionadas.

1.10.4. Estado de condensacion de la cromatina

La determinacion del estado de condensacidon cromdtica es un pardmetro importante
para la determinacion de la calidad seminal en semen conservado, ya que las lesiones a
nivel cromatinico pueden estar induciendo un incremento de la mortalidad embrionaria. De
esta manera se complementan los estudios sobre integridad de acrosoma y membrana

celular para establecer una mejor correlacion con la fertilidad.

El estado de la cromatina en los espermatozoides puede determinarse “in vitro” en base
a su susceptibilidad a la descondesacion. Esta se produce mediante la ruptura de los
puentes disulfuro, formando complejos con iones metélicos divalentes, especialmente con
el zinc, que estabiliza la cromatina espermatica. La heparina es uno de los compuestos mas
importantes que da lugar a la descondensacion de la cromatina “in vitro” (Bjomdahl,

1986). Los espermatozoides con un desarrollo normal mantienen una estructura de



cromatina resistente a la desnaturalizacion del DNA. Evenson y Thompson (1990) admiten
la posibilidad de que el DNA en espermatozoides con una estructura cromatica anormal
sea susceptible de desnaturalizarse “in situ”. En este sentido, Strzezek y Smigielske (1978)
observaron como se producia la descondesacién cromatica en semen conservado a -151°C,
mientras que Evenson y Thomson (1990) determinaron una buena correlacién del estado
de condensacion cromdtica de semen congelado de verracos con la fertilidad. Estos

resultados remarcan la importancia de este parametro como marcador de calidad seminal.

1.10.5. Proteinastotales en € plasma seminal.

El contenido en proteinas totales en el plasma seminal también afecta a la calidad del
semen en algunas especies como el verraco (Boursnell y col, 1968; Strzezek, 1976). En
experimentos con verracos vesiculectomizados se ha demostrado que la susceptibilidad al
choque térmico aumenta en ausencia de secreciones de las vesiculas seminales (Davies y
col, 1975; Moore y col, 1976). En dicho trabajo se afirma que las proteinas de las
secreciones seminales cubren la superficie del espermatozoide, disminuyendo asi la
permeabilidad de la membrana. Una modificacion en el contenido de proteinas totales
puede ayudar asi a explicar el aumento de susceptibilidad al choque térmico en estos
espermatozoides (Moore y Hibbitt, 1977). En concordancia, De Alba y col (1995)
encontraron en el eyaculado de calidad seminal alta en contenido un proteinas totales

mayor con respecto a los de calidad seminal inferior.

1.10.6. Nivelesde zinc en el plasma seminal

El plasma seminal tiene un alto contenido en zinc, encontrandose los iones en forma
libre o combinados con proteinas. Segin Luberda y Strzezek (1988) la cantidad de zinc en
plasma seminal influye sobre la calidad del semen de verraco. Su papel fisiologico y
bioquimico no estd claro, aunque se piensa que es importante para la estabilidad de la
membrana y de la cromatina, asi como en el mantenimiento de la motilidad (Blom, 1976).
La eliminacion del zinc en semen de verraco da lugar a un elevado consumo de oxigeno y
a la formaciéon de perdxidos lipidicos (Mac Dermott y Fraser, 1990). Estos datos fueron
confirmados posteriormente por De Alba y col (1996), observando que el contenido en

zinc disminuye a medida que lo hace la calidad seminal.



2. Sistemas de medicion dela motilidad esper mética

Los espermatozoides de mamiferos adquieren la capacidad de movimiento durante el
trasporte por el epididimo. La motilidad flagelar es estimulada tras la eyaculacion,
moduldndose durante el transito a través del tracto reproductivo de la hembra (Davis y
Siemers, 1995). El transito de los espermatozoides a través del tracto genital femenino
implica cambios secuenciales importantes en los patrones de motilidad espermética. Estos
cambios reflejan modificaciones en la actividad metabdlica de los espermatozoides, puesto
que la motilidad es la principal causa del consumo energético espermatico (Roldan, 1998).
Por lo tanto, en un eyaculado fértil debera existir un porcentaje significativo de
espermatozoides capaces de llevar a cabo estos cambios de motilidad. Asi, la
profundizacion en los estudios sobre el control de la motilidad es importante para llevar a
cabo un buen diagndstico de la capacidad fecundante de un eyaculado (Katz y Overstreet,

1980).

Hasta hace pocos afios, el estudio de la motilidad espermatica se hacia exclusivamente
mediante métodos semicuantitativos. Estos métodos evalian el porcentaje de
espermatozoides moviles, asi como el tipo de movimiento que presentaba la media de una
poblacion espermatica (Vazquez y col, 1997a). Estas medidas ofrecen una descripcion
general de la motilidad espermadtica, pero la exactitud y precision estan limitadas por las
condiciones del sistema de medida y por la destreza del observador (Deibel y col, 1976). A
pesar de ello, la valoracion subjetiva de la motilidad por personas experimentadas es de
gran valor, debido a que la informacion se presenta de forma inmediata al tiempo que es un
método econdémico y facil en su ejecucion (Davis y Siemers, 1995). Por este motivo, el
analisis de motilidad “de visu” en granjas, es el método mas usado hoy en dia para la
evaluacion de la motilidad. No obstante, hay que ser conciente que la subjetividad del
método puede llevar a la obtencion de resultados dispares para una misma muestra

(Vazquez y col, 1997a).

Los primeros intentos de objetivizar el movimiento espermdtico se basaron en
exposiciones fotograficas multiples o en video-micrografias. Estos métodos son tediosos,
largos y costosos, por lo que hoy en dia no son de eleccion (Boyers y col, 1989). Sin
embargo, la aparicion de los sistemas informatizados de digitalizacion de imagenes abrio

un nuevo campo en el estudio de la motilidad de los espermatozoides. Estos sistemas,



denominados genéricamente CASA (Computer Assited Motility Analysis), han
automatizado y simplificado el proceso. El andlisis computarizado de la motilidad fue
propuesto por primera vez hace 24 afos (Dott y Foster, 1979) y es usado actualmente en
centros de investigaciones en andrologia y en centros de reproduccion asistida. Las
imagenes obtenidas permiten evaluar varios parametros, incluyendo la concentracion,
morfologia y movimiento espermatico. EI CASA establece de una manera efectiva
medidas cuantitativas del movimiento individual de los espermatozoides (Mortimer, 2000).
Con este tipo de analisis se espera obtener medidas correctas de la motilidad espermatica
que proporcionen informacion precisa acerca del estado funcional del axonema y de las
membranas espermaticas. Cuando el andlisis se hace en condiciones 6ptimas, las medidas
detalladas de la motilidad proporcionan informacion predictiva sobre la funcion
espermatica (Davis y Siemers, 1995). Sin embargo, hay que tener en cuenta que la
exactitud de los valores obtenidos por técnicas cinemadticas esta limitada por factores
técnicos y biolodgicos, que posteriormente se mencionaran. De este modo, la interpretacion
de los datos es dependiente del conocimiento que tengamos de las condiciones del analisis

(Mortimer, 2000 y 2002).

2.1. El sistema de andlisis computarizado de la motilidad y los par ametros que mide

Los sistemas automaticos de medicion de imdgenes se basan en la captura sucesiva de
espermatozoides en movimiento provenientes de un microscopio. Estas imagenes se
digitalizan identificando las células espermaticas que contienen la primera imagen. Luego
se procede al seguimiento de estas células en imagenes sucesivas y al establecimiento de
las trayectorias definitivas. Las trayectorias se procesan matematicamente, obteniendo asi
unos resultados numéricos precisos (Krause, 1995). Los parametros determinados para
cada espermatozoide son la velocidad del movimiento en base a varios descriptores, la
trayectorias que realiza la cabeza del espermatozoide y la frecuencia de los cambios de
direccion que esta realiza (Serres, 1984). Los descriptores del movimiento espermatico
obtenidos en el CASA han sido descritos por Boyers y col (1989). Actualmente, también
existen en el mercado varios tipos de CASA que capturan el movimiento espermatico y lo
analizan tanto a tiempo real como de manera diferida, aportando un gran volumen de
informacion. De una manera global, este ultimo sistema consta de un microscopio con

contraste de fase conectado a una platina atemperada que permite mantener las muestras a



37°C, una camara de video de alta resolucion conectada a una pantalla de television y un

software de analisis de imagenes por ordenador (Figura 5).

Unidad de contr ol

- Ordenador Pentium IV

- 256 Mb RAM

- Tarjeta grafica de 32 Mb

- Disco duro de 40 Gb

- Regrabadora 24x/10x/40x

- Tarjeta de red 10/100

- Monitorde 17 (TFT

opcional)

- Teclado, raton y disquetera

- S.0 Windows XP / W2000
Tarjeta Meteor2/4
(Standard)

Microscopio triocular
- Nikon Eclipse E400 o
similar
- Objetivos Ph 10x, Ph 20x -
movilidad
- Objetivos 40x, 100x -
morfologia
Cémara de adquisicion
- Sony XC-ES50/CE
- Cable video-alimentacion

Complementos
- Platina atemperada
- Céamara Makler o similar
- Micrometro de calibracion
- Impresora de datos

Figura 5. Componentes del un sistema CASA (Microptic/ Barcelona, Version 2002).

El analisis de la motilidad mediante CASA se hace al capturar las imagenes con
espermatozoides en movimiento previamente diluidos en un medio adecuado y en el
microscopio a 100-200 aumentos. Tras la captura, la informacion es guardada hasta su
analisis. Una vez realizado el analisis, la informacion obtenida es tranferida a un
procesador matematico que fragmenta la motilidad espermatica en diversos descriptores de
la motilidad individual que caracterizan la linealidad, la angularidad del movimiento
espermatico y el desplazamiento de la cabeza del espermatozoide (Tabla 1/ Figura 6). Por

describir un ejemplo, el sistema CASA disefiado por Microptic (Barcelona) utilizado en



Tabla 1. Parametros de motilidad que se evallan mediante CASA.

PARAMETRO Unidad  DEFINICION |
Velocidad curvilinea (VCL) um/sg Distancia recorrida por el espermatozoide a lo
largo de su trayectoria real en funcién del tiempo.
Velocidad rectilinea (VSL) um/sg Distancia recorrida por el espermatozoide en el
primer punto y el tltimo de su trayectoria.
Velocidad media (VAP) um/sg Distancia recorrida por el espermatozoide a lo
largo de su trayectoria media.
indice de linealidad (LIN) % Relacion porcentual entre la VSL y VCL.
Indice de rectitud (STR) % Relacion porcentual entre la VSL y VAP.
indice de oscilacién (WOB) % Relacion porcentual entre la VAP y VCL.
Amplitud media del desplazamien- | pm Desplazamiento medio efectuado por la cabeza
to lateral de la cabeza del esperma- del espermatozoide en su trayectoria curvilinea
tozoide (ALHMed) de un lado a otro de la trayectoria media o lineal.
Amplitud maxima del desplaza-|pm Maximo desplazamiento efectuado por la cabeza
miento lateral de la cabeza del del espermatozoide en su trayectoria curvilinea
espermatozoide (ALHMax) de un lado a otro de la trayectoria media o lineal.
Dance (DNC) um Producto de la VCL por la ALHMed.
Dance medio (DNM) pum Cociente entre ALHMed y LIN.
Indice de angularidad (AI) % Valor porcentual del angulo que forma un
segmento de la trayectoria con la siguiente.
Velocidad angular media (AV) (um/sg) Es el resultado de (VCL x AI)/100.
Desplazamiento angular medio | Grados Angulo que toma la direccién de un segmento de
absoluto (MADADs) angulares | la trayectoria y el siguiente en valor absoluto.
Desplazamiento  angular medio | Grados Angulo que toma la direccion de un segmento de
algebraico (MADAIlg) angulares |la trayectoria y el siguiente, teniendo en cuenta su
signo, siendo positivo al sentido contrario de las
agujas del reloj.
Frecuencia de batida de la cabeza|Hz Frecuencia con la cual la trayectoria curvilinea
(BCF) atraviesa la lineal en funcion del tiempo.
Menor oscilacion armoénica de la|um Menor valor de la amplitud de la trayectoria
cabeza del espermatozoide (HLO) curvilinea respecto a la trayectoria lineal o media.
Mayor oscilacion armoénica de la|pm Mayor valor de la amplitud de la trayectoria
cabeza del espermatozoide (HHI) curvilinea respecto a la trayectoria lineal o media.
Oscilacion media de la cabeza del | pm Valor medio de la amplitud de la trayectoria
espermatozoide (HME) curvilinea respecto a la trayectoria lineal o media.
Méxima amplitud de la oscilacion | pm Distancia maxima en funciéon del tiempo
de la cabeza espermatica (HMX) empleado entre 2 cruces sucesivos.
Armonico basico de la oscilacion | pm Distancia media en funcion del tiempo empleado
de la cabeza espermatica (HBS) entre 2 cruces sucesivos.
Amplitud del armoénico (H_Y) um Distancia minima en funcion del tiempo

empleado entre 2 cruces sucesivos.
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VSL-
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VAP

Figura 6. Terminologia estandar de algunos pardmetros de motilidad (Tabla 1)
obtenidos por el sistema CASA.



esta tesis describe hasta 21 parametros de motilidad, y la captura de las imagenes se basa
en el analisis de hasta 100 imagenes fotografiadas de alta resolucion (768 x 576),
digitalizadas y tomadas en un tiempo de procesamiento de 2 segundos por muestra. Se han
comparado datos utilizando diferentes sistemas disponibles en el mercado y se ha
demostrado que no hay muchas diferencias en los resultados (Verstegen y col, 2002). En
cambio, se han encontrado grandes diferencias entre los operadores y la metodologia de

preparacion de la muestra a analizar (Verstegen y col, 2002).

2.2. Factores que afectan a la motilidad esper matica medidas por CASA

Como se ha descrito anteriormente, existen una serie de factores técnicos y bioldgicos
que afectan a los resultados presentados por el CASA. Asi, es necesario conocer en todo
momento las condiciones del analisis. Como ya se ha dicho, la interpretacion de los datos
cinéticos es dependiente del conocimiento que tengamos de lo que rodea a las condiciones
del analisis (Mortimer y col, 1995). Segun Verstegen y col (2002), entre los principales
factores de los que depende el resultado final estdn la temperatura del semen, el volumen
analizado, el tipo de camara utilizada, el tiempo que oscila entre la recogida y el analisis, la
concentracion espermatica de la muestra, el diluyente utilizado, posibles patologias
existentes, el tipo de objetivo utilizado y la iluminacién del microscopio, los valores del

“setup” asociado al CASA y el area de las particulas analizadas.

2.3. Aspectosfisiologicos de morfologia y motilidad del espermatozoide de los
mamifer os.

Los espermatozoides de mamiferos estan formados bésicamente por 2 zonas con
distintas funciones: la cabeza y la cola. La cola a su vez se divide en 3 segmentos que, por
orden craneo-caudal, se denominan parte intermedia, parte principal y parte terminal. En la
figura 7 se describe de una manera general las partes que conforman el espermatozoide de
mamiferos (Hafez, 2000). El nucleo de la cola esta formado por un axonema eucariota
tipico, con una estructura radial de pares de microtiibulos dispuestos en el tipico esquema
9+2 (Mortimer, 2000). Alrededor de este axonema se situan diversas estructuras que varian
respecto al segmento de cola de que se trate. Asi, tanto la parte intermedia como la
principal contienen una serie de elementos semirigidos (vaina fibrosa, columnas

longitudinales) cuya funcion es la de otorgar direccionalidad y flexibilidad al movimiento



flagelar (Gagnon, 1995). La parte intermedia también contiene las mitocondrias
estructuradas en una vaina mitocondrial, cuya funcion es la de generar la energia necesaria
para el mantenimiento del movimiento del axonema (Gagnon, 1995). Todo este sistema
genera que la cola presente un patron de movimiento rotacional y eliptico, el cual se
transmite a la cabeza del espermatozoide a través del cuello. Este movimiento rotacional
subsidiario de la cabeza, es lo que otorga en ultima instancia progresividad al movimiento
espermatico (Mortimer, 2000). Esto explica que dentro de los pardmetros de motilidad
originados por el CASA, algunos de los mas importantes estén relacionados con el
desplazamiento de la cabeza. El patron de movimiento espermatico estd modulado por
numerosos factores y a su vez esta intimamente relacionado con la gestion del
metabolismo energético espermdtico (Rigau y col, 2001). Esto explica los rapidos
movimientos que se observan en los patrones de motilidad de los espermatozoides
sometidos a incubaciones con cafeina o a una capacitacion “in vitro” (Abaigar y col, 1999).
Estos ultimos hallazgos confirman que el patron de movimiento del espermatozoide esta

influenciado por el medio ambiente externo (Serres y col, 1984; Mortimer, 2000).

Figura 7. Partes de un espermatozoide (Hafez, 2000)

2.4. El papel de las subpoblaciones esperméticas en e eyaculado: Aplicacion del
CASA.

La existencia de espermatozoides con caracteristicas funcionales y de motilidad
diferentes dentro de un eyaculado es un fendmeno bien conocido (Chang y Hunter, 1975;
Bedford, 1983; Renard y col, 1996; Holt, 1996; Abaigar y col, 1999 y 2001; Rigau y col,

2001). Sin embargo, el papel que puedan tener los grupos de espermatozoides con



caracteristicas de motilidad similares en la calidad seminal global de un eyaculado no ha
sido bien estudiado hasta el momento. Este hecho no deja de sorprender, puesto que parece
evidente que cambios entre las proporciones de diversas subpoblaciones dentro de un
mismo eyaculado ha de tener consecuencias en la calidad de éste. Sin embargo, el principal
problema que existe para el estudio de estas subpoblaciones es su caracterizacion, puesto
que hasta el momento no existian herramientas suficientemente eficaces para ello. Esta
situacion ha cambiado con la aparicion de los sistemas CASA, los cuales permiten
diferenciar a los espermatozoides de una manera individual por sus caracteristicas de
motilidad, siempre y cuando asumamos que la motilidad individual es una de las
caracteristicas importantes que definen la funcionalidad de un espermatozoide (Rodriguez-
Gil, 2000). De hecho, la importancia real de estudiar los espermatozoides en un eyaculado
no como un conjunto homogéneo, si no como el resultado de la combinacion de diversas
subpoblaciones heterogéneas no es evidente a simple vista. Continta siendo mucho mas
simple trabajar con resultados medios de los valores obtenidos en la poblacion entera. Sin
embargo, existe una razén muy importante que explica la necesidad de estos estudios. En
los ultimos siete afios se ha demostrado la existencia de estas subpoblaciones espermaticas,
caracterizadas por unos patrones propios en su motilidad, en eyaculados de especies tan
diferentes como el cerdo, el mono titi, el perro o la gacela (Holt, 1996; Abaigar y col,

1999, Thurstony col, 2001, Rivero y col, 2002; Quinteroy col, 2003, ver Tabla 2).

Tabla 2. Publicaciones realizadas en Subpoblaciones Espermaticas en funcion de la
motilidad espermatica

Especie Condicion del semen  Subpoblaciones espermdticas  Autor/Afo
(%)
1 2 3 4
Mono Titi ~ Congelado 50 30 20 - Holt, 1996
Cerdo 24h/diluido/24°C 73,4 19,3 73 - Abaigar y col, 1999
Diluido/refrigerado 48.4 32,5 19,1 - Thurston col, 2001

Diluido/refrigerado 459 30,7 164 7,0 Rivera y col, 2002
37,0 33,6 194 10,0
Gacela Congelado 47,4 36,1 10,0 6,5 Abaigar y col, 1999
Gacela Fresco/diluido 55,0 26,7 10,3 8,0 Abaigar y col, 2001
Perro Fresco 34,4 24,7 21,5 19,4 Quinteroy col, 2003




Ademas, estos mismos autores también han mostrado que el porcentaje de espermatozoides
incluidos en los diferentes subgrupos cambia siguiendo unos patrones fijos cuando los
eyaculados son sometidos a procesos como la congelacion/ descongelacion, la capacitacion
“in vitro” o la incubacion con sustancias como la cafeina o el bicarbonato (Holt, 1996;

Abaigar y col, 1999).

Nuestro laboratorio también han obtenido resultados parecidos en perro (Mogas y col,
1999; Rigau y col, 2001) y cerdo (Rivera y col, 2002). De hecho, estos resultados nos
indican que en un numero significativo de especies de mamiferos la capacidad de reaccion
que tienen los espermatozoides de un eyaculado no es uniforme para todas las células, ya
que cada subpoblacion muestra una capacidad diferente de reaccion frente a situaciones
como la congelacion/descongelacion o la capacitacion “in vitro”. Dicho en otras palabras,
dentro de un eyaculado s6lo aquellos espermatozoides que integren algin subgrupo con
caracteristicas determinadas seran capaces de mantener una funcionalidad adecuada para
proceder a resistir un proceso de congelacion/ descongelacion o capacitacion (Rodriguez-
Gil, 2000). La consecuencia de ello es que la aplicacion de unos tratamientos estadisticos
basados en la asuncién de que las poblaciones espermaticas son homogéneas, tal y como se
hace rutinariamente, implicar4 una pérdida considerable de informacion revelante, ya que
quizas solo una parte de la poblacion espermatica sera realmente fecundante. Por lo tanto,
si ésta subpoblacion predominante no es demasiado grande, sus caracteristicas se veran
totalmente enmascaradas por el resto de la poblacion si los resultados son tratados de una
manera global dentro del eyaculado. Este hecho quizas explique fendmenos como la poca
validez que tiene el estudio de la motilidad global de un eyaculado en algunas especies,
como el cerdo. En esta especie se ha observado que la motilidad total y la progresiva,
entendidas globalmente, tienen muy poca fuerza estadistica como parametros a considerar
en un analisis seminal cldsico (Rigau y col, 1996). El problema en esta especie quizas
resida en el hecho de que no seamos capaces de observar por separado a las poblaciones
espermaticas verdaderamente importantes para entender la calidad seminal. Técnicas como
el CASA nos pueden permitir el reconocimiento de estas subpoblaciones marcadoras de la
calidad seminal, y de esta manera el estudio concreto de las células seguramente mejorara

la capacidad de diagnosticos del analisis seminal (Rodriguez-Gil, 2000).
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ABSTRACT

The aim of this study is to test the presence of separate sperm subpopulations, with
specific motility characteristics, in stallion ejaculates by using a computer-assisted semen
analysis (CASA) system. Motility data were analyzed with a hierarchical clustering of
variables based on a correlation or covariance matrix to select like parameters of sperm
motility descriptors that better explain the kinetics of spermatozoa. The statistical analyses
clustered the whole motile sperm population in both fresh and 24-h stored ejaculates into
four separate groups. There were significant differences in the distribution of the four
subpopulations (P<0.001) as well as in the total sperm number and the percentage of total
motility (P<0.01) in fresh semen among the five stallions tested. Our results show that
separate subpopulations of spermatozoa with different motility characteristics coexist in
stallion ejaculates. These subpopulations were maintained, although with a less-
progressive motion pattern, after 24 hour of storage. The study of subpopulations in
ejaculates that have confirmed fertilizing capacity showed that the majority of the motile
spermatozoa in these ejaculates are included in a subpopulation with high progressive
motility and low linearity, and the ejaculates with proven fertility that have a total sperm
count >20 x10° spermatozoa/ejaculate show all of their motile sperm included in this
subpopulation. Our results show that the use of the CASA system is a relatively simple

approach to the study of sperm subpopulation patterns in equine ejaculates.

Key words: Sperm subpopulation, Motility pattern, Stallion spermatozoa.

1. INTRODUCTION

Studies carried out by several researchers demonstrate the existence of sperm
subpopulations in mammals such as the golden hamster, marmoset, gazelle, boar or dog
(1,10,17,26,29). These subpopulations were defined by separate parameters, such as
motion characteristics (1,17,26), the precise behavior in front of a flux cytometry analysis
(15) or the specific distribution pattern of membrane glycoconjugates (28,30). These
studies indicate the presence of functionally different sperm in a single ejaculate, which
acts specifically when the cells are subjected to processes such as “in vitro” capacitation or

incubation with a specific sugar (1,15,16,26,32). These results have led researchers to



suggest a strong relationship between changes in the percentages of diverse populations
and the fertilization capacity of a specific ejaculate, at least in boar (1,2). Therefore, the
study and characterization of these subpopulations open up new ways to improve semen
analysis techniques. With regard to equines, very few bibliographical references to the
study of identified subpopulations in equines are avaible, in spite of the potential practical
interest of having such knowledge for this species. Amann and Hammersteddt (4) have
shown a heterogeneous distribution of sperm population using the association of criteria of
different physiological functions of the spermatozoa. The existence of these
subpopulations is neglected in the classical semen quality analysis, and this can seriously
interfere with a correct evaluation of sperm quality. Thus, it would be important to initiate
further studies of sperm subpopulations in order to reach a better definition of equine
semen quality. This could also have significant economic repercussion, since better semen
analysis could lead to the commercialization of equine semen doses which offer greater
guarantees of quality. However, although several techniques such as the computer-assisted
semen motility analysis (CASA) have been applied to equine semen, the results obtained
have been based on average values which were selected without any statistical criteria, thus
impeding a serious analysis of the presence of sperm subpopulations (13). This has, to a
great extent, limited the practical application of CASA as part of the improvement in the

quality analysis of stallion semen.

As described above, the CASA system is one of the simplest and most reliable methods
for studying sperm subpopulations (1,2,29). The CASA is based upon the capture of
successive microscopic images which are then digitalized. The motile spermatozoa
observed in these images are subsequently identified in the successive images, thus
allowing for the establishment of their trajectories. Finally, the obtained trajectories are
mathematically processed, which allows for the definition of these trajectories in a
numerical form (7,20). The results of this processing are reflected in a series of parameters
which precisely define the exact movement for each individual spermatozoon. This allows
for the study of the individual sperm movement and also of the extraction of the putative
sperm subpopulations, in accordance with the different trajectories obtained from the

analysis of each ejaculate.



Until now, most studies that use CASA have focused on the identification of the
parameters of movement which present the best correlation with respect to the other
parameters of semen quality. However, the results have demonstrated great variability,
depending upon the studied species (16,21). Additionally, CASA reduces the informative
value of its data by assuming a normal distribution of all of the variables. The evaluation of
the possible types of distribution of the motion parameters often reveals a high degree of
asymmetry in the observations. Thus, it is not surprising that the results have often been
disappointing. The analysis of correlation and multiple regression to analyze the
parameters of sperm motility provided by CASA has been used for a decade, and few
researchers have used clustering procedures to evaluate the analysis of sperm motility
descriptors (1,2,11,12,16,26). Another great problem of CASA is the appearance of a large
variety of separate motility parameters (21 in our specific system), which in most cases are
highly correlated. This makes fact makes it difficult to objectively select parameters which
explain the overall sperm movement accurately. As a result, it is necessary to look for a
more correct statistical method to employ in the CASA analysis in order to conserve all of
the relevant information. One possibility is an analysis based on the clustering of variables
and observations, which would make it possible to apply CASA in the study of sperm

subpopulations.

The main objective of this study was to determine the presence of separate sperm
subpopulations, with specific motion characteristics, in fresh ejaculates. Moreover, the
presence of these subpopulations was also tested after 24 h of storage at 4°C, in order to
observe the response of these subpopulations after cold storage. A further, preliminary
analysis was carried out in order to observe the specific subpopulation structure of equine
ejaculates with proven fertilizing ability. To this end, priority consideration was given to
the optimization of the parameters of CASA by means of reduced sperm selection and the
existing association among these subpopulations with regard to parameters such as the
percentage of total motility, the total sperm number and the individual stallion from which

the ejaculates were obtained.

2. MATERIALSAND METHODS

2.1. Semen collection



Semen was collected from five healthy, mature stallions, age 3-11 years. They were of
three different breeds (two Arabian, two Spanish and one cross-breed). Collections were
performed at 2-7 days intervals using an artificial vagina with the aid of an ovariectomized

mare that was induced into estrus with estrogens.

2.2. Sperm evaluation

An aliquot of the ejaculate was used to measure sperm concentration and pH, and the
semen was immediately diluted in prewarned (37°C) Kenney’s diluent (19) to a final
concentration of 3x10” spermatozoa/mL. Afterwards, aliquots of the diluted semen were
taken as needed to carry out the appropriate analyses. Samples which showed pH values
below 6.8 were excluded from this study. Percentages of viability, altered acrosomes and
morphological abnormalities were determined by counting 200 spermatozoa (at
magnification 1000X) using a vital Trypan Blue/Giemsa double stain as described Caiza de
la Cueva (9), to evaluate stallion morphology. Sperm concentration was evaluated using a
haemocytometer (24). At the same time, another 1-ml aliquot of the diluted semen was
incubated for 5 min at 37°C. This sample was used to perform CASA analysis by using a
commercial system (Sperm Class Analyzer, Microptic; Barcelona, Spain) added to an
optical, phase-contrast microscope with heatable (37°C) plate. This was done by analyzing
three consecutive 5-uL drops for each sample in all of the studied ejaculates in this study
(Total number of ejaculates in the study, including those used for storage and “in vivo”
fertilization studies was 88). Three fields per drop were taken, and the total number of
spermatozoa analyzed in each semen sample (including those not motile) was from 20 to
50. The sperm motility descriptors obtained after CASA are defined in Table 1, based on
those described by Boyers et al (7), Davis et al (12), and Rigau et al (26). Our CASA
system was based upon the analysis of 16 consecutive, digitalized photographic images
obtained from a single field at magnification 200X augmentations on a dark field. These 16
consecutive photographs were taken in a time lapse of 0.64 s, which implied a velocity of
image capturing of 1 photograph each 40 ms. For 18 samples, a 20-ml aliquot of the
remainder of the diluted semen was stored, in anaerobic conditions, for 24 h at 4°C. After
this, this stored semen was analyzed as described above to determine the CASA-derived

motility characteristics.



Table 1.

Definition of the motility descriptors

Name Units  Description

Curvilinear velocity (VCL)  um/sec The  instantancously  recorded  sequential
progression along the entire trajectory of the
spermatozoon

Linear velocity (VSL) um/sec  The straight trajectory of the spermatozoa per unit
of time

Mean velocity (VAP) um/sec The mean trajectory of the spermatozoa per unit
of time

Linear coefficient (LIN) % VSL/VCL

Straightness coefficient VSL/VAP

(STR) %

Wobble coefficient (WOB) % VAP/VCL

Mean lateral head Mean head displacement along its curvilinear

displacement (ALHMED um trajectory around the mean trajectory

Maximal lateral head Maximal head displacement along its curvilinear

displacement (ALHmax) um trajectory around the mean trajectory

Dance (DNC) um*/sec VCL x ALHMED

Mean dance (DNM) um ALHMED/LIN

Angularity index (AI) % The percent value of the angle formed by two
successive trajectory segments

Angular velocity (AV) um/sec  (VCL x AI)/100

Absolute angular mean angular The absolute value of the advancing angle of the

displacement (MADABS) degrees sperm trajectory

Algebraic angular mean The algebraic value of the advancing angle of the

displacement (MADALG) angular sperm trajectory. Negative values indicate a

degrees clockwise displacement

Frequency of head The number of lateral oscillatory movements of

displacement (BCF) Hz the sperm head around the mean trajectory

Minor harmonic oscillation The minimum value of the distance between the

of the head (HLO) um curvilinear trajectory, with respect to the mean
trajectory

Mean harmonic oscillation The mean value of the distance between the

of the head (HME) um curvilinear trajectory, with respect to the mean
trajectory

Major harmonic oscillation The maximal value of the distance between the

of the head (HHI) um curvilinear trajectory, with respect to the mean
trajectory

Harmonic amplitude (H_Y) um Minimal distance between two successive crosses

Basic harmonic oscillation of

the head (HBS)
Maximal amplitude of the

oscillation of the head
(HMX)

pum

um

around the mean trajectory
Mean distance between two successive crosses
around the mean trajectory
Maximal distance between two successive crosses
around the mean trajectory




2.3. Studies of the fertilizing ability of equine semen in vivo

Twenty-six ejaculates which were processed as described above, were used to perform
artificial insemination (AI). For this, ejaculates were diluted in Kenney’s diluent at a
concentration of 3x10” spermatozoa/ ml and kept at 4°C until their use. The A.I. with these
doses was carried out from 3 to 24h after obtaining and processing of the ejaculates. The
Al was carried out on healthy mature cross-breed mares, age from 3 to 8 years, that were in
spontaneous estrus. They were from private owners, who called us to carry out the service.
Prior to Al., the mares were examined using transrectal ultrasonography to determine the
follicle structure and the presence of a normal, non-pathological uterus structure. The
ultrasonography was repeated once daily until the follicular size (>40 mm of diameter) and
shape (slightly irregular) indicated the proximity of ovulation. When this occurred, Al was
performed by intrauterine deposition of the prewarmed (35°C) 20 mL diluted semen. The
ovulation was not hormonally induced and we were not able to determine the exact
insemination-ovulation interval. The number of mares which were inseminated with a
single ejaculate varied from 1 to 3. This procedure does not allow for an accurate
evaluation of the overall potential fertility of a single ejaculate. However, since our main
interest was to determine how a single sample with a characteristic motility subpopulation
pattern might correspond to a concrete proven pregnancy rather than to establish the
general potential fertility of an ejaculate, we considered that our experimental design was

suitable for this study.

The confirmation of the pregnancy in the inseminated mares was done by transrectal
ultrasonography 15 days after Al, and another ultrasonography was performed 20 days
after Al. An ejaculate was considered of proven fertility when the presence of a
recognizable embryo was determined in either of the ultrasonographic explorations,
provided that, following our methodology, the absence of a proven pregnancy did not
necessarily indicate that the ejaculates used were non fertile. The total number of mares
which were inseminated was 50 (mean number of inseminations/ejaculate: 1.92), and 26 of
them had a confirmed pregnancy. These confirmed pregnancies corresponded to 22
separate ejaculates. Thus, the number of ejaculates which were considered of proven

fertility was 22, and they were used for the specific studies.



2.4. Statistic analysis of sperm subpopulations

Sperm motility descriptors obtained from CASA were analyzed by the VARCLUS
clustering procedure of the SAS statistical package system (27). In this system, clusters are
chosen to maximize the variation accounted for by either the principal component or the
centroid component of each cluster. Thus, the VARCLUS procedure can be used to reduce

the number of sperm motility descriptors.

The VARCLUS procedure allows for the determination of the optimal number of
motion parameters which can be used to define sperm motion characteristics. Following
this, the next point was to use another statistical procedure which allows us to allocate an
individual, motile spermatozoon into a specific subpopulation. Another clustering
procedure, the FASTCLUS (27), was used for this purpose. This procedure performs a
disjointed cluster analysis on the basis of Euclidean distances computed from one or more
quantitative variables (sperm motility descriptors), which permits the study of large sets of
observations, from approximately 100 to 100,000. The spermatozoa were divided into
clusters such that every observation belonged to one and only one cluster. Spermatozoa
that are very close to each other are usually assigned to the same cluster, while
spermatozoa which are far apart are in different clusters. The separation of spermatozoa
into clusters was performed over the total number of spermatozoa obtained in the fresh
semen samples (total analyzed sperm in fresh semen= 2649). A General Lineal Model
(PROC GLM) was used to evaluate significant differences (P<0.05) among clusters of
sperm subpopulations, while the LSMEANS procedure was used to compare the obtained
sperm subpopulations among them (27). Finally, a chi-squared test was used to determine
the relation between sperm subpopulations in fresh semen with the individual stallion used,
as well as with the percentage of total motility (defined as the percentage of spermatozoa
with a curvilinear velocity >25 um/sec) and the sperm concentration in the entire fresh
ejaculate. For this latter purpose, the whole ejaculates were arbitrarily categorized after

using both total motility and total sperm number in the following form:

Total motility:

Group A whole ejaculates: Total motility 290%.



Group B whole ejaculates: total motility <90% >80%.
Group C whole ejaculates: total motility <80% >70%.

Group D whole ejaculates: total motility <70%.

Total sperm-number per ejaculate:
Group A whole ejaculates: <10x10° spermatozoa/ejaculate.
Group B whole ejaculates: >10x10° spermatozoa/ejaculate <20x10° spermatozoa/ejaculate.

Group C whole ejaculates: >20x10° spermatozoa/ejaculate.

Thus, the main objective of these arbitrary categories was to have some sort of
references that allowed us to observe changes in the distribution of motile subpopulations

depending upon either total motility or the total number of spermatozoa in the ejaculates

3.RESULTS

3.1. Mean results for semen quality analysis

The mean values for the studied semen characteristics are shown in Table 2. There were
significant differences in the sperm concentration and the total motility in fresh semen
among the 5 stallions sampled (P<0.05; data not shown), although the percentage of total

abnormality did not significantly differ among individuals.

Table 2.

General characteristics of fresh stallion semen samples.

Filtered volume of the ejaculates (mL) 49.2+£0.2
Concentration in hematcytometer chamber (x 10° /mL) 3048 £1.9
Total motility (curvilinear velocity >25um/sec, %) 83.9+0.1
pH 7.6 +0.01
Viability by Trypan Blue/Giemsa staining (%) 82.1+0.1
Sperm with structurally abnormal acrosomes (%) 1.1 +£0.01
Head morphological abnormalities (%) 1.0+ 0.01
Neck and midpiece abnormalities, including cytoplasmic 3.8 +0.01
droplets (%)

Tail abnormalities (%) 3.2+0.03

Values are means + S.E.M. (n=88 ejaculates; of these, 7 ejaculates were from stallion 1, 28
from stallion 2, 12 from stallion 3, 8 from stallion 4 and 33 from stallion 5).



3.2. Selection of the parameters for study of stallion sperm motility.

The application of the VARCLUS procedure combined with subsequent analyses of
variance from 2649 observations obtained from fresh ejaculates grouped the 21 motion
variables obtained in the CASA into 5 clusters which explain 72.98% from the total
variation (Table 3). The comparison of the statistical proximity among the separate motion
variables gathered in the same clusters led to the choosing of one or two motion parameters
in each cluster, which conserved the maximal statistical information contained in each
cluster. From this analysis, the chosen variables for each cluster were: mean velocity
(VAP), dance (DNC), mean amplitude of head lateral displacement (ALHMED),
frequency of head displacement (BCF), lateral head displacement (HME), wobble
coefficient (WOB) and linear coefficient (LIN, see Table 1 for the definition of all of these

variables).

3.3. Sperm subpopulation analysis in fresh semen

Four sperm subpopulations were defined after the application of the FASTCLUS
procedure and subsequent analysis of variance of 2649 individual spermatozoa using the
chosen motion variables. Summarized statistics for these subpopulations are shown (Table

4) and qualitative interpretations of these data are as follows:

3.3.1. Subpopulation 1.

This shows the highest degree of progressive motility, as inferred by the greater LIN
values. The VAP is relatively low compared with other subpopulations, indicating that
many trajectories must be complex and nonlinear. Moreover, the ALHMED, the HME and
the DNC values are the lowest of all of the subpopulations, indicating movement with low
undulatory characteristics (Table 4). The BCF was similar to other subpopulations. More

than 70% of the spermatozoa in the data set were assigned to this subpopulation (Table 4).

3.3.2. Subpopulation 2.
This shows highly active spermatozoa, with high values of VAP. Trajectories were
generally less straight than Subpopulation 1, since LIN is significantly lower (Table 4).

However, this subpopulation was straighter than those numbered 3 and 4. The WOB values



were similar to that of Subpopulation 1 and were higher than those of Subpopulations 3
and 4 (Table 4). ALHMED, HME and DNC values are lower than Subpopulation 1 but
higher than Subpopulation 3 and 4 (Table 4). About 20% of the total motile spermatozoa

were included in this subpopulation.

Table 3.

Hierarchical clustering of the sperm motility descriptors

Hierarchical ~Sperm motility ~ R* with own R” with next Proportion

clustering descriptors cluster (OC) closest (NC) (1- R%. /1-R%,)

Cluster 1 VCL 0.7438 0.4886 0.5009
VSL 0.7321 0.5283 0.5678
VAP* 0.9450 0.2894 0.0774
AV 0.8912 0.1992 0.1359
HMX 0.5005 0.2741 0.6882
HBS 0.7243 0.1088 0.3094
HY 0.5903 0.3029 0.5878

Cluster 2 ALHMED* 0.9220 0.2236 0.1005
ALHMAX 0.8746 0.2175 0.1602
DNC* 0.8905 0.2393 0.1440
DNM 0.5267 0.1361 0.5479

Cluster 3 MADABS 0.7841 0.4760 0.4120
BCF * 0.7841 0.1226 0.2461

Cluster 4 HLO 0.7450 0.0653 0.2728
HME * 0.9753 0.1736 0.0298
HHI 0.7039 0.4631 0.5514

Cluster 5 LIN * 0.8762 0.2150 0.1577
STR 0.5437 0.2766 0.6308
WOB * 0.8497 0.3473 0.2302
Al 0.6832 0.4246 0.5505
MADALG 0.2608 0.1097 0.8303

n=2649 spermatozoa from 88 ejaculates. Of these, 7 ejaculates were from stallion 1, 28
from stallion 2, 12 from stallion 3, 8 from stallion 4 and 33 from stallion 5. The ejaculates
were distributed among the stallions as shown in Table 1. The spermatozoa were
distributed among the stallions as follow: 209 motile spermatozoa were from stallion 1,
859 from stallion 2, 387 from stallion 3, 215 from stallion 4 and 979 from stallion 5. For a
definition of the motility descriptors, see Table 1. The cluster summary gives the number
of sperm motility descriptors in each cluster and the variation explained by the cluster
component. Two squared correlations are printed for each cluster; the column labeled “R?
with own cluster” gives the squared correlation of the sperm motility descriptor with its
own cluster component. The larger the squared correlation is, the better. The column
labeled “R* with next closest” contains the next highest squared correlation of the sperm
motility descriptor with a cluster component. This value is low if the clusters are well
separated. The column headed “1- R%,. /1-R%,” gives the ratio of one minus its own cluster
R to one minus the next closest R%. A small “1- RzOC /1-R%,.” indicates a good clustering.

* Selected variables.



Table 4.

Sperm subpopulations and motility descriptors in fresh stallion semen

Sperm motility Subpopulations

descriptors 1 2 3 4

n 1917 523 174 35

(%) 72.4 19.7 6.6 1.3

VAP (um/sec) 40.3 +0.4° 79.1 £0.5° 82.0 £ 0.5 86.6 £ 0.5
LIN (%) 56.13+0.4*°  47.0+04° 31.0+0.3° 24.8+0.3¢
WOB (%) 64.7 + 0.3 64.5 + 0.3 52.4+0.3° 49.1+03°
ALHMED (um/sec) 1.96+0.02°  429+0.02°  6.98+0.02°  10.98 +0.03¢
DNC (pum?/sec) 107.3+1.2°  4968+2.0"°  1053.8+2.7° 1926.2+5.3¢
BCF (Hz) 13.56 £0.10°  13.39+0.08* 14.29+0.10° 13.16+0.11°
HME (um) 1.04+0.02° 221+0.02° 275+0.03°  4.46+0.07

Motility descriptors are described in Table 1. Different superscripts within a row indicate
significant differences (P<0.05). Results are expressed as means + S.E.M of spermatozoa
from 88 ejaculates. Of these, 7 ejaculates were from stallion 1, 28 from stallion 2, 12 from
stallion 3, 8 from stallion 4 and 33 from stallion 5. The total number of motile spermatozoa
analyzed was 2649. The spermatozoa were distributed among the stallions as follows: 209
motile spermatozoa were from stallion 1, 859 from stallion 2, 387 from stallion 3, 215
from stallion 4 and 979 from stallion 5.

3.3.3. Subpopulations 3 and 4.

These contained spermatozoa with non-linear and circular trajectories. Although they
were very active, with high VAP values, their non-linearity and poor progressive motility
characteristics were evident by their high values of ALHMED and DNC (Table 4). The
percentage of motile spermatozoa which were included in Subpopulation 3 was about 7%,
while those included in Subpopulation 4 were about 1% (Table 4). The comparison of the
subpopulation distribution and the overall characteristics of the entire ejaculates showed
very interesting results. First, there were significant (P<0.001) differences in the
distribution of the four sperm subpopulations in whole fresh ejaculates depending on
stallion donor. Thus, the percentage of spermatozoa classified in Subpopulation 1 ranged
from 52.6% to 81.0 % depending upon the individual, while the percentage identified in
Subpopulation 2 ranged from 13.4 % to 32.0%. Subpopulation 3 varied from 4.7 % to 12.9
% and Subpopulation 4 from 0.83 % to 2.4 % among the stallions (Table 5).



Table 5.

Relationship among the proportion of the motile sperm subpopulations for fresh ejaculates
and stallions

Subpopulation Stallions

1 2 3 4 5
1 52.6 63.4° 77.0° 78.3° 81.0°
2 32.1 26.6° 16.5° 16.5° 13.4°
3 12.9 8.6° 4.4° 4.3° 4.7°
4 2.4 1.4° 2.1° 0.9° 0.8°

Sperm subpopulations are described in Section 3. Results express the percentage of all of
the spermatozoa evaluated in each stallion which were included in the separate
subpopulations. The results were obtained from 88 ejaculates. Of these, 7 ejaculates were
from stallion 1, 28 from stallion 2, 12 from stallion 3, 8 from stallion 4 and 33 from
stallion 5. The total number of motile spermatozoa analyzed was 2649. The spermatozoa
were distributed among the stallions as follows: 209 motile spermatozoa were from stallion
1, 859 from stallion 2, 387 from stallion 3, 215 from stallion 4 and 979 from stallion 5.

Moreover, there were significant (P<0.001) differences when the distribution of the four
sperm subpopulations was compared to the classification of the ejaculates according to
their percentages of total motility. Thus, Subpopulation 1 was increased from about 70% in
those ejaculates with a total motility >90% (Group A ejaculates, see section 2) to about
85% in ejaculates with a total motility <70% (Group C ejaculates, see section 2, and Table
6). On the contrary, Subpopulations 2, 3 and 4 progressively decreased when total motility
also decreased. Thus, Subpopulation 2 ranged from 22% in Group A ejaculates to 13% in
Group D ejaculates, Subpopulation 3 varied from below 10% in Group A ejaculates to
about 2% in Group D ejaculates and Subpopulation 4 ranged from about 2% in Group A
ejaculates to 0% in Group D ejaculates (Table 6). Thus, although the Group A - D
classification was arbitrary, such classification allows us to clearly show the presence of a
clear relationship between the percent distribution of motile subpopulations and the total

motility of the ejaculates.

Finally, the distribution of the sperm subpopulations also varied depending upon the
total number of spermatozoa of the whole ejaculates, although in this case the variations
were less marked than those observed for percentage of total motility. Thus, as shown in
Table 7, the most intense change was observed in Subpopulation 3, which ranged from
about 6% in ejaculates with a total sperm count<10x10° spermatozoa/ejaculate (Group A
ejaculates, see section 2) to about 10% in ejaculates with a total sperm number>20 x10’

spermatozoa/ ejaculate (Group C ejaculates, see section 2). As in the case of total motility,



although the Group A - C classification was arbitrary, it allows us to show the presence of
a relationship between the percent distribution of motile subpopulations and the total

number of spermatozoa of the ejaculates.

Table 6.

Relationship between the proportion of the motile sperm subpopulations in fresh ejaculates
and the total motility of the whole ejaculates
Subpopulation Total motility groups

>90% <90% >80% <80% >70% <70%
1 68.7° 77.5° 74.4° 85.2°
2 22.1° 16.0° 18.9° 13.0°
3 7.4 5.9° 6.1° 1.8°
4 1.8° 0.6° 0.6° 0.0°

Sperm subpopulations are described in Section 3. Fresh ejaculates were classified in
arbitrary groups according to values of total motility, as described in Section 2. Thus, the
table expresses the percentages of the motile spermatozoa included in each subpopulation
depending upon the total motility values of the whole ejaculates. Different superscripts
within a row indicate significant differences (p<0.05) following the Chi-square test. The
results were obtained from 88 ejaculates. Of these, 7 ejaculates were from stallion 1, 28
from stallion 2, 12 from stallion 3, 8 from stallion 4 and 33 from stallion 5. The total
number of motile spermatozoa analyzed was 2649. The spermatozoa were distributed
among the stallions as follows: 209 motile spermatozoa were from stallion 1, 859 from
stallion 2, 387 from stallion 3, 215 from stallion 4 and 979 from stallion 5.

3.4. Sperm Subpopulation Analysis in semen stored for 24 h

The storage of semen samples for 24 h at 4°C induced a slight, although significant
(P<0.01), decrease in the percentages of viability and total motility of the samples. Thus,
viability fell from 82.1 £ 0.1% in fresh ejaculates to 70.3 £ 0.1% in stored ones; while the
percentage of altered acrosomes rose from 1.1 + 0.1% in fresh samples to 7.9 £ 0.1% in
stored samples (data as means=SEM; Table 2 and data not shown). On the other hand, total
motility dropped from 88.9 £ 0.1% in fresh semen to 70.3 £+ 0.1% in stored samples. (data

as means=S.E.M.; Table 2 and data not shown).



Table 7.

Relationship between the proportion of the motile sperm subpopulations in fresh ejaculates
and the total spermatozoa number of the whole ejaculates
Subpopulation  Total Spermatozoa-Number Groups

<10x10’ <20x10°>10x10’ >20x10’
sperm/ejaculate sperm/ejaculate sperm/ejaculate
1 72.4 76.0° 67.6°
2 20.3' 17.8° 20.4°
3 6.1 52 9.9°
4 1.2 0.9 2.1°

Sperm subpopulations are described in Section 3. Fresh ejaculates were classified in
arbitrary groups according to values for total spermatozoa number, as described in Section
2. Thus, the table expresses the percentages of the motile spermatozoa included in each
subpopulation depending upon the total spermatozoa number values of the whole
ejaculates. Different superscripts within a row indicate significant differences (p<0.05)
following the chi-squared test. The results were obtained from 88 ejaculates. Of these, 7
ejaculates were from stallion 1, 28 from stallion 2, 12 from stallion 3, 8 from stallion 4 and
33 from stallion 5.The total number of motile spermatozoa analyzed was 2649. The
spermatozoa were distributed among the stallions in the following manner: 209 motile
spermatozoa were from stallion 1, 859 from stallion 2, 387 from stallion 3, 215 from
stallion 4 and 979 from stallion 5.

Cold storage also modified the subpopulation distribution of these ejaculates. Thus, the
application of the FASTCLUS procedure and the subsequent analysis of variance of the
24-h stored semen samples also showed the presence of four separate, well-defined motile
subpopulations, which correspond to those observed in fresh samples (Table 8). However,
storage modified some of the motility parameters which define the subpopulations. Thus,
there was a decrease in the mean values of VAP and DNC in all of the four subpopulations
from stored semen when compared with the homologous subpopulations from fresh
samples (Tables 4 and 8). Moreover, Subpopulation 1 from stored samples had significant
(P<0.001) lower mean values of WOB than Subpopulation 1 from fresh samples.
Subpopulations 3 and 4 from stored semen showed significantly (P<0.001) lower mean
values of ALHMED, BCF and HME than those from fresh samples (Tables 4 and 8). Cold
storage also induced changes in the distribution percentages of spermatozoa in each
subpopulation. Thus, storage for 24 h at 4°C induced a significant (P<0.001) decrease in
the percentage of Subpopulation 1 from 72.4% in fresh samples to 63.6% in stored
samples, whereas the other subpopulations showed a slight, concomitant increase after 24 h

storage when compared to the fresh semen samples (Tables 4 and 8).



Table 8.

Sperm subpopulations and motility descriptors of stallion semen stored for 24 h at 4°C

Sperm Motility Subpopulations

descriptors 1 2 3 4

n 236 91 32 12

(%) 63.6 24.6 8.6 3.2

VAP (pum/sec) 33.0 £ 0.6° 61.1+0.5° 64.8+0.5° 63.0+0.5°
LIN (%) 51.2+0.7° 56.8+0.5° 35.4+0.5 16.3+0.3°
WOB (%) 453+0.7° 65.5+0.4° 53.540.3% 40.6+0.3
ALHMED (um/sec)  2.18 £0.05°  2.96+0.02°  4.57+0.02° 7.64+0.02¢
DNC (pum?/sec) 553+ 1.0° 269.0+ 1.6°  544.3+2.1 1165.8+2.8¢
BCF (Hz) 13.11+£0.20* 14.51+£0.10® 16.6040.14™  20.1240.19"
HME (um) 1.02+0.02° 1.74+0.02°  227+0.02° 2.02+0.02°

Motility descriptors are described in Table 1. Different superscripts within a row indicate
significant differences (P<0.05). Results are expressed as means + S.E.M. of spermatozoa
from 18 ejaculates. Of these, 7 ejaculates were from stallion 1, 5 from stallion 2 and 6 from
stallion 3. The total number of motile spermatozoa analyzed was 371. The spermatozoa
were distributed among the stallions as follows: 146 motile spermatozoa were from stallion
1, 80 from stallion 2 and 145 from stallion 3.

3.5. Sperm subpopulation distribution in ejaculates with at least one proved fertilization

Finally, our studies were centred on those ejaculates used for Al in which it was
possible to demonstrate the existence of at least one proved fertilization. It is worth noting
that the 66.5% of the ejaculates with proven in vivo fertility have a total motility >90%,
whereas the other 33.5% of the ejaculates have total motility values between 80% and 90%
(data not shown). Additionally, 32.7% of the ejaculates with proven “in vivo” fertility had
a total number of spermatozoa below 10x10° spermatozoa/ejaculate, 28.9% have a total
sperm count between 10x10° spermatozoa/ejaculate and 20x10° spermatozoa/ejaculate, and
38.4% had a total spermatozoa number above 20 x10° spermatozoa/ejaculate (data not
shown). The ejaculates with proven fertility showed the presence of 3 separate
subpopulations of motile spermatozoa in these ejaculates, which were homologous to

Subpopulations 1, 2 and 3 described above (Table 9).



Table 9.

Sperm subpopulations and motility descriptors of stallion semen with proven fertility

Sperm motility Subpopulations

descriptors 1 2 3

n 298 78 12

(%) 76.8 20.1 3.1

VAP (um/sec) 40.4+0.7° 113.0+1.1° 953+1.3°
LIN (%) 62.7+ 0.7 67.5+0.7" 35.5+0.7°
WOB (%) 70.8 + 0.5 78.8+ 0.5 53.4+0.7°
ALHMED (um/sec)  1.80 +0.02° 433 +0.03° 7.61 £0.05¢
DNC (pum?/sec) 110.7 £ 2.3 595.0 + .4° 1314.7 £9.0°
BCF (Hz) 14.02 + .14° 12.80 £ 0.11° 14.67 + 0.24°
HME (um) 0.87 + 0.02° 2.26 +0.03 4.26 +0.06°

Motility descriptors are described in Table 1 and ejaculates with proven fertility are
defined in Section 2. Different superscripts within a row indicate significant differences
(P<0.05). Results are expressed as means = S.E.M. of spermatozoa from 22 ejaculates.
From these, 4 ejaculates were from stallion 1, 7 from stallion 2 and 11 from stallion 3. The
total number of motile spermatozoa analyzed was 388. The spermatozoa were distributed
among the stallions as follows: 67 motile spermatozoa were from stallion 1, 126 from
stallion 2 and 195 from stallion 3.

Next, the subpopulation distribution of these ejaculates was compared with the total
motility and the total number of spermatozoa in the ejaculates. This comparison showed
that there were no changes in the percentages of distribution of Subpopulations 1, 2 and 3
in ejaculates of both Group A and Group B total motility (data not shown). However, the
sperm number of the ejaculates with at least one proved fertilization influenced the
subpopulation distributions. As shown in Table 10, ejaculates with a total sperm count
<10x10° spermatozoa/ejaculate (Group A ejaculates, see section 2) had about 70% of
motile spermatozoa included in Subpopulation 1, about 25% in Subpopulation 2 and about
5% in Subpopulation 3. Nevertheless, ejaculates with a total sperm number between
10x10° spermatozoa/ejaculate and 20x10° spermatozoa/ejaculate (Group B ejaculates, see
section 2) showed no spermatozoa in Subpopulation 3, whereas more than 90% were
included in Subpopulation 1 (Table 10). The results were more pronounced in ejaculates
with a total sperm number >20 x10° spermatozoa/ejaculate (Group C ejaculates, see
section 2) where all of the motile spermatozoa were included in Subpopulation 1 (Table

10).



Table 10.

Relationship between the proportion of the motile sperm subpopulations in ejaculates with
proven fertility and the total spermatozoa number of the whole ejaculates

Subpopulation Total Spermatozoa-Number Groups
<10x10’ <20x10°>10x10°  >20x10’
sperm/ejaculate sperm/ejaculate sperm/ejaculate
1 69.5° 92.1° 100.0¢
2 26.0° 7.9° 0.0°
3 4.5° 0.0° 0.0°

Sperm subpopulations are described in Section 3. Fresh ejaculates were classified in
arbitrary groups according to values for total spermatozoa number, as described in Section
2. Thus, the table expresses the percentages of the motile spermatozoa included in each
subpopulation depending upon the total spermatozoa number values of the whole
ejaculates. Different superscripts within a row indicate significant differences (p<0.05)
using the Chi-squared test. Data were obtained from 22 ejaculates. Of these, 4 ejaculates
were from stallion 1, 7 from stallion 2 and 11 from stallion 3. The total number of motile
spermatozoa analyzed was 388. The spermatozoa were distributed among the stallions as
follows: 67 motile spermatozoa were from stallion 1, 126 from stallion 2 and 195 from
stallion 3.

4. DISCUSSION

Our results have shown the presence of specific, well-defined sperm subpopulations in
stallion ejaculates, which can be easily defined by their motility characteristics. The
combination of CASA with the statistical VARCLUS procedure generates a very powerful
statistical procedure that was instrumental in clearly establishing these subpopulations, in
spite of the relatively low number of stallions, ejaculates and spermatozoa used. In fact, the
use of a relatively low number of data (animals, ejaculates, etc.), if they are appropriately
processed and the results are sufficiently clear, can suggest very interesting proposals,
which allow for the opening of new perspectives in the study of equine semen. There are
many recent studies involving a relatively low number of observations that can confirm
this assertion (5,14,25). Our results suggest that the study of the distribution of motile
spermatozoa subpopulations could be a powerful tool in improving the overall semen
quality analysis of stallion ejaculates by introducing a new point of view on the classical

equine semen quality analysis.

There are relatively few studies involving evaluation of stallion sperm motility using
CASA (5,8,23,25,31). Moreover, the majority of these studies have used the selection of

parameters based on purely biological criteria without subjecting the data to the many



types of analysis available in statistical packages. This system of selection makes the
interpretation of the results obtained with CASA very difficult, since a great deal of the
statistical information which is obtained by the analysis is neglected. In fact, the
importance of a purely statistical selection approach to the CASA results has been pointed
out. Thus, Abaigar et al. (1,2), working on boar and gazelle spermatozoa, demonstrate the
presence of well-defined motile subpopulations, which were defined by the VCL, VAP,
VSL, ALH, BCF, LIN and STR motion parameters (1). In this case, the investigators
selected these concrete motion variables after analyzing the data by the SAHN-UPGMA
selection procedure from the PATN statistical package for population analysis through
various types of analyses (6).The presence of sperm subpopulations with separate motility
characteristics has also been observed in dog spermatozoa, although in this case the
statistical approach was different, without allowing a precise identification of these
subpopulations (26). It is difficult to determine the most accurate statistical methodology
for application to CASA which will allow researchers to offer the best explanation of the
different trajectories taken by the sperm. This is due to the fact that, with the exception of
BCF and HLO, almost all of the motion parameters obtained after CASA show elevated or
average relations to each other, making it difficult to choose the most adequate motility
variables. This occurs because the majority of these variables are products, quotients or
percentages derived from relationships among them. Furthermore, when comparing our
results to those published for other species, especially boar, there were clear differences in
the location of each motion variable within each independent group among species. For
this reason, the selection and degree of importance of motility variables, and thus the
degree of association among the parameters, will also vary among species. Hierarchical
clustering is a good method for selecting variables in this type of study and reveals that
differences exist between equine and other species, with regard to the selection of motility
parameters. This implies that the accurate application of CASA to a specific concrete
species will need a previous, accurate statistical analysis, probably using some type of
cluster analysis, in order to establish the precise motility variables which will afford the

maximal information from the ejaculates of this specific species.

In our study, the presence of four motile sperm subpopulations was observed. The
dominant population in all of these ejaculations showed very similar average values in
fresh and cooled semen. The other subpopulations of the analysis showed a high VAP.

Caiza de la Cueva et al (8), described average values per ejaculation in fresh semen,



without dilution, of: 32.5 um/sec, 47.5%; 60.8%; 7.27 Hz and 0.32 um, respectively, for
VAP, LIN, WOB, BCF and, HME (8). These values are numerically lower than those
obtained in our subpopulations. However, using diluted and cold-stored semen found
similar values were found to those obtained in our study (8). Sperm motility is quicker and
more efficient in diluted samples, at least partially, of the fall in cross-over among sperm
that follow a trajectory. Another important point to stress about each of the subpopulations
found is the fact that when the subpopulation presents a numerical increase in the
parameters under study (VAP, ALHMED, DNC, HME ), the linearity of its trajectory
curve (LIN) and the oscillation rate (WOB) also fall, indicating a clear relationship
between linearity of movement and the strength developed for the cell to originate its own

motility pattern.

Our results show that Subpopulation 1 represented the most progressive spermatozoa in
both fresh and stored samples. The others sperm subpopulations had highly nonlinear
patterns of motility, but differed in trajectory and vigor. Thus, Subpopulation 2 was
characterized by highly vigorous but mean-linear motion. Subpopulations 3 and 4 differed
from each other in terms of vigor and shape of trajectory and were characterized by
nonlinear motion, possibly representing a hyperactivated or uncoordinated motility. In
human spermatozoa analyzed at 60 Hz, the definition for hyperactivated motility is VCL +
150 pm/s, LIN < 50% and ALHMAX £ 7.0 um (22). An interpretation of this analysis is
that various subpopulations represent spermatozoa in different physiological states (2).
Spermatozoa are known to change their behavior in response to environmental changes and
storage and, therefore, it is likely that changes in the sperm motility pattern reflect the
subtleties of this process (2). Thus, a possible sequence for this progression of spermatozoa
through the subpopulation structure can be constructed. As a consequence, the observed
differences among the motion of individual cells can be explained, at least partially, by the
efficiency of the protein kinase/phosphatase cascades which result in protein

phosphorylation on the flagellum and the initiation of movement (3)

Our results show that the specific subpopulation structure of an ejaculate is related to
several parameters such as the individual stallion, the total motility or the tool sperm

number. The relationship of stallion and sperm subpopulation were expected because other



researches have found a similar relationship between motility and the influence of an
individual stallion on mean values and other semen characteristics (18,23,31). Our results
confirm these previous observations. Moreover, the comparison between motile
subpopulations structure and total motility and total sperm count indicates that sperm
trajectories vary according to the sperm number and the total motility. This effect would be
considered logical if we assumed that the motility of a single spermatozoon would depend
on the different interactions that it establishes with other sperm cells. Thus, these factors
would be strongly affect both the specific percentages and the motility characteristics of

the motile subpopulations of equine ejaculates.

During storage, the Subpopulation 1 seems to slightly decrease while Subpopulations 2,
3, and 4 concomitantly increase. This result could be a consequence of some spermatozoa
included in Subpopulation 1 converting to behaviors classified into Subpopulation 2, 3, and
4, possibly through alteration of their functionality. Following this rationale, the increase in
Subpopulations 2, 3 and 4 during cold storage might be a consequence of the functional
alterations that equine spermatozoa suffer during this process. Thus, it is possible that the
increase in the percentages of Subpopulations 2, 3 and 4 was an early signal of a
deteriorating semen quality, that would be further detected by alterations in other
parameters of semen quality, such as viability, total motility or altered acrosomes. As such,
the study of motile subpopulations could be useful in improving equine semen quality

analysis by detecting early and subtle changes of sperm function.

Evidence of the presence of three or four motile sperm subpopulations with very strong
separate characteristics were observed in fresh and frozen/thawed semen of the common
marmoset (17). Further studies were carried out to determine the population pattern of the
semen of boar and gazelle (1,2, 17). These studies reaffirmed the presence of four different
sperm subpopulations in the semen of the gazelles and three in that of the boar (1).
Therefore, our results are in accordance with those found in other mammalian species. In
fact, observing the great phylo-genetic differences among the species studied, it could be
assumed that the appearance of three to four subpopulations is a widespread phenomenon

in the ejaculation of mammals, thus opening a new insight in their study.



It is worth noting that, in our study, the ejaculates that hade, at least one proven
fertilization did not show the Subpopulation 4, whereas the overall characteristics of the
other three subpopulations were not greatly different from those defined in the study of the
fresh samples. Additionally, there was a clear relationship between the percentage of the
subpopulations and the total number of the ejaculates and, thus, the motile spermatozoa of
the ejaculates with the greatest sperm number are all included in Subpopulation 1. We have
to be very cautious in the interpretation of these results, since we will need more data to
completely establish a firm conclusion. However, these results seem to indicate that
fertility is associated with those spermatozoa which could be included in Subpopulation 1,
since there are confirmed pregnancies using ejaculates that had only spermatozoa from this
subpopulation. The inclusion of the spermatozoa with proven fertility potential in a
concrete subpopulation, if further investigations confirm this assertion, could have
practical consequences in the future development of equine quality analysis techniques,
focusing some of these on the detection of those spermatozoa with specific physiological
and thus motile characteristics. Thus, the study of motile subpopulations could lead to a

considerable improvement of equine semen analysis.
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ABSTRACT

A precise estimation of the fertilizing ability of a boar ejaculate would be very useful to
improve pig assisted reproduction results. For this purpose, we tested the mathematical
combination of several parameters of the boar semen quality analysis, including the
computer-assisted semen motility analysis (CASA), as a predictive fertility tool. The
utilized mathematical relations among parameters were logistic and linear regressions.
Two mathematical models obtained by logistic regression involving Osmotic Resistance
Test, Hyperosmotic Resistance Test and viability of fresh samples, showed a significant
(P<0.05) correlation between semen characteristics and conception rate. However, none of
the obtained models produced a significant correlation model between semen
characteristics and prolificacy. The CASA analyses show that three separate
subpopulations of spermatozoa with different motility characteristics coexist in boar
ejaculates. There were significant (P<0.001) differences in the distribution of these
subpopulations among boars, but no clear relationship between motile subpopulation
structure and fertility was obtained. Our results support the belief that the predictive use of
the results obtained in a standard boar semen quality analysis can reasonably be achieved
by applying logistic correlation analyses among several function parameters of boar semen

quality analysis and in vivo conception rates obtained after artificial insemination.

Key words: Boar semen analysis, Functionality tests, Sperm subpopulations, Conception

rate, Litter size.

1. INTRODUCTION

The wide use of artificial insemination (Al) in the pig industry has raised the interest in
improving the quantitative analysis of boar semen samples, in order to estimate the fertility
potential of males. In a practical sense, the main aim of these analyses would be to use this
as a tool to make a concrete decision about the use of a male in a commercial Al farm.
Many studies have been carried out to achieve this aim. However, there is not a single test
included in the boar sperm semen quality analysis that fulfills this purpose, and only some
functional tests, such as the Osmotic Resistance Test (ORT Test; 1), the rhythm of L-

lactate production (2) or in vitro penetration tests (3) can be partially used as single, weak



predictor parameters for the in vivo fertility of a specific sample. These results indicate that
only a combination of several tests, mainly those which are centered in functional aspects
of boar spermatozoa, can be useful for this aim. The manner in which these parameters
must be related or combined in order to obtain their maximal information is troublesome,
and only relatively complex statistical procedures would allow for the extraction of the
maximal potential of these combined parameters. In boar, a significant amount of
bibliography has been published dealing with this question by using several correlation
analysis systems (3-11). Nevertheless, the majority of these works applied these systems,
namely linear or logistic correlations, on few numbers of tests, such as motion
characteristics (3,9,12) and in vitro penetration assays (3). As a consequence, the results
obtained were, in many cases, partial and, hence, difficult to interpret, thus making the
achieving of a global, general statistical system that would allow professionals to direct the

boar semen quality analysis towards a predictive status difficult.

One of the most utilized parameters in boar semen quality analysis is the study of
motility. Until only a few years ago, the observation of boar sperm motility was
troublesome, since the motion characteristics of these cells make an accurate subjective
estimation of the samples difficult. In fact, subjective determination of boar sperm motility
seems to not be a very useful tool for semen quality analysis (2, 13). The appearance of
computer-assisted semen analysis (CASA) systems has greatly aided in overcoming this
problem, since it provides an objective and accurate system to determine the motion
characteristics of the sample. To make motility determination objective is important in the
sense that this can be considered like a functional test, since a significant percentage of the
energy that is produced by mammalian sperm is directed towards maintaining motility
(14,15). Thus, the exact motion parameter that is shown by a cell is a direct determination
of the energy status of this sperm. As a result, the CASA-subjected study of motility can be
included in the group of functional tests that can be considered as useful for in vivo

predictive evaluation of an ejaculate.

Moreover, CASA analysis has allowed researchers to determine the existence of a
structure of separate motile subpopulations in a whole ejaculate. This structure has been
described in many separate mammalian species, such as golden hamster (16), gazelle, (17),

dog (18), horse (19) and boar (10,17,20,21). From a practical point of view, the existence



of separate motile subpopulations in an ejaculate is important, since this structure has to be
taken into account when applying a CASA system in the evaluation of motility as a
functional test of boar semen quality. The simpler manner to apply CASA considers that
motile spermatozoa are distributed in a boar semen sample in a uniform, normal
distribution. However, this simplistic view will result in a substantial loss of information
when statistical procedures are applied to the results, since the real distribution of motile
sperm is not uniform and normal, but rather structured in separate subpopulations (22).
Moreover, the presence of this subpopulation structure raises the question as to whether the
fertilizing ability of an ejaculate is (or not) localized in one or another of these
subpopulations. In this sense, a strong relationship between changes in the percentages of
diverse populations and the fertilization capacity of a specific ejaculate has been suggested,
at least in boar (17,20) and horse (19). Thus, the study of the concrete motile subpopulation
structure of a boar ejaculate can be of the greatest importance to optimize the predictive

ability of boar semen quality analysis.

The main objective of this study is to find a global system which allows a reasonable
predictive use of boar semen quality analysis in conception rate and prolificacy results. For
this purpose, the main tests of boar semen analysis (excepting those dealing with
computerized analyses of sperm morphology and in vitro penetration) were tested and
related both among themselves and with the conception rate and prolificacy results by
using both linear and logistic correlation techniques. This will allow us to obtain a global,
statistical link among the parameters. Moreover, this approach was completed with a study
of the motile subpopulation structure of the ejaculates relating to their in vivo fertility
abilities. In this way, the sum of both approaches to boar semen quality analysis would
allow for the optimization of the predictive usefulness of this analysis when applied to the

results of in vivo fertility.

2. MATERIALSAND METHODS

2.1. Semen Collection and Processing

Boar semen was collected from 6 healthy, mature boars from a commercial farm. Boars

were 2 Large White, 3 Pietrain x Large White and 1 Pietrain x White Belgium, which were



from 2 to 3 years old. The ejaculates were manually collected and immediately placed in a
water-bath at 37°C. The semen was immediately diluted to a concentration of 2 x 10’
spermatozoa/ml in a commercial extender for refrigerated semen (MR-A Extender; Kubus;
Majadahonda, Spain) and distributed in 100-mL commercial Al recipients. Concentrations
of these samples were determined at x200 with either a Neubauer or Thomas
hemocytometer cell chamber. When necessary, some of these doses were used for Al in the
same farm. One of the obtained 100-mL doses was placed in a portable refrigerator at 16°C
for approximately 90 min, which was the time required to arrive at the laboratory. Here, a
5-mL sample was placed in a water-bath at 37°C and aliquots were taken immediately to

evaluate the analyzed parameters in fresh diluted semen.

2.2. Analytical Procedures

Percentages of viability, altered acrosomes and morphological abnormalities were
determined by using the Nigrosin-Eosin stain (23). These percentages were determined
after counting 200 to 300 spermatozoa/slide at x1,000. Altered acrosomes were considered
to be those which did not show a clear and uniform acrosomal ridge. Morphological
abnormalities were classified according to their location in head, neck or midpiece, and tail
abnormalities. Proximal and distal cytoplasmic droplets were counted as separate

abnormalities.

The ORT Test was carried out as described by Rodriguez-Gil and Rigau (24), whereas
L-lactate production in an isoosmotic medium was determined enzymatically, as described

in (2,24).

A previous report showed that the resistance of boar sperm to sudden changes of
osmolarity could be a feasible parameter to estimate cell function (25). Following this, we
have developed a functional test based upon the ability of boar sperm to resist osmolarity
changes from a hyperosmotic medium to an isoosmotic medium. This test, which we have

named the Hyperosmotic Resistance Test (HRT Test), was performed as follows:

A 100-puL aliquot of semen was added to 900 puL of a hyperosmotic solution containing

0.9 mol/Kg glucose (r = 1169 £ 13 mOsm, mean £ SEM for 8 separate determinations).



The mixture was incubated for 5 min at 37°C, and after this a 100-uL aliquot was
quickly returned to an isoosmotic environment by placing it in an Eppendorf tube
containing 1000 pL of a Krebs-Henseleit-Ringer solution at 37°C (t = 296 £ 7 mOsm,
mean = SEM for 8 separate determinations). Both, the remaining 900 pL of the
hyperosmotic medium (undisturbed solution) and the 1100 pL isoosmotic medium with
hyperosmotic stressed spermatozoa (disrupted solution), were quickly observed by using
the modified dual Trypan Blue-Giemsa stain (26). In these stained samples, the
percentages of viability and altered acrosomes were determined, in a manner similar to that
previously published (25). Following this, the HRT Test was based upon the attaining of
the relationships between the percentages of viability (VHIPER) and altered acrosomes

(ACROHIPER) as indicated in the following formulae:

VHIPER = VD/VU,

ACROHIPER = AD/AU,

Where:

VD = Percentage of viability in the disrupted medium;

VU = Percentage of viability in the hyperosmotic, undisturbed medium;
AD = Percentage of altered acrosomes in the disrupted medium;

AU = Percentage of altered acrosomes in the hyperosmotic, undisturbed medium.
2.3. Computer-Assisted Motility Analysis

As previously stated, motion characteristics of the samples were determined by using a
CASA system (Sperm Class Analyzer, Microptic; Barcelona, Spain). In this, a 5-mL
aliquot of the diluted semen was incubated for 5 min in a water-bath at 37°C. After this, a
5-uL drop of the sample was placed on a warmed (37°C) slide and covered with a 25-mm?
coverslip. Our CASA system was based upon the analysis of 16 consecutive, digitalized
photographic images obtained from a single field at magnification of x200 on a dark field.
These 16 consecutive photographs were taken in a time lapse of 0.64 sec, which implied a
velocity of image capturing of 1 photograph every 40 milliseconds. From 2 to 3 separate
fields were taken for each sample. The obtained sperm motility descriptors were described

following Boyers et al. (27), Davis and Siemers (28) and Rigau et al. (18). Total motility



was defined as the percentage of spermatozoa which showed a mean velocity (VAP; see

Table 1 for definition) above 10 um/sec.

2.4. Selection of the Parameters to Perform the Boar Sperm Motility Study

The application of the VARCLUS procedure, combined with subsequent variance
analyses, was performed, as described in (19). The analysis of the data obtained from 6,297
spermatozoa, grouped the 21 motion variables obtained in the CASA into 8 clusters, which
explain 84.22% of the total variation. The comparison of the statistical proximity among
the separate motion variables gathered in the same clusters led to the choosing of one or
two motion parameters in each cluster, which conserved the maximal statistical
information contained in each cluster. From this analysis, the chosen variables for each
cluster were: the mean amplitude of head lateral displacement (mean ALH), linear
coefficient (LIN), VAP, frequency of head displacement (BCF), minor harmonic
oscillation of the head (HLO), algebraic angular mean displacement (AlgMAD), dance
(DNC) and the maximal amplitude of the oscillation of the head (HME). For a better

definition of these parameters, see Table 1.

Table 1.

Definition of the choosen motility descriptors

Name Units Description
Mean velocity (VAP) um/sec The mean trajectory of the spermatozoa per
unit of time

Linear coefficient (LIN) % VSL/VCL

Mean lateral head Mean head displacement along its curvilinear

displacement (mean um trajectory around the mean trajectory

ALH)

Dance (DNC) um”/sec ~ VCL x ALHMED

Algebraic angular mean The algebraic value of the advancing angle of

displacement (AlgMAD) angular  the sperm trajectory. Negative values indicate
degrees  a clockwise displacement

Frequency of head The number of lateral oscillatory movements

displacement (BCF) Hz of the sperm head around the mean trajectory

Minor harmonic The minimum value of the distance between

oscillation of the head pum the curvilinear trajectory with respect to the

(HLO) mean trajectory

Maximal amplitude of the

oscillation of the head um Maximal distance between two successive

(HMX) crosses around the mean trajectory




2.5. Fertility Trials

The in vivo fertility study was conducted in the same farm, using a total of 133
multiparous (two to six pregnancies) crossbred sows (Large White x Landrace). Estrus was
checked daily in the presence of a mature teaser boar. Occurrence of estrus was defined by
the standing reflex in front of a boar (back pressure test) and reddening and swelling of the
vulva. The sows were inseminated with diluted semen, using disposable Al-catheters.
Insemination took place 12 hours after diagnosis of estrus and was repeated 12 hours later.
Pregnancy diagnosis was performed 21-30 days after Al by ultrasonography. When several
anechoic (dark) areas (which represent the embryonic vesicles) were found in the image, it
was considered a positive diagnosis of pregnancy. In the absence of dark areas, the sows
were classified as non-pregnant, and it was confirmed by the return to estrus or
nonfarrowing at the predicted time. Semen fertility was measured by relating the semen
characteristics with the pregnancy diagnosis (O=non-pregnant, 1=pregnant). For each sow
that farrowed, the number of dead and live piglets was counted and the sum was defined as

the total number of piglets born.

2.6. Statistical Analysis

All data recorded (sperm motility descriptors, morphometry and fertility) were imported
into a database (Excel, 2000) and analyzed by SAS/Statistical Analysis System for
Windows (29). Sperm motility descriptors obtained from CASA were analyzed by the
VARCLUS clustering procedure. In this system, clusters are chosen to maximize the
variation accounted for by either the principal component or the centroid component of
each cluster. Thus, the VARCLUS procedure can be used to reduce the number of sperm
motility descriptors. This procedure allows us to determine the optimal number of motion
parameters which can be used to define sperm motion characteristics. The separation of
variables into clusters was carried out over 64 evaluations of 32 ejaculates with 6,297
spermatozoa. Following this, the next point was to use another statistical procedure which
allows for allocating an individual, motile spermatozoon into a specific subpopulation.
Another clustering procedure, the FASTCLUS one, was used for this purpose. This
procedure performs a disjointed cluster analysis on the basis of Euclidean distances

computed from one or more quantitative variables (sperm motility descriptors), which



allows for the study of large sets of observations, from approximately 100 to 100,000. The
spermatozoa were divided into clusters such that every observation belongs to one and
only one cluster. Spermatozoa that are very close to each other are usually assigned to the
same cluster, while spermatozoa that are far apart are in different clusters. The separation
of spermatozoa into clusters was carried out from the total number of spermatozoa
obtained in evaluations of 28 ejaculates (n=5,515). A General Lineal model (PROC GLM)
was used to evaluate significant differences (P<0.05) among clusters of sperm
subpopulations, whereas the LSMEANS procedure was used to list these mean differences.
A Chi-square test was used to determine the relationship among sperm subpopulations in
diluted semen with the individual boar used, as well as with the total I.-lactate in the
ejaculates, percentage of spermatozoa viability in ORT Test and the viability between
disturbed and undisrupted media (VHIPER) in the whole diluted ejaculates. The results
obtained after the Chi-square tests allowed us to categorize the motile spermatozoa in the

following form, after application of the FASTCLUS procedure:

Following the rate of L-lactate production:

Group 1 whole ejaculates: L-lactate production 1 pmol/mg protein x 60 min >x< 6.5
umol/mg protein x 60 min.
Group 2 whole ejaculates: L-lactate production 6.5 pmol/mg protein x 60 min >x< 11.5
umol/mg protein x 60 min.

Group 3 whole ejaculates: L-lactate production 11.5 pmol/mg protein x 60 min>x.
Following the results of the ORT Test:

Group 1 whole ejaculates: ORT Test percentage 45% >x< 59%

Group 2 whole ejaculates: ORT Test percentage 59% >x< 78%.

Group 3 whole ejaculates: ORT Test percentage 78%.>x.

Following the results of the HRT Test:

Group 1 whole ejaculates: VHIPER results 0.01 >x <0.35.
Group 2 whole ejaculates: VHIPER results 0.35 >x< 0.7



Group 3 whole ejaculates: VHIPER results 0.7 >x.

Logistic regression analyses were used to relate the dichotomous conception rate to the
sperm parameters. Finally, linear regression analyses (Pearson correlation and multiple
regressions) were used to examine the relationship between litter size and measured semen

parameters (9,30).

3. RESULTS

3.1. Mean Results for the Semen Quality Analysis of Boar Ejaculates

The mean values for the overall semen quality parameters are shown in Table 2. The
presence of relatively great values of SEM in several parameters is noteworthy. This was
due to the existence of great, significant (x’= 36.58, df= 12, P<0.001) differences in
parameter values among boars. Thus, the percentage of proximal cytoplasmic droplets
varied from 3.010.5% in Boar 206 to 46.0£5.09% in Boar 410 (Table 3). A similar
variability can be observed in other parameters, such as the percentages of altered
acrosomes, ORT and HRT Tests (Table 3). This indicates the importance of the individual

in the precise result of quality seminal analysis.

3.2. Relationship between Seminal Characteristics and In Vivo Fertility Results

No significant correlations were obtained between values of a single semen quality
parameter and either conception rate or prolificacy (data not shown). In fact, when we
observed the data segregated by boars there were some surprising facts, such as that
individuals with a high percentage of proximal cytoplasmic droplets showed similar
fertility results to those with much lower percentages of this morphologic abnormality
(Table 3). Only those quality parameters involving functional aspects of ejaculates,
especially ORT and HRT Tests, showed a tendency to correlate with conception rate,

although none of them, individually, showed a significant correlation (data not shown).

3.3. Sperm Subpopulations Analysis in Diluted Semen



Three sperm subpopulations were defined after the application of the FASTCLUS
procedure and subsequent variance analysis (Table 4). The qualitative interpretations of the

data obtained from each subpopulation, are the following:

Table 2.

General characteristics of the diluted sperm fraction of boar ejaculates

Parametro n Means + SEM Confidence
intervals (95%)

Percentage of viability by Eosin/ nigrosin 32 84.7+23 80.0-89.3

staining (%)

Altered acrosomes (%) 33 120+ 1.1 9.8-14.2

Total abnormalities (%) 32 55.6+5.1 45.4-65.8

Proximal cytoplasmic droplet (%) 32 32.7+3.1 26.4-38.9

Distal cytoplasmic droplet (%) 32 11.6+1.7 8.2-15.0

Total Motility (%) 33 81.0+ 1.6 77.7-84.3

Osmotic resistance test (%) 33 76.4+1.2 74.0-78.9

L-Lactate production (1 mol/mg protein x 24 8.1+0.7 6.7-9.5

60 min)

Percentage of viability in hyperosmotic, 30 81.7+2.1 77.6-85.9

undisrupted medium (%)

Percentage of altered acrosomes in 30 22.8+2.1 18.7-26.9

hyperosmotic, undisrupted medium (%)

Percentage of viability in disrupted medium 29 50.3+3.7 42.9-57.6

(%)

Percentage of altered acrosomes in 29 58.0+24 53.2-62.7

disturbed medium (%)

Relation of the viability between disturbed 28 0.6 +£0.1 0.5-0.7

and undisrupted media (VHYPER)

Relation of altered acrosomes between 28 0.39+0.03 0.3320.46

disturbed and undisrupted media

(ACROHYPER)

Total motility is defined as the percentage of spermatozoa with a VAP > 10 um/sec.

Subpopulation 1.

This contains fast spermatozoa, with high values of VAP. Trajectories show low
linearity, although it was higher than Subpopulation 3 (LIN of 38.5+1.1% vs. 30.1+2.6% in
Subpopulation 3). Mean ALH and DNC are higher than Subpopulation 2 but lower than
Subpopulation 3. About 9 % of the total motile spermatozoa were included in this

subpopulation.

Subpopulation 2.



Table 3.

Individual boar results of sperm quality parameters and values of conception rate and litter size after A.I. with the analyzed ejaculates.

Variables Boar

206 210 409 410 411 412
Number of ejaculates 2 2 3 9 12 4
Proximal cytoplasmic droplets (%) 3.0+0.5% 2.0+1.0° 24.2+7.8° 46.0+£5.9° 43.240.6° 3.66+0.5°
Total Motility (%) 88.8+ 0.4° 78.8 +£1.3° 76.2+ 2.6 89.7+ 2.4 82.4+2.1° 60.2+ 2.2
VAP (um/sec) 46.7+1.0° 42.8+1.8° 38.6+1.0° 47.3+0.6° 36.6+0.3% 35.1+0.8¢
LIN (%) 56.6+1.2° 50.1+1.6° 55.2+1.1° 55.340.6 48.2+0.4° 47.5+1.0°
MeanALH (pm) 2.56+0.05° 2.69+0.08° 3.77+0.10° 2.66+0.03° 2.60+0.02° 2.47+0.05°
DNC (um?*/sec) 203.749.0° | 213.3+17.3" | 24224225 | 222.7+5.6° 198.7+4.6" 171.4+8.5¢
BCF (Hz) 15.3+0.2° 14.440.4% 13.0+0.2° 14.4+0.1% 14.6+0.1%° 14.3+0.3°
HLO (um) 0.11+0.01° 0.10+0.01° 0.18+0.03° 0.14+0.01% 0.09+0.01° 0.09+0.01°
HMX (pm) 2.38+0.06™ | 2.5440.13* | 2.33+0.08" | 2.40+0.03" | 2.20+0.02" 2.17+0.05°
AlgMAD (angular degrees) -10.38+ 1.14™ | -14.38+ 1.80° | -9.55+ 1.03™ | -11.70 £0.56" | -15.02 + 0.46** | -18.50 +0.94"
Inseminated sows in this trial 6 0 17 42 55 13
Conception rate in this trial (%) 50.0 - 94.1 83.3 81.8 92.3
Conception rate in the farm (%) 71.6 - 76.0 80.8 76.3 85.7
Litter size in this trial (means) 12.0 - 11.02 13.0 10.97 10.83
Litter size in the farm (means) 10.84 - 10.07 10.35 10.31 10.44

Data are expressed as means £ SEM. Motility descriptors and general characteristics of diluted semen have been described in Table.

Different superscripts in a row indicate significant differences (P<0.05).




These spermatozoa showed a relatively low velocity together with high
progressiveness, as indicated by their VAP and LIN values. Moreover, mean ALH,
DNC, HLO and HMX values are the lowest among the subpopulations, indicating a
type of movement with low ondullatory characteristics. The BCF is similar to the other
subpopulations. AlgMAD is high and negative (-12.81+0.68 angular degrees),
indicating a high angular, clockwise-oriented displacement. About 90% of the

spermatozoa in the data set were assigned to this subpopulation.

Table 4.
Motile subpopulation characteristics of diluted boar samples from the CASA data set.
Sperm motility descriptors Sperm Subpopulations
1 2 3

N° spermatozoa 510 4928 77
Percentage from the total 9.2 89.4 1.4
VAP (um/sec) 65.2+0.9° 39.0+ 0.5 69.3 +2.2°
LIN (%) 38.5+ 1.1° 53.4£0.6° 30.1 £2.6°
mean ALH (um) 4.94 +0.04° 2.2940.02° 9.89 £0.01°
DNC (pum?/sec) 570.1 £ 6.2° 144.5+3.2° 1757.3 £ 13.0°
BCF (Hz) 149 +0.3° 142+0.1° 13.7 £ 0.6
HLO (um) 0.28 +0.02° 0.091 +0.01° 0.12 +0.05%
HMX (um) 3.84£0.07° 2.2340.03 6.39 £0.16°
AIgMAD (angular degrees) 9.44 +1.21° - 12.81 £ 0.68" -7.30 +2.79°

Results are expressed as means = S.D. of 5,515 spermatozoids from 28 separate ejaculates.
Motility descriptors have been described in Table 1. Different superscripts in a row
indicate significant differences (P<0.05).

Subpopulation 3.

These spermatozoa showed non-linear trajectories. Cells were very active, with high
values of VAP, although their non-linearity and poor progressiveness characteristics were
evident from their high values of mean ALH and DNC. The percentage of motile

spermatozoa which were included in Subpopulation 3 was 1.4%.

Since values of several semen quality parameters were dependent on the precise boar
from which the semen sample came, it was also considered of interest to study if the
precise subpopulation structure of ejaculates varied among individuals. Our results indicate
that, whereas the percentage of sperm included in each subpopulation did not greatly vary
among boars, there were great variations in the single values of several motility parameters

included in each subpopulation. Thus, centering on VAP values, these varied, in



Subpopulation 1 from 55.0+3.6 pum/sec in Boar 409 to 90.4+5.3 um/sec in Boar 210; in
subpopulation 2 from 31.7+0.9 um/sec in Boar 409 to 46.4+0.9 um/sec in Boar 206, and in
Subpopulation 3 from 37.3+5.4 um/sec in Boar 409 to 128.7£13.1 um/sec in Boar 210.
Similar variations were observed in all of the other motility parameters (data not shown).
This indicates that the overall motile sperm subpopulation structure was similar in all of
the boar studied despite the existence of individual differences in the values of motility

parameters per each subpopulation.

3.4. Relationship between Motility Parameters and L-Lactate Formation, ORT Test and
HRT Test

A common assertion indicates that sperm motility is directly related to the functionality
of this sperm. This would imply that there is a more or less direct relationship between the
motility characteristics of boar sperm and the results of the seminal quality tests that reflect
sperm functionality. In our sperm analysis, these functionality tests are three: The
production of L-lactate and the ORT and HRT Tests. Thus, the motility parameters were
compared, both in their overall results and under the motile subpopulation structure, with a
categorization of the results obtained by the FASTCLUS procedure, as opposed to these

tests, in order to determine the existence of such a relationship.

Mean motility parameters varied when spermatozoa were classified according to their
production of L-lactate. As shown in Table 5, VAP, LIN and DNC were significantly
(P<0.05) lower, and mean ALH and HMX were significantly (P<0.05) higher in samples
with a production of L-lactate greater than 11.5 umol/mg protein x 60 min as compared to
those samples between 1 and 6.5 pumol/mg protein x 60 min. Samples with an L-lactate
formation between 6.5 and 11.5 pmol/mg protein x 60 min showed motility parameters,
excepting VAP and AIgMAD, similar to those of the group with lower values of L-lactate
formation, which is compatible to its intermediate position in the L-lactate formation

groups (Table 5).

The segregation of separate motion characteristics associated with a specific rate of L-

lactate formation was also shown when samples were studied under a motile subpopulation



structure. Thus, the greater percentage of spermatozoa included in Subpopulation 1
(10.0%, which corresponded to 248 spermatozoa) was observed in samples with a
production of L-lactate between 1 and 6.5 pmol/mg protein x 60 min. Similarly,
Subpopulation 3 practically disappeared in ejaculates with an L-lactate formation rate
above 11.5 pmol/mg protein x 60 m (1.6%, which corresponded to 39 spermatozoa). This
indicates that the precise subpopulation structure can be related to the ability of L-lactate
formation in these samples. Moreover, subpopulations varied not only in their percentage,
but also in their motion characteristics. Thus, samples with an L-lactate formation rate
above 11.5 pmol/mg protein x 60 m showed higher, significant (P<0.05) values of VAP in
Subpopulation 3 (103.0+7.6 um/sec, meantS.D. from 6 spermatozoa) than those of
Subpopulation 1 (63.6£2.1 um/sec, meantS.D. from 79 sperm) and Subpopulation 2
(39.240.7 pm/sec, meantS.D. from 888 spermatozoa). Accordingly, the VAP of
Subpopulation 1 was significantly higher in samples with an L-lactate formation between
6.5 and 11.5 pmol/mg protein x 60 m (66.2+2.1 pum/sec vs. 34.2+0.7 um/sec in
Subpopulation 2 and 58.5+3.8 um/sec in Subpopulation 3; results as means +S.D. from 85,
1294 and 24 spermatozoa, respectively). Similar results were observed in the other motility
parameters (data not shown). Thus, the motion characteristics of each subpopulation seem

to also be related to the overall capacity to form L-lactate of the ejaculates.

Similarly to that observed in the rate of L-lactate formation, there were clear variations
in many mean values of motility parameters related to the response of an ORT Test. Thus,
after determining means%S.D. results of 55,515 spermatozoa from 28 ejaculates, values of
LIN were significantly (P<0.05) lower in samples with ORT values above 59%, and this
decrease was greater as ORT values increased (56.4%1.5 % in the ORT group in the range
of 59%-t0-58 % and 50.0+1.2 % in the ORT group above 78%). Mean ALH, DNC, BCF,
HLO and HMX increased when ORT wvalues also increased and, thus, these motion
parameters were significantly (P<0.05) greater in samples with ORT values above 59%
than in those with ORT scores below 59% (data not shown). This relationship between
ORT and mean motility values was translated into specific modifications in the
subpopulation structure related to ORT values. In this respect, it is worth noting that
Subpopulation 3 was practically absent (0.3% of the total motile sperm population) in
samples with ORT values below 59%. Moreover, Subpopulation 1 greatly increased in

samples with ORT scores above 78%. In these samples, Subpopulation 1 was 11.5% of the



total motile sperm, which was significantly (P<0.05) greater than that observed in samples
with ORT values below 59% (4.6%) and with an ORT score between 59% and 78%
(6.9%). On the other hand, the VAP did not significantly differ in subpopulations when
classified according to the ORT values of the whole ejaculate, and the high VP value seen
in Subpopulation 3 can be explained by the fact that only one spermatozoon was found in
this subpopulation in ejaculates with ORT values below 59%, thus invalidating the

statistical procedure applied in the samples (data not shown).

Table 5.

Relationship between the mean motion characteristics with respect to the rhythm of L-
lactate formation in whole samples.

Sperm motility descriptors L-Lactate Groups
>1-<6.5 >6.5-<11.5 >11.5

VAP (um/sec) 442+ 13" 40.0 £ 1.7° 33.8+1.5°
LIN (%) 55.0+ 1.9° 53.0+2.5° 48.8 +2.3°
mean ALH (pm) 1.6 +3.3 1.0+ 4.4 6.6 +3.9°
DNC (um?/sec) 193.0 £ 9.7° 172.5+12.8 1342 +11.5°
BCF (Hz) 14.3 +0.4° 14.8 0.5 14.0 + 0.4*
HLO (um) 0.11+0.04° 0.09 + 0.05° 0.10 + 0.05
HMX (um) 1.91 +1.91° 1.52 £2.54° 4.65+2.26"
AIgMAD (angular degrees) -12.5+1.5° -19.0 £2.0° 172+ 1.8

Results are shown as means + S.D. of 4,856 spermatozoa from 25 ejaculates. Motility
descriptors have been described in Table 1. Different superscripts in a row indicate
significant (P<0.05) differences among groups. L-lactate production is expressed as
umol/mg protein x 60 min.

Comparable results were obtained when samples were classified according to their
mean motion parameters, with respect to the changes in the HRT Test. Samples with
VHIPER above 0.7 showed values of LIN significantly (P<0.05) lower, and values of
mean ALH, DNC, HLO, HMX and AIgMAD significantly (P<0.05) higher than those
obtained in samples with VHIPER below 0.35 (data not shown). Samples with VHIPER
above 0.35 and below 0.7 showed intermediate, mean motion values between those of the
extreme subpopulations (data not shown). According to that observed with the L-lactate
formation rate and the ORT Test, the modifications observed in the mean values of motion
parameters were related to variations in the specific subpopulation structure of the
ejaculates. Thus, again Subpopulation 3 was practically absent (0.8% from the total motile

spermatozoa) in samples with VHIPER values below 0.35, and Subpopulation 1 increased



from 7.4% with VHIPER scores between 0.01 and 0.35 to 9.6% in samples with VHIPER
values above 0.7. Moreover, VAP values did not change in any subpopulation when

compared to the VHIPER values of the whole samples (data not shown).

The next step was to verify whether a mathematical relationship among the seminal
quality parameters could render some correlation between boar semen analysis and fertility
in vivo. For this purpose, a study of logistic regression between the semen quality
parameters and the in vivo conception rate was performed. This study finally rendered five
separate logistic regression models. Of these, only two of them were statistically
significant (P<0.05; Table 6). It is noteworthy that both models only included two (ORT
and HRT Tests) or three (ORT Test, HRT Test and viability) semen parameters, with
motility characteristics not being considered important for these logistic regressions (Table
6). Thus, in our conditions, the combination of two functional probes was the best model to

explain the in vivo conception rate from the utilized ejaculates.

A similar study by using multiple linear regression models between semen quality
parameters and litter size was performed. In this, various statistical models were generated
that explained 10%-24% of the variation in litter size (data not shown). However, none of
these models was statistically significant (as much as P>0.08) and they were not capable of

explaining the variation in prolificacy (data not shown).

Although the results obtained with the mean values of semen parameters were not
promising, we next studied the possibility of a relationship between the precise, motile
subpopulation structure of ejaculates and in vivo fertility results. To this end, the sows
inseminated with the ejaculates were classified into two categories; those that were positive
for pregnancy after Al and those that were not, and then the subpopulation structure of the
mean of the ejaculates utilized in both groups was analyzed. Table 7 indicates that the only
subpopulation that showed some differences between positive and negative sows was
Subpopulation 3. This group presented significantly (P<0.05) higher values of mean ALH
and DNC, and lower values of VAP in the sows that were negative for pregnancy after Al.

No other significant difference was observed in this study (Table 7).



Table 6.

Details of the two significant models obtained after carrying out a logistic regression study
of seminal characteristics relating to conception rate data obtained with the same samples.

Statistical Regression SE Significance of Significance of Percent

Model Coefficient individual Statistical Concordant
parameters (P) model (P)

Model 1 - - - 0.0318 69.0

ORT -0.1729 0.0885 0.0507

VHIPER -2.0362 1.6549 0.2186

Constant 17.2977 7.8025 0.0266

Model 2 0.0487 67.1

Viability 0.0280 0.0280 0.3166

ORT -0.1743 0.0883 0.0483

VHIPER -1.9014 1.5733 0.2268

Constant 14.8378 8.0115 0.0640

The logistic function for Model 1 is p=1/ [1 + e (727 017ZORT = 2036VHIPERY) " horeas the
logistic function for Model 2 is p=1/[ 1-+¢-(14837+0.028Viabilty-0.174*ORT-1.9014*VHIPER)|

Only the most significant effects (P<0.10) are shown. The other parameters of seminal
characteristics were removed by logistic regressions.

Viability: Percentage of viability in fresh, diluted samples.

ORT: Results from the ORT Test.

VHIPER: Relationship between the percentages of viability between disturbed and
hyperosmotic undisrupted

4. DISCUSSION

The analysis of our results shows several interesting conclusions that have to be taken
into account when interpreting data from a boar semen quality analysis. First of all, the
mathematical combination of the parameters of this semen analysis, especially in the shape
of logistic regressions, can render much more valuable information than the individual
observation of separate parameters. This is an obvious conclusion, and it has been reported
before (9,31,32). However, the importance of our model is found in the fact that the most
important parameters for the interpretation of semen quality analysis were those based on
sperm functionality, such as the ORT and HRT Tests. Conversely, some classical
parameters, such as morphological abnormalities or total motility, seem to not be of great
importance in the analysis of fertile, boar semen samples. This is highlighted, in the case of
abnormalities like proximal cytoplasmic droplets, when observing that semen samples with
very different percentages of these anomalies rendered high and similar results on in vivo
fertility (see Table 3). Of course, it must be stressed that this result is only applicable to

semen with proven fertility, and the mathematical integration of the quality analysis



Table 7. Motile sperm subpopulation structures of boar semen samples with positive or negative pregnancy results after artificial insemination.

Sperm motility descriptors Subpopulation 1 Subpopulation 2 Subpopulation 3
Positive Negative Positive Negative Positive Negative
Pregnancies Pregnancies Pregnancies Pregnancies Pregnancies Pregnancies
Percentage (%) 8.8" (322) 10.2° (188) 90.0° (3298) 88.1° (1630) 1.2° (46) 1.7°(31)
VAP (um/sec) 66.0 £ 1.1° 64.3 £ 1.4° 384+0.5° 39.5+0.7° 759 £2.8° 62.7 +3.4°
LIN (%) 38.6+ 1.3 384+ 1.7° 53.7+0.6° 53.1+0.8 292 +3.3° 31.0 £ 4.0°
Mean ALH (um) 4.93 +0.04° 4.95+0.06" 2.26 +0.02° 2.32+0.02° 9.43 +0.11° 10.34 £ 0.14¢
DNC (pum?*/sec) 570.0 + 6.5 570.2 + 8.6 1403 +3.1° 148.7 £ 4.0° 1599.0+16.3°  1915.5 +20.0¢
BCF (Hz) 14.7 0.3 15.1 £ 0.4° 14.1 £0.1° 14.3 +0.2° 13.4+0.8 14.0 + 1.0°
HLO (um) 0.31 £0.02° 0.24 +0.03" 0.08 +0.01° 0.09 +0.01° 0.16 + 0.06™ 0.07 £0.01°
HMX (um) 3.86 +0.07° 3.82+0.10° 221 £0.03° 2.25+0.03" 6.40 +0.20° 6.38 + 0.24°
algMAD (angular degrees) 9.6+ 1.4° 92+1.8° -13.0+0.7° -12.7+0.9° -12.1+3.5° -12.5+4.3°

The results were obtained from 5,515 spermatozoa included in 28 separate ejaculates. These were utilized to inseminate 133 sows. Nineteen of
these ejaculates showed positive pregnancies, involving 111 sows, whereas 7 ejaculates and 22 sows inseminated with them, showed negative
pregnancies. Different superscripts in a row indicate significant (P<0.05) differences among groups. Results are expressed as means + S.E.,
excepting those of the percentage of motile spermatozoa included in each subpopulation. In the lane corresponding to the percentage of each
subpopulation with respect to the whole sample, the number of spermatozoa analyzed in each point is shown in parentheses. Motility descriptors

have been defined in Table 1.



parameters from sub-, or infertile samples might render other results. Nevertheless, in our
conditions of a commercial farm, which uses semen of good average quality for Al the
most classical parameters of seminal quality add very little information about the fertilizing

ability of a concrete sample.

The importance of functional tests on boar semen quality analysis has been previously
shown by separate working groups. Thus, from its appearance, the ORT Test has shown
itself to be one of the most potent quality parameters (1,3,33). The HRT Test that has been
developed by us from former works (25,26) seems to also be a potent functional parameter.
This 1s not difficult to understand, since the HRT Test is also a test that determines the
ability of boar spermatozoa to react against osmotic changes of the environment. The main
difference between both parameters is that, whereas the ORT Test determines the
resistance of sperm to a single osmotic condition, the HRT Test evaluates the ability of
these cells to resist sudden changes of osmolarity, thus observing the behavior of sperm in
two consecutive osmolar conditions. Other functional tests, such as those based on the in
vitro penetration ability of boar sperm, have also shown themselves to be potent quality
parameters (3). Nevertheless, no in vitro penetration test was used, since they need a
relatively complex infrastructure, which is not available for the majority of the average
boar semen quality analysis laboratories, and our work has been centered on those tests
that can be carried out in such laboratories. Thus, following the point of view of an average
boar semen quality analysis, we strongly support the necessity of these laboratories to
introduce functional, osmotic tests as obligatory ones in their routine protocols. These tests
would be complimented, of course, with other more classical tests, specially the
observation of the percentage of viability of fresh samples, which has shown itself to be
another statistically potent test (see Table 6). It is worth noting, however, that our results
have been obtained on only one farm, and with a limited number of boars and inseminated
sows. Studies involving greater numbers of both might affect these conclusions somewhat.
We have to remember that, in a former study, the rate of L-lactate production was marked
as a statistically stronger test than the ORT Test (2), whereas in this study the result was
not the same. Thus, although the great relevance of the various functional tests is
undoubted, the precise importance of each one of them in boar semen quality analysis

could vary with respect to the concrete conditions of the studied farms and semen samples.



Sperm motility could be considered as a functional marker in boar sperm analysis, since
motility is directly related to the sperm’s ability to obtain and process energy (15). Our
study did not show any concrete relationship between sperm motility descriptors obtained
by CASA and in vivo fertility data. This is not very surprising and, in fact, a similar lack of
a strong relationship has been observed both in boar (3) and in other species, such as
human (34-36). In the case of boar, this effect could be explained by the intrinsic
characteristics of sperm motility. Boar sperm has low mean values of its motion
parameters, especially when compared to other mammals like dog (18) and horse (19).
This implies that the variation limits of data, and then the subsequent variation coefficients,
from these parameters are small. This, besides the great homogeneity of the in vivo fertility
results, leads us to look for correlations between two types of parameters (motion
parameters and in vivo fertility results) with very small coefficient variations. This makes
the appearance of such relationships very difficult. Moreover, boar sperm motility is very
dependent on the environment, and factors like temperature or the type and size of the
slides and coverslips utilized greatly influence it (13). Consequently, boar sperm motility
can only be considered to be useful in sperm quality analysis when all of the external
factors that can influence it, from temperature to the time that the motion analysis needs to
be performed and the precise type of mechanical support on which the semen sample is
placed, are totally controlled. Since this is a very difficult goal in standard, field conditions,
we have to assume that motility will not be a good boar semen analysis parameter in the

majority of cases.

The difficulties observed in the exact determination of boar motility, of course, greatly
affect the analysis of the motile subpopulation structure of boar ejaculates. Thus, our
observations corroborate the already published findings of separate motile subpopulations
in boar ejaculates (10,16,17,21). Our study reveals the presence of 3 separate motile sperm
subpopulations. These results, including the motion characteristics, were similar to those
observed by Abaigar et al. (17) and Thurston et al. (21). All of these data suggest that the
presence of a specific motile subpopulation structure in an ejaculate is a physiological
finding, which could be related to the fertilizing ability of a sample. This can also be
supported by the finding of similar structures in a wide range of separate mammalian
species. However, in our study, the majority of motile sperm (about 90%) were included in

a single subpopulation. This implies that differences in the specific motile subpopulation



structure among ejaculates are not very evident and, thus, the finding of any relationship
between motile subpopulation structure and in vivo fertility data is very difficult. This
great disproportion between the percentages of each subpopulation was not found in
previous articles (10,17,20,21). This can be a consequence of two separate, but
coordinated, factors. The first would be the existence of very great differences in the
proportion of motile subpopulations among individuals. In this respect, it is worth noting
that results from our laboratory using the same CASA analysis system and performed on
semen samples for other boars rendered 4 subpopulations with a relative percentage among
them of about 18%, 41%, 8.5% and 32%, respectively (37). This clearly indicates that the
specific motile subpopulation structure of an ejaculate depends on the boar from which the
sample came. The second factor would clearly be the use of different CASA analytical
conditions, including the physical support for the semen sample (i.e., the use of a simple
slide/coverslip system). This leads to the attaining of very different motile subpopulation
structure. This latter could be a natural consequence of the discussed difficulties that are
intrinsic in the determination of boar sperm motility. Thus, in these conditions, other
functional tests, such as ORT and HRT Tests, are better for determining boar semen
quality since they reflect sperm functional status in a more homogeneous, less variable
manner. Concomitantly, the optimal use of CASA-obtained data of boar sperm motility for
routine semen analysis will need an absolutely precise, complete and exact, international,
standard protocol that will allow for a correct interpretation of these data. It is noteworthy
that this protocol will be different from that already established for other species, as human
(38), since functional characteristics of boar sperm motility are very specific. Finally, the
assumption of such a protocol will allow for the performing of a wide study to verify the
exact motile subpopulation structure of boar semen ejaculates, since the results for separate
laboratories could be compared without biases due to the precise CASA analysis and,

above all, CASA samples processing.

In conclusion, our data indicate that the optimization of boar semen quality analysis
needs the inclusion of some functional tests. In a semen quality analysis laboratory that
worked in field conditions, the functional tests that seemed to be optimal were those
involving osmotic resistance of sperm, such as the ORT and HRT Tests, although other
functional tests, such as the rate of L-lactate production, can be more useful in other

analytical conditions. However, the maximal optimization of semen analysis as a



predictive tool for in vivo fertility in an average commercial farm was obtained when tests
were statistically combined among themselves by logistic regression techniques.
Moreover, our results indicate that this logistic regression can be applied to find the precise
fertility rate of a single boar, although this aim has not been fully tested in this work. On
this basis, ORT and HRT Tests and the percentage of viability of fresh samples are the best
tests to look for this information. Finally, CASA-obtained motility data, specially that
involving motile subpopulation structure, could be useful in boar semen analysis although
their usefulness will be greatly improved if a strict, specific protocol for CASA utilization

is applied to boar semen samples.
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ABSTRACT

Computerized motility analysis (CASA) shows that four separate subpopulations of
spermatozoa with different motility characteristics coexist in rabbit ejaculates. There were
significant (P<0.01) differences in the distribution of these subpopulations among specific
rabbit strains, total sperm abnormalities and the percentage of altered acrosomes.
Furthermore, logistic and linear multivariate regressions among several parameters of
rabbit semen quality analysis were tested for use as predictive tools for the fertilizing
ability of a specific artificial-insemination semen sample. Logistic regression analysis
rendered two mathematical, significant (P<0.01) models: one between sperm viability and
conception rate and the other between total sperm abnormalities and conception rate.
Multiple lineal regression analyses also yielded some significant relationships between
both fertility (P<0.001) and litter size (P<0.05), with respect to some semen characteristics.
Our results support the hypothesis that the predictive in vivo fertility use of the results
obtained in a standard rabbit semen quality analysis can be reasonably achieved by
applying linear and logistic regression analyses among several parameters of rabbit semen
quality analysis. On the other hand, these regression analyses can only reasonably be

achieved after analyzing rabbit semen motility patterns by a CASA system.

Key words: Sperm subpopulations, Motility pattern, Rabbit spermatozoa, Fertility, Litter

size.

1. INTRODUCTION

Studies carried out by several researchers have demonstrated the existence of specific
motile sperm subpopulation structures in mammalian fresh ejaculates. These
subpopulations are defined by their specific sperm motion characteristics, and they have
been found in species like the common marmoset, gazelle, boar, dog or stallion (Holt,
1996; Abaigar et al., 1999; Rigau et al., 2001, Thurston et al., 2001; Quintero-Moreno et
al., 2003). The existence of such a structure in mammals from very wide phylogenetic
origins could suggest the existence of a relationship between changes in the concrete

subpopulation structure of an ejaculate and its fertilizing ability. Results obtained in



stallion (Quintero-Moreno et al., 2003) and boar (Hirai et al, 2001) agrees with this
suggestion. Therefore, the study and characterization of these subpopulations opens up
new ways to improve semen analysis techniques. With regard to rabbits, no bibliographical
references about the study of identified subpopulations have been found, in spite of the
potential practical interest of having such knowledge for this species. On the other hand,
the existence of motile sperm subpopulations in an ejaculate is practically neglected in the
classical semen quality analysis. This neglect could induce a bias into the correct
evaluation of sperm quality in the case that sperm subpopulation structure and semen
fertilizing ability were related. Thus, studies about sperm subpopulations could be of
importance to reach a better definition of mammalian semen quality. This could also have
significant economic repercussion, since better semen analysis will lead to the
commercialization of mammalian semen doses for artificial insemination (AI) which offer

greater guarantees of quality.

Sperm motile subpopulations can only be analyzed by using a computerized analysis
system of motility (CASA). These CASA analyses are widely accepted as providing rapid
and objective measurements of individual sperm parameters, such as sperm-count and
sperm-movement characteristics. The technical details of the CASA system were widely
described by Boyers et al. (1989), and several other studies have explained operational and
practical aspects of CASA instruments (Davis and Katz, 1993; Davis and Siemers, 1995;
Irvine, 1995; Krause, 1995; Mortimer, 2000; Verstegen et al., 2002). Theoretically, the
CASA system allows for the study of motion characteristics in a sperm subpopulation to an
unprecedented degree of sophistication and, in this way, several studies have analyzed
sperm-motion parameters in cryopreservation or in vitro fertilization experiments by using
statistical multivariate systems (Davis et al., 1991 and 1995; Holt, 1996). These studies
suggest that the use of this methodology greatly improves the identification of sperm
subpopulations with specific motion characteristics in an ejaculate (Abaigar et al., 1999
and 2001; Thurston et al., 2001). However, CASA analysis rendered a very large variety of
separate motility parameters, which in most cases are highly correlated. This fact makes it
difficult to objectively select parameters which explain the overall sperm movement more
accurately. As a result, it is necessary to look for a more suitable statistical method to
employ in the CASA data analysis in order to conserve all of the relevant information. One

possibility is a multivariate analysis based on the clustering of variables and observations



which would make it possible to apply CASA in the study of sperm subpopulations
(Quintero et al., 2003).

The rabbit is the smallest common laboratory mammal from which serial semen
samples can be readily collected. In fact, rabbit semen analysis is most frequently used in
routine reproductive toxicology studies that are applied to human medicine (Amann,
1982). However, the classical rabbit semen analysis shows very great limitations, since the
visual and subjective determination of total sperm motility seems to not be a very useful
tool for mammalian semen quality analysis (Rigau et al., 1996). Besides the interest in
human toxicology, rabbit Al is increasing in countries where intensive rabbit raising is
practiced, and Al is routinely performed in many of large rabbit farms of Italy, France,
Hungary and Spain (Roca et al., 2000). In this sense, the optimization of rabbit-semen

analysis is a clear necessity to improve breeding management in this species.

This study is designed to investigate three related aims. Firstly, the determination of the
presence of separate sperm subpopulations, with specific motion characteristics, in diluted
ejaculates. To this end, a priority consideration has been given to the optimization of the
parameters of CASA by the clustering of the motion parameters which can be used to
better define sperm-motion characteristics. Secondly, the analysis of relationships among
sperm subpopulations in diluted semen with the rabbit genetic background and
morphological sperm characteristics, as well as the sperm concentration in the whole fresh
ejaculate. Thirdly, the determination of relationships between the results of semen analysis
and the rate of conception, litter size, and fertility percentage in female rabbits utilized in
Al. As a whole, all of this information could contribute to a greater optimization in the

practical approach of rabbit semen quality analysis applied to Al

2. MATERIALSAND METHODS

2.1. Animals and semen collection

The trial was carried out in the experimental farm of the Institut de Recerca i

Tecnologia Agraria (Generalitat de Catalunya, Spain). This farm has isolated roof and

walls and a control system for light ventilation and temperature, and eenvironmental



conditions were maintained as described below. Animals used belong to 4 groups
corresponding to two sire lines of rabbits. The first line was the Caldes one (C), which
came from the New Zealand White strain. The second one was the R line, which was
obtained after crossing two generations from a pool of animals of 3 separate commercial
lines. The reciprocal crossbreeds C x R and R x C were also utilized in the experiment.
Lines C and R were selected for increased post-weaning daily gain by individual selection
(Gomez et al., 1996; Estany et al., 1992). After weaning, fifty-nine bucks (Table 1) were
housed in individual cages with a photoperiod of 16 hours light/day and a temperature
ranging from 14°C to 24.4°C. Animals were fed “ad libitum” with commercial rabbit
pellets (15.5% crude protein, 2.3% fat, 17.2% crude fiber) until 60 days of age. Then, they
were restricted to 180 g/day of another commercial diet (16% crude protein, 4.3% fat, 17%
fiber). Semen samples were collected when bucks were 9 to 10 months old by using an
artificial vagina without the presence of a female. Two ejaculates per male per week were
obtained. In all cases both ejaculates were collected the same day, with an interval of 30

minutes.

Table 1.

Number of males and number of ejaculates (in parentheses), of each genetic type of buck.
Pool Genetic line

C R CxR RxC
1 3(6) 3(6) 5(10) 3(5)
2 4(7) 4(7) A7) 3(5)
3 4(7) 4(6) A(7) 3(4)
4 4(8) A7) A7) 3(6)

Genetic lines are defined in Materials and Methods.

2.2. Sperm evaluation

Ejaculates were stored at 37°C in a water bath until evaluation 15 minutes after
collection. Samples containing urine and cell debris were discarded whereas gel plugs were
removed. After an initial visual inspection, useful ejaculates from bucks of the same line
were pooled. The number of males and ejaculates per pool of each genetic type of the

bucks are given in Table 1.

Percentages of viability, altered acrosomes and morphological abnormalities were

determined after a vital Nigrosin-Eosin stain (Bamba, 1988). Samples were evaluated at



x1000 magnifications, and the number of sperm counted per sample was 200-300. After
that, pools were diluted (1:5, v/v) in a commercial extender (Kubus S.A.; Majadahonda,
Spain). Then, individual motility of diluted samples was evaluated at x400 in a phase-
contrast microscope (Roca et al., 2000). At the same time, the concentration of diluted
samples was measured using a hemocytometer chamber. Finally, aliquots of the diluted
semen pools were stored at 18°C to perform CASA analysis 4 hours after collection. For
this analysis, a 1-mL aliquot of each sample was incubated for 5 min at 37°C in a water
bath. After that, 3 consecutive 5-pL drops for each sample in all of the studied ejaculates in
this study were observed through an optical phase-contrast microscope with a heatable
(37°C) plate. This microscope was connected to a commercial CASA analysis system
(Microptic S.A.; Barcelona, Spain). Three fields per drop were taken for the analysis, and
the total number of spermatozoa analyzed in each semen sample (including those not
motile) was 50 to 100. The CASA system is based upon the analysis of 16 consecutive,
digitalized photographic images obtained from a single field at x200 augmentations on a
dark field. These 16 consecutive photographs were taken in a total time lapse of 0.64 sec,
which implied a velocity of image-capturing of 1 photograph each 40 millisec. After
CASA analysis, total motility was defined as the percentage of motile spermatozoa with a

mean velocity (VAP) >10 um/sec.

2.3. Study of the fertilizing ability of rabbit semen “in vivo”

Aliquots (0.86 mL — 1 mL) of the semen pools were stored at 18°C until their use for Al
(6-10 hours after collection). The Al protocol was performed on 125 does from a dam line,
reared on a commercial farm. The dams were treated with subcutaneous application of
PMSG, 12-15 UI (Folligon®, Intervet, Holland) 48h prior to Al Ovulation of does was
finally induced by intramuscular administration of 0.8 mg busereline acetate (Suprefact®,
Hoechst-Roussel, Germany). Sperm concentrations of the 0.5-mL insemination doses were
80 x10° sperm/mL. Pregnancy diagnosis was performed 15 days after AI by abdominal
palpation. The total number of dams inseminated was 125, whereas those with confirmed
gestation were 112, thus indicating a fertility index of 89.6%. Immediately after
parturition, the number of total newborn rabbits was recorded, in order for further use of

these data in our analysis.



2.4. Statistical analysis

Data were processed by the SAS statistical package (2000). The sperm motility
descriptors obtained from CASA were clustered in separate variable groups by the
VARCLUS procedure. This analysis was performed to reduce the numbers of variables (21
in our specific system, data not shown) with the purpose of selecting parameters which
explain the overall sperm movement more accurately. Another clustering procedure,
FASTCLUS, was used for separating the spermatozoa in concrete sperm subpopulations
(Quintero et al., 2003). The spermatozoa were divided into clusters such that every
observation belonged to one and only one cluster. Spermatozoa that were very close to
each other were assigned to the same cluster, while spermatozoa which were far apart are

in different clusters.

The separation of spermatozoa into clusters was performed over the total number of
spermatozoa obtained in the diluted semen samples. Globally, 2624 motile sperm from 43
samples were analyzed. From these, 27 samples were from single ejaculates, whereas the
other 16 were from pooled ejaculates. Spermatozoa were distributed among the 4 genetic
lines used in the following manner: Six hundred forty-two sperm were from Genetic Group
1, 618 from Genetic Group 2, 730 from Genetic Group 3 and 634 from Genetic Group 4. A
General Lineal Model (PROC GLM) was used to evaluate significant differences (P<0.05)
among clusters of sperm subpopulations, whereas the LSMEANS procedure was used to
compare the obtained sperm subpopulations among them. These analyses grouped the
tested motion parameters into 6 separate clusters (data not shown). Further analysis of the
relationship among parameters in each cluster led to the choice of the individual parameter
that, inside of each cluster, conserved the maximal information over the total parameters.

Following this analysis, chosen parameters were:

Mean lateral head displacement (mean ALH): The mean head displacement along its

curvilinear trajectory around the mean trajectory. Units are um.

Linear coefficient (LIN): The percent coefficient between linear velocity and curvilinear

velocity. Units are %.



Mean velocity (VAP): The mean trajectory of sperm per unit of time. Units are pum/sec.

Frequency of head displacement (BCF): The number of lateral oscillatory movements of

the sperm head around the mean trajectory. Units are Hz.

Algebraic angular mean displacement (algMAD): The algebraic value of the advancing
angle of the sperm trajectory, provided that negative values indicate a clockwise

displacement. Units are angular degrees.

Minor harmonic oscillation of the head (HLO): The minimum value of the distance

between the curvilinear trajectories with respect to the mean trajectory. Units are um.

Logistic regression analyses were used to relate the dichotomous conception rate to the
sperm parameters, and linear regression analyses (Pearson’s correlation and multiple
regressions) were used to examine the relationship between litter size and measured semen
parameters (Holt et al, 1997). The relationship between the in vivo fertility percentage of
specific genetic-type fertility and the measured semen parameters was also tested. These
latter comparisons were tested by using a Chi-square test. However, a categorization of
some of these variables by using the FASTCLUS clustering procedure was previously
needed before the Chi-square test use. Such obtained categories were distributed in the

following form:

Following sperm concentration of diluted samples:
Group A, ejaculates with: < 350 x 10° spermatozoa/mL.
Group B, ejaculates with: > 350-< 500 x 10° spermatozoa/mL.

Group C, ejaculates with: > 500 x 10° spermatozoa/ mL.

Following the percentage of in vivo fertility:
Group A, ejaculates with: > 50%-< 78%.
Group B, ejaculates with: > 78%-< 90%.
Group C, ejaculates with: > 90%.

Following the percentage of viability:



Group A, ejaculates with: < 85%.
Group B, ejaculates with: > 85%-< 90%.
Group C, ejaculates with: > 90%.

Following the percentage of total abnormalities:
Group A, ejaculates: < 9%.

Group B ejaculates: > 9%-< 19%.

Group C ejaculates: >19%.

Following the percentage of altered acrosomes:
Group A, ejaculates with: <9%.

Group B, ejaculates with : >9%-<13%.

Group C, ejaculates with: >13%-<18%.

Group D, ejaculates with: >18%.

Finally, a GLM procedure was used again to evaluate the effect of the interaction

between the obtained sperm subpopulations and the previously categorized parameters,

whereas the LSMEANS procedure was used to exactly localize differences. Thus, the main

objective of these categories is to have some sort of references that allows us to observe

changes in the distribution of motile subpopulations depending upon genetic type, sperm

concentration, in vivo fertility, viability,

acrosomes.

3. RESULTS

morphological abnormalities and altered

3.1 Mean semen quality analysis of rabbit ejaculates

The mean values for the overall semen-quality parameters are shown in Table 2. The

presence of significant differences (p<0.01) in several parameter values among genetic

lines is noteworthy (data not shown).

3.2. Sperm subpopulation analysis in fresh and diluted semen



The motility data set analyzed by FASTCLUS procedures rendered 4 motile sperm
subpopulations. Summarized statistics for these subpopulations are shown in Table 3.

Qualitative interpretations of these data are:

Subpopulation 1.
This subpopulation was characterized by the highest degree of progressiveness with
highly active spermatozoa, as inferred by very high LIN and VAP values. More than 11%

of the spermatozoa in the data set were assigned to this subpopulation.

Table 2.

General characteristics of fresh rabbit semen samples.

Parameters Mean + ES Confidence
interval
Volume (mL) 0.92 £0.06 0.86to0 1.0
Sperm concentration in hematocytometer chamber (x 10°
/ml) 394.6 £9.58 375.6t0413.5
Total motility ( %) 69.69+3.52 62.18a77.21
Sperm viability after eosin-nigrosin staining (%) 86.11 £0.48 85.15t0 87.07
Sperm with structurally abnormal acrosomes (%) 11.65+045 10.75to 12.56
Sperm with head morphological abnormalities (%) 1.19+0.09 0.99 to 1.38
Sperm with neck and midpiece abnormalities (%) 3.75+0.16 3.41t0 4.08
Spermatozoon with proximal cytoplasmic droplet (%) 3.49+0.42 2.65a4.33
Spermatozoon with distal cytoplasmic droplet (%) 4.43+£0.25 3.93a4.93
Sperm tail abnormalities (%) 3.08 £ 0.30 2.47 to 3.68
Total sperm abnormalities (%) 23.59+0.88  21.85 to 25.33

Values are obtained from 16 separate pooled semen samples.

Subpopulations 2 and 3.

Both subpopulations showed sperm trajectories less straight than Subpopulations 1 and
4, since LIN and VAP were low in both subpopulations. Concomitantly, both
subpopulations also had high values of mean ALH and very high BCF levels. The
percentage of motile spermatozoa which were included in Subpopulation 2 was 20.5%,

whereas those included in Subpopulation 3 were 16.9 % (Table 3).

Subpopulation 4.
This sperm was characterized by high progressiveness, with high LIN values, although

they showed concomitant low VAP and mean ALH values. These results reflected the



existence of complex, although overall straight, sperm trajectories. About 51% of the total

motile spermatozoa were included in this subpopulation.

Table 3.

Sperm subpopulations and motility descriptors in diluted rabbit semen

Sperm motility Subpopulations

descriptors 1 2 3 4

n 343 498 444 1339

(%) 13 19 17 51

VAP (um/sec) 73.3140.70*  29.87+0.58° 21.84+0.61° 19.92+0.35¢
LIN (%) 76.84+0.78 % 28.62+0.64° 33.08+0.68° 74.78+0.39°
Mean ALH (um/sec) 2.63+0.07* 338+0.06° 240+0.06" 0.95+0.04°
BCF (Hz) 13.124025% 14.15+0.22°% 1535+£0.22° 12.80+0.12°
HLO (um) 0.45+0.02* 0.15+0.02° 0.05+0.02¢ 0.05+0.01°¢
AlgMAD (°) -0.49+0.01° 6.48+58°" -39.48 £0.62° -1.7440.35°

Motility descriptors have been described in Table 2. Different superscripts in a row
indicate significant differences (P<0.05). Results are expressed as means + SE of
spermatozoa from 43 semen samples analyzed (27 rabbits + 16 pool ejaculates) from 4
different genetic groups. The total number of motile spermatozoa analyzed was 2624. The
spermatozoa were distributed among genetic groups in the following manner: 642 motile
spermatozoa were from Genetic Group 1, 618 from Genetic Group 2, 730 from Genetic
Group 3, and 634 from Genetic Group 4.

The proportion of each subpopulation significantly (P<0.001) varied, with respect to the
genetic line where the sperm came from. Thus, the percentage of spermatozoa classified in
Subpopulation 1 ranged from 9.81% to 16.25%, depending upon the individual, whereas
the percentage identified in Subpopulation 2 ranged from 1449 % to 22.17%.
Subpopulation 3 varied from 15.05% to 18.63% and Subpopulation 4 from 45.90% to
59.19% among the rabbit lines (data not shown). This suggests the presence of a specific,
genetic factor that was involved in the relative proportion of each motile subpopulation in a

specific rabbit ejaculate.

3.3. Sperm Subpopulation Distribution in Ejaculates with Proven In vivo Fertilizing

Ability

Ejaculates with proven in vivo fertilizing ability showed a sperm subpopulation
structure which was not different from those which failed to achieve positive results for in
vivo fertility (data not shown). In this sense, both types of ejaculates showed the presence

of 4 separate subpopulations of motile spermatozoa (Table 4, and data not shown). As



stated, these subpopulations were homologous to those described in Table 3 and there was

only a small difference in the percentage of distribution between Subpopulations 1 and 2.

Table 4.

Sperm subpopulations and motility descriptors in diluted rabbit semen with proven fertility

Sperm motility Subpopulations

descriptors 1 2 3 4

n 146 259 214 644

(%) 11.6 20.5 16.9 51.0

VAP (pum/sec) 77.79+1.15% 30.64+087° 2339+0.94° 21.12+0.55°¢
LIN (%) 79.08+1.22% 2636+0.92° 31.53+1.00° 74.01 +£0.58 ¢
Mean ALH (um/sec) 2.45+0.13*  3.56+0.10° 2.67+0.10*  0.99 +0.06
BCF (Hz) 1209+ 043 14.62+0.32° 15.34+035°% 12.65+0.20°
HLO (um) 0.56+0.04* 0.19+0.03° 0.05+0.04° 0.05+0.02°
AlgMAD (°) 048+ 1.12%  6.63+084° -3729+0.91° -1.71+0.53°

Motility descriptors have been described in Table 2. Different superscripts in a row
indicate significant differences (P<0.05). Results are expressed as means + SE of
spermatozoa from 16 pool ejaculates from 4 different genetic groups. The total number of
motile spermatozoa analyzed was 1263. The spermatozoa were distributed among genetic
groups in the following manner: 350 motile spermatozoa were from Genetic Group 1, 350
from Genetic Group 2, 236 from Genetic Group 3, and 327 from Genetic Group 4.

It is noteworthy that the precise subpopulation structure of ejaculates with proven in
vivo fertility varied according to their percentage of total morphological abnormalities.
Thus, Subpopulation 3 was significantly lower (about 9%, P<0.05) in those ejaculates with
a percentage of abnormalities above 19% in respect to those with a lower abnormality
percentage (Table 5). Concomitantly, the percentage of Subpopulation 4 was also
significantly (P<0.05) higher in ejaculates whose percentage of morphological
abnormalities was above 19% (Table 5). On the contrary, Subpopulation 3 was
significantly higher (P<0.05) in ejaculates whose percentage of altered acrosomes was
above 18%, whereas a concomitant, significant (P<0.05) decrease of Subpopulation 4 was

observed in these ejaculates (Table 6).

Sperm subpopulation structure did not change depending upon the total number of
spermatozoa when the semen samples ranged between 350x10° and 500x10°
spermatozoa/mL (data not shown). Furthermore, sperm subpopulation structure was not
dependent on the percentage of viability, at least in the viability range observed in our

study (between 77% and 95%, data not shown). Notwithstanding, it is worth noting that



LIN increased to values of 55.5% in samples with a percentage of viability above 90%
when compared to the other ejaculates with proven in vivo fertility (data not shown).
Finally, sperm subpopulation structure did not vary depending upon litter size when

comparing both parameters (data not shown).

Table 5.

Relationship between the proportion of the motile sperm subpopulations in ejaculates and
the total sperm abnormalities of the whole ejaculates.

Sperm Subpopulation Total sperm abnormalities categories

<9% >9 <19% >19%
Subpopulation 1 (%) 10.93 (66) * 11.46 (47)° 13.25(33)*
Subpopulation 2 (%) 20.20 (122) * 20.00 (82) * 22.09 (55)*
Subpopulation 3 (%) 1838 (111)*° 19.27 (79) * 9.64 (24) °
Subpopulation 4 (%) 50.50 (305) * 49.27 (202) * 55.02 (137)°
Total Sperm Count (%) 47.8 (604) 32.5 (410) 19.7 (249)

Different superscripts in a row indicate significant differences (P<0.05). Results are
expressed as percentages on the total motile sperm population from ejaculates with proven
fertility. Total sperm count indicates the percentage of total motile sperm that were
analyzed in each category. Numbers in parentheses indicate the final number of motile
spermatozoa that were analyzed in each group.

Table 6.

Relationship between the proportion of the motile sperm subpopulations in ejaculates and
the total abnormal acrosomes of the whole ejaculates.

Sperm Subpopulation ~ Total abnormal acrosomes categories
<9% >9<13% >13 <18% >18%

Subpopulation 1 (%) 11.86 (46)™ 1230 (53)® 14.97(25)*  7.94(22)°
Subpopulation 2 (%) 1830 (71)*  19.95(86)™  19.16 (32)®  25.27(70)°
Subpopulation 3 (%)  15.21(59)®  14.62(63)*  16.17(27)*  23.47(65)°
Subpopulation 4 (%)  54.64 (212)*  53.13(229)®  49.70 (83)™  43.32(120)°
Total Sperm Count (%) 388 (30.7) 431 (34.1) 167 (13.2) 277 (22.0)

Different superscripts in a row indicate significant differences (P<0.05). Results are
expressed as percentages on the total motile sperm population from ejaculates with proven
fertility. Total sperm count indicates the percentage of total motile sperm that were
analyzed in each category. Numbers in parentheses indicate the final number of motile
spermatozoa that were analyzed in each group.

3.4. Relationship between Seminal Characteristics and In Vivo Fertility and Litter Size

Logistic regression analyses rendered two mathematical models with high percentages
of concordance between quality analysis and in vivo fertility. The first model, with a

68.3% of concordance (P<0.01), directly related the percentage of viability and in vivo



fertility (Table 7). The second model was even better, since it had a percentage of
concordance of 76.4% (P<0.01). This latter model was based on a mathematical
combination of percentages of both viability and total morphological abnormalities which
was related to in vivo fertility (Table 7). It is noteworthy that no motility parameter

collaborated in the attainment of better logistic regression analyses.

On the other hand, a multiple regression model derived by backward elimination of
variables for seminal parameters which could be applied to in vivo fertility yielded worse
results, since the model prediction was 32.2 % (data not shown). This linear model
included the percentages of viability, altered acrosomes and total morphological
abnormalities, sperm concentration and VSL as significant variables (P<0.001; data not

shown).

Table 7.

Logistic regression of seminal characteristics with artificial insemination results
(conception rate) in rabbits. Details of three statistical models.

Statistical Regression Standar Significance  Significance  Percent

Model/Parameter ~ Coefficient d Error of individual of Statistical Concordance
parameters model
(p-value) (p-value)

Model 1 - - - 0.0148 68.3

Sperm viability 0.1755 0.08 0.0288

Constant -18.0255  7.22 0.0126

Model 2 0.0080 76.4

Sperm viability 0.3133 0.12 0.0064
Sperm abnormality 0.0742 0.036 0.0391
Constant -31.9323 11.70 0.064

COHCGptiOH rate (model 2) =1/ [1+e -(-31.93 + 0.3Tsperm viability + 0.07sperm abnormallty)]

Finally, multiple regression model analysis derived by backward elimination of
variables for seminal parameters which could be applied to litter size yielded a low
relationship between them, with a prediction percentage of the best obtained model of 16.1
% (data not shown). This model included the percentage of viability, sperm concentration

and the WOB, LIN, DNC, Mean ALH and BCF motility parameters (data not shown).



4. DISCUSSION

Our results demonstrate the presence of specific, well-defined sperm subpopulations in
rabbit ejaculates, which can be easily defined by their motility characteristics. Sperm
subpopulations have been detected on the basis of their differential CASA-derived
kinematic parameters with multivariate statistical methods, most notably cluster analysis
This approach has been used to identify sperm subpopulations in semen from man (Davis
et al., 1992), boar (Abaigar et al., 1999), gazelle (Abaigar et al., 2001), and stallion
(Quintero et al., 2003). In this sense, the combination of CASA with the multivariate
statistical analysis (Abaigar et al., 1999; Quintero et al., 2003) demonstrates that
functionally distinct sperm subpopulations exist within samples. Moreover, studies of boar
and stallion samples have confirmed that semen subpopulations differ among themselves
in their pattern of movement and, possibly, their physiological status. In the present study,
four specific sperm subpopulations were identified. Group values for the individual
motility descriptors provide an indication of the type of motion behavior shown by each
subpopulation. Physiological interpretation of the numerical data is thereby facilitated.
Thus, in the present study it was evident that Subpopulations 1 and 4 represented the most
progressive spermatozoa. On the contrary, Subpopulations 2 and 3 were characterized by
highly vigorous but non-linear motion, possibly representing forms of spermatozoa with
uncoordinated motility. This probably indicates that these cells may have been affected by
samples management or other intrinsic factors indicating the beginning of a degenerative
process. Subpopulation 4, which contained the majority of motile spermatozoa, would
represent active cells which would easily be detected in a subjective estimation of motility.
In this sense, we have to remember that the percentage of Subpopulation 4 was inversely
related to the percentage of altered acrosomes in whole ejaculates, and, in turn,
Subpopulation 4 is directly related to the percentage of morphological abnormalities. On
the other hand, percentages of Subpopulation 4 were related to concomitant changes in
percentages of Subpopulation 3, indicating a close relationship between both
subpopulations. These results seem to indicate that functional changes in whole rabbit
ejaculates could be strongly related to the equilibrium between Subpopulations 3 and 4.
However, since rabbit ejaculates showed very good overall quality characteristics, the
observed variations in semen quality parameters, and hence motile subpopulation structure,
were probably too small to be translated into clear changes in the in vivo fertilizing ability

of these samples. Thus, to clarify this hypothesis it will be necessary to work with



ejaculates with poor seminal characteristics. Unfortunately, these ejaculates are
immediately rejected in farm conditions, and only by working in laboratorial conditions

could this rationale be tested.

Our results show that the specific subpopulation structure of an ejaculate is related to
several parameters such as the genetic line, total percentage of abnormal acrosomes and
total morphological abnormalities of semen samples. The relationship of rabbit genetic
lines to motility sperm subpopulation were expected because other researchers have found
a similar relationship between the motility and the individual rabbit on mean values and
other semen characteristics (Battaglini et al., 1992; Castellini and Lattaioli, 1999). The
biggest differences in distribution of sperm subpopulations were between C and R lines.
Notwithstanding, semen samples in crossbred rabbits were more homogeneous in their
sperm subpopulation structure. In this way, our results confirm previous observations in
species such as boar and horse where movement differences exist among individuals
(Abaigar et al., 2001; Quintero-Moreno et al., 2003). Furthermore, the comparison between
motile subpopulation structure and total abnormalities indicates that sperm trajectories
would vary according to sperm morphology and total motility. This effect would be
considered logical if we assumed that the motility of a single spermatozoon would depend
on its structure and cellular damage. Acrosomal damage loss must induce changes in both
motility patterns and sperm subpopulation distribution. In fact, changes in the structure of
sperm subpopulations were more evident when percentages of both sperm morphological
abnormalities and altered acrosomes were the highest, suggesting a direct relationship

between normal rabbit sperm structure and motility.

It is interesting to verify that previous observations have determined the presence of a
similar motile sperm subpopulation structure in ejaculates from very phylogenetically
separated mammals such as the common marmoset, gazelle, horse or boar (Holt, 1996;
Abaigar et al., 1999 and 2001; Quintero et al., 2003). The observation of a great
phylogenetic difference could be interpreted in the sense that the appearance of 3 to 4
subpopulations is a widespread phenomenon in mammals, thus opening a new insight in
their study. However, more indepth studies involving more mammal species as well as in
vitro fertility assays are necessary in order for a full comprehension of the physiological

role of this subpopulation structure in mammal ejaculates.



We have been unable to find any research in rabbits involving the search of a predictive
relationship between semen parameters and conception rate or litter size. Only some trials
relating semen quality or number of sperm inseminated to fertility have been found
(Castellini and Lattaioli, 1999; Roca et al., 2000). In this sense, our results show that,
under a predictive point of view regarding fertility, the best parameters of rabbit semen
analysis were percentages of viability and morphological abnormalities. It is noteworthy
that logistic regression did not consider as predictive parameters those involving motility.
This suggests that, whereas the sperm motility descriptors obtained by CASA analysis
could not be used to predict the fertilizing ability of average ejaculates, results concerning
viability and morphological abnormalities could do so at a high (76%) level of
concordance. It was particularly interesting that both viability and morphological
abnormalities of average ejaculates are very easy to determine and have a very low cost.
This implies that both tests can be easily performed in field conditions, thus providing a
fast and easy system to obtain a reasonable tool for selecting single ejaculates for their use
in field AI. Complementing these tests with the determination of the percentage of altered
acrosomes and semen concentration will further add more predictive information that
would almost be completely achieved by determining the mean VSL values by CASA.
Thus, from a field-and-laboratory-work point of view, a reasonably complete rabbit semen
quality analysis applied to average ejaculates can be achieved after carrying out only the
following tests: Percentages of viability, total morphological abnormalities and altered

acrosomes and estimation of the sperm concentration of the ejaculate.

The poor predictive results shown by motion parameters seem to indicate that motility
itself does not play a relevant role in the fertilizing ability of average ejaculates, since the
minimal level of motility detected in these average samples is enough to fully achieve in
vivo fertilization. In fact, this conclusion is only true in fresh, average samples, whereas in
other conditions motility can play a primordial role in the predictive use of semen analysis.
Thus, in cryopreserved human spermatozoa logistic regression analysis revealed that the
CASA system, together with morphometric analysis, can be used as a predictive tool with a
high degree of accuracy (about 87%), and the most informative variables involving
motility were ALH and VAP (Macleod and Irwin, 1995). Fertilizing ability is commonly
measured as the percentage of female rabbits conceiving by Al and is indicative of the
semen’s efficiency. Consequently, one of the main goals in spermatology is to look for

new methods of sperm assays to detect alterations of sperm characteristics that show



reduced fertility or infertility (Hammerstedt, 1996). In a previous trial in boar, mean
velocity was a good parameter in the seminal analysis and could be used to eliminate
ejaculates with low quality and fertility, but it was not sufficiently precise to discriminate
between the best and the average ejaculates, although the relationship between fertility and
motility is controversial possibly due to different experimental conditions (Gadea et al.,
1998). These results would agree with those obtained in our study. Going deeper into these
analyses, Barratt et al. (1993) demonstrated that human sperm concentration was the most
predictive factor of time to conception. As stated, our experimental model showed that the
best predictive parameters following both logistic and linear multivariate regressions could
account for up to 32% of the variability of fertility. Allowing for experimental error, only
68% of the variation is attributable to other factors, some of which could be associated
with sperm function. Thus, these results strongly suggest that other tests of sperm quality
besides viability or morphological abnormalities, especially those involving sperm
motility, can realistically be utilized for the identification of poor-quality semen samples or

low-fertility rabbits.

The relation between litter size and motility is controversial, because prolificacy has a
great dependence on the female rabbit’s physical and sanitary conditions. In our study, the
combination of sperm motility descriptors (WOB, LIN, BCF, and Mean ALH) and sperm
concentration and viability could be used to obtain an acceptable predictive system in order
to eliminate ejaculates which rendered low values of litter size. However, the obtained
model only explained 16% of the variability in litter size. This indicates that 84% of the
variation in the prediction of litter size was attributable to other factors than those which
were analyzed. In this way, some of these unknown factors could be associated with
physiological aspects of the reproductive tract or intrinsic differences among females or

differences in management.

In conclusion, rabbit ejaculates show a characteristic and specific motile sperm
subpopulation structure, which is similar to that determined in other mammal species. The
subtle variations in this structure observed in average ejaculates have no incidence in the
fertilizing ability of those, although they could play an important role in determining this
ability in samples with la ower in vivo fertilizing index. Finally, in vivo fertility of rabbit
average ejaculates can be reasonably predicted by using logistic regression models

involving semen quality analysis tests as percentages of viability and morphological



abnormalities, whereas litter size is more poorly predicted by linear regression models
which utilize the same tests together with semen concentration and some motility

parameters obtained after CASA analyses.
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CAPITULO VI:
RESUMEN Y DISCUSION GLOBAL DE LOSRESULTADOS

Al principio de la década de los noventa existian pocos estudios sobre el analisis
computarizado de la motilidad espermatica en semen de equino (Varmer y col, 1991;
Jasko y col; 1990 y 1992; Palmer y Magistrini, 1992), porcino (Aumuller y Willeke, 1988;
Rath y col, 1988) o de conejo (Williams y col, 1990; Farrel y col, 1993). Sin embargo, en
estos ultimos afios se ha incrementado el nimero de estudios donde se utiliza este analisis
para evaluar las caracteristicas cinéticas de los espermatozoides en estas especies y de los
mamiferos en general (Verstegen y col, 2002). La mayoria de estas investigaciones han
sido realizadas mediante softwares comerciales que poseen muchos descriptores de
motilidad espermatica. Si la cantidad de pardmetros obtenidos es muy grande, la seleccion
se hace mediante un criterio arbitrario, no sometiéndose estas variables a los analisis
estadisticos de agrupamiento que aportan los paquetes de andlisis estadistico mas
sofisticado y que son muy futiles para realizar dicha seleccion. Asi, existen pocas
investigaciones hechas en semen de mamiferos donde se haya utilizado el analisis
estadistico multivariado como herramienta para seleccionar los parametros de motilidad
que expliquen adecuadamente la motilidad espermatica (Abaigar y col, 1999; Quintero y
col, 2001). En cambio, en semen humano se han encontrado mayor numero de
experimentos (Bostofte y col, 1990; Barratt y col, 1993; Mac Leod e Irving; 1995; Davis y
col; 1995; Krause, 1995).

Las variables seleccionadas por el procedimiento utilizado en esta tesis corresponden a
un agrupamiento equitativo de los indices de velocidad, angularidad y los parametros de
oscilacion de la cabeza del espermatozoide. Sin embargo, se ha de enfatizar que es muy
dificil determinar la metodologia estadistica mas exacta que estandarice de forma optima
las distintas trayectorias trazadas por un espermatozoide, ya que, a excepcion de algunas
variables de movimiento de la cabeza del espermatozoide, casi todos los parametros
presentan entre ellos correlaciones medias o altas. Esto ocurre debido a que estos

parametros son productos, cocientes y/o relaciones porcentuales derivadas de las relaciones



entre ellos. Por lo tanto, al comparar los resultados obtenidos entre las especies estudiadas

se puede observar que los grados de asociacion entre las variables varian en gran medida.

En nuestro caso, la aplicacion del agrupamiento jerarquico en grupos numerosos de
parametros que explican un mismo fendémeno demuestra ser una herramienta poderosa para
seleccionar los descriptores que mejor explican el movimiento espermatico en los
mamiferos estudiados. En la Tabla 1 se puede observar un resumen de las variables
seleccionadas por cada especie evaluada de una poblacion global de 21 descriptores de la
motilidad espermatica (capitulos III-V). Es importante comentar que muchas de las
variables seleccionadas (VAP, LIN, ALHmed, BCF) fueron comunes entre las especies
evaluadas, ademds de presentar también coeficientes de correlacion muy similares. La
variacion explicada por los descriptores de motilidad al realizar la agrupacion de variables

[ r 2 . .
por caracteristicas comunes presentd un R” superior a 0,70 en todas las especies.

Tabla 1.

Descriptores de motilidad seleccionados por especie y su respectivo coeficiente de
correlacion.

Pardmetro Especie

Caballo Cerdo Conejo
Velocidad Lineal (VAP) 0,9450 0,9688 0,9423
Coeficiente de linealidad (LIN) 0,8762 0,9640 0,9683
Amplitud lateral del movimiento lateral de la 0,9220 0,9374 0,9390
cabeza (ALHmed)
indice de oscilacion (WOB) 0,8497 - -
Dance (DNC) 0,8905 0,8459
Frecuencia de batida de la cabeza (BCF) 0,7841 0,7672 0,7576
Menor oscilacion armoénica de la cabeza
espermatica (HLO) - 1,00 0,8421
Maxima oscilacion armonica de la cabeza
espermatica (HMX) - 0,8461 -
Oscilacion armonica media de la cabeza
espermatica (HME) 0,9753 - -
Desplazamiento angular medio algebraico
(AIgMAD) - 1,00 1,00
Variacion total explicada por los descriptores
de motilidad seleccionados 0,7298 0,8422 0,7943

Al realizar el estudio de las subpoblaciones espermaticas por especie y de acuerdo a los
resultados obtenidos, se puede afirmar que la utilizacion del andlisis estadistico de
agrupamiento de observaciones (Proc Fasclus) realiza una correcta segregacion y

agrupamiento de los espermatozoides de acuerdo a caracteristicas comunes de movimiento.



Como se ha plasmado anteriormente, en los experimentos realizados se constatdo la
presencia de 3 o 4 subpoblaciones, las cuales se caracterizan por poseer patrones cinéticos
diferentes dentro de cada una de ellas, ademas de las diferencias esperadas dentro de cada
especie. Solo la BCF se mantuvo ligeramente constante dentro de las subpoblaciones e

inclusive fue bastante similar entre las especies evaluadas (capitulos III-V).

El andlisis de agrupamiento de las trayectorias espermdticas demuestra la existencia de
subpoblaciones espermaticas muy bien definidas en semen de caballo cerdo y conejo
(Capitulos IIT al V). El semen de caballo y conejo esta compuesto por 4 subpoblaciones
espermaticas que poseen distintas distribuciones porcentuales en funcion de la evaluacion
de los descriptores de la motilidad espermatica. La excepcion fue el cerdo, el cual sélo
evidencia 3 subpoblaciones espermaticas, de las cuales una de ellas es muy representativa,
ya que posee el 89% de los espermatozoides del eyaculado (Tabla 2). Un detalle
caracteristico fue observar que las subpoblaciones presentaban rasgos comunes entre las
especies. Asi, al igual que el cerdo, el caballo (72%) y en el conejo (51%) también exhiben
una subpoblacion predominante (subpoblacion 1). En general, esta poblaciéon mayoritaria
se caracteriza por poseer espermatozoides con una elevada motilidad progresiva y
trayectorias muy lineales. Sin embargo, €stos no son los espermatozoides mas rapidos de la
muestra seminal. Asi, la ALHmed indica un tipo de movimiento de baja amplitud, a pesar

de que la BCF es muy similar al de las otras poblaciones espermaticas (capitulos I1I-V).

Tabla 2.
Distribucién de las subpoblaciones espermaticas por especie.
Especie Subpoblaciones
1 2 3 4
Caballo 72,4 (1917) 19,7 (523) 6,6 (174) 1,3 (35)
Cerdo 89,4 (4928) 9,2 (510) 1,4 (77) -
Conejo 51,0 (1339) 19,0 (498) 16,9 (444) 13,1 (343)

( ): Cantidad de espermatozoides evaluados.

El cerdo y el caballo también presentan una poblacion equivalente de espermatozoides
bastante rapidos (subpoblacion 2). Sin embargo, a pesar de esta rapidez sus movimientos
exhiben una LIN inferior a los espermatozoides de la subpoblacion predominante. De

hecho, en el conejo, el LIN de los espermatozoides de la subpoblacion 2 contintia siendo



bajo y similar al de la subpoblacion 1. El valor de ALHmed del espermatozoide se
mantiene constante y similar a la subpoblacion 1 en el conejo. Sin embargo, tanto en cerdo
como en caballo este valor aumenta. Esta subpoblacion es la segunda mas grande en
cuanto a su valor porcentual y oscila entre el 9 y el 20% de la poblacion total de

espermatozoides contenidos en el semen.

La subpoblacion 3 en caballos y cerdos representan un porcentaje muy bajo de la
poblacion de espermatozoides (6,6 y 1,4%, respectivamente). En ambas especies, ésta es
una poblacion muy rapida pero con un LIN muy reducido que disminuye un 45% al
compararlo con la subpoblacion 1. Ademas, estos espermatozoides exhiben valores
elevados de ALHmed. La evaluacion conjunta de estos resultados parece indicar la
presencia de una poblacion con espermatozoides hiperactivados, sobretodo en la especie
porcina. En cambio, en conejos esta subpoblacion presentdé mayor valor porcentual
(16,9%) del total de espermatozoides de la muestra seminal. Sin embargo, estos
espermatozoides son lentos, con escaso movimiento lineal y con una ALHmed baja, muy
inferior a la presentada por los caballos y cerdos. Todo esto hace pensar que esta poblacion

es absolutamente distinta en la especie cunicola (Capitulos III-V).

Las mayores discrepancias entre especies se observaron en la subpoblacion 4. Asi esta
subpoblacion no esta presente en cerdos. En semen de conejo, la subpoblacion 4 estuvo
representada por espermatozoides sumamente veloces y muy lineales. En cambio, en
caballos, a pesar de ser una poblacion espermatica sumamente veloz, muestra un LIN muy
bajo asociado con la ALHmed bastante alta, lo cual es representativo de un patrén de

movimiento de hiperactivacion.

Al realizar el andlisis de las subpoblaciones espermaticas en semen refrigerado de
caballo fue evidente que el almacenamiento a 4°C por 24 horas modifica la distribucion
porcentual de las subpoblaciones espermaticas (capitulo III), lo cual se evidencia con la
disminucion porcentual de la poblacién predominante en un 9% y con un aumento en las
subpoblaciones de espermatozoides con trayectorias menos lineales. Todo esto se debe a
que disminuye la linealidad y la progresividad de las trayectorias espermaticas,
aumentando ademads la BCF. Estos resultados también estan asociados a una disminucion
de la viabilidad en un 12% y al incremento de un 7% de los acrosomas alterados en

comparacion a las muestras evaluadas en semen fresco. Es evidente que el estrés térmico



ocasiona cambios funcionales sobre la célula espermatica, lo cual es apreciable al observar
la pérdida de viabilidad y del acrosoma, ademds de la redistribucion subpoblacional
durante el proceso de almacenamiento a 4°C, lo cual es sefial de un progresivo deterioro

seminal.

En caballos y conejos no se encontraron experimentos previos donde se estructure el
analisis de motilidad espermatica y separen los espermatozoides en subpoblaciones. En
cambio, en cerdo existen experimentos recientes con los cuales se pueden contrastar
nuestros resultados. Nuestros resultados avalan los obtenidos por Abaigar y col (1999) y
Thurston y col (2002), los cuales también observaron 3 subpoblaciones espermaticas en
eyaculados de porcinos. Por otra parte, todas las especies estudiadas muestran poblaciones
espermaticas con trayectorias lineales y con movimientos muy cambiantes. Ademads,
aparecen siempre otras subpoblaciones con trayectorias espermaticas muy veloces, pero no
lineales. En mucha menor proporcién, y solo en el caballo y el cerdo, se evidenciaron
trayectorias con velocidad media muy alta, LIN bajo y ALHmed elevado, lo que podria
indicar la presencia de espermatozoides hiperactivados. Este hecho se ha descrito en
humanos, en donde un espermatozoide de estas caracteristicas presenta una VCL de 150
pm/s, un LIN <50% y una ALHmed alrededor de los 7,0 um (Mortimer y col, 1998). En
cambio, en equinos un espermatozoide con estas caracteristicas posee valores de VCL
superiores a 180 pl/s y ALHmed superior a 12 pl (Rathi y col, 2001). Esta distribucion, sin
duda, se debe a las caracteristicas de motilidad inherente a cada especie. Por otra parte, el
hecho de la aparicion de subpoblaciones razonablemente equiparables en las especies
estudiadas parece indicar que estas subpoblaciones representan espermatozoides en
diferentes estados de desarrollo que provienen de diferentes partes del epididimo (Abaigar
y col, 1999). Otra conjetura podria ser la de células con diferentes morfologias que difieren
en caracteristicas funcionales y/o fisiologicas. Sea como fuese, nuestros resultados
sugieren que el estudio de las subpoblaciones espermaticas puede llegar a ser una poderosa
herramienta para la mejora del examen de analisis seminal en los eyaculados de mamiferos

en general.

Al observar el efecto propio del animal (caballos, cerdo) o de la linea genética (conejo)
sobre la distribucion de estas subpoblaciones los resultados varia de acuerdo a la especie
evaluada. Asi, no se detectaron grandes variaciones en la distribucion porcentual de las

subpoblaciones espermaticas entre verracos. Esta observacion indica que la distribucion



subpoblacional de los espermatozoides fue similar en cada cerdo. Sin embargo, si se
observaron grandes variaciones en algunos pardmetros de motilidad individual dentro de
cada subpoblacidn, lo cual indica la existencia de diferencias individuales en funcion del
movimiento espermatico. En equinos se puede apreciar diferencias entre los animales
utilizados para el experimento. En este sentido, la relacion existente entre cada caballo y
las subpoblaciones espermaticas fue un hecho esperado, debido a que otros investigadores
han encontrado relaciones bastante estrechas entre el semental equino y las caracteristicas
seminales generales, entre las cuales se incluye la motilidad (Palmer y Magistrini, 1992;
Varmer y col, 1991; Jasko y col, 1992). Por lo tanto, nuestros resultados confirman estas
observaciones previas. En conejos, al igual que en el caballo las variaciones individuales
entre la linea genética utilizada fueron también una realidad. De hecho, otros
investigadores también han encontrado una relacion similar entre los conejos evaluados en
funcién de muchos parametros de calidad seminal (Battaglini y col, 1992; Castellini y col,

1999).

La motilidad espermdtica esta directamente relacionada con la funcionalidad del
espermatozoide. Por lo tanto, el patrén de movimiento espermatico estard estrechamente
relacionado con las pruebas de calidad seminal, especialmente con aquellas relacionadas
con la funcionalidad espermética. Entre estas pruebas destacamos la produccion de L-
lactato, el test de resistencia osmoética (ORT) o el test de choque hiperosmotico (HRT). En
nuestros estudios, estas 3 pruebas sélo fueron realizadas en muestras seminales de cerdos,
por lo que la determinacion de la relacion motilidad/pruebas funcionales sélo es aplicable a
esta especie. Asi, respecto al ritmo de formacion de L-lactato se observo que la VAP y el
LIN se relacionaron de forma directa con los niveles de produccion de L-lactato. Ademas,
la estructura de cada subpoblacion parece estar asociada al ritmo de produccion de L-
lactato, ya que la estructura subpoblacional variaba en cuanto a su porcentaje y a las
caracteristicas de motilidad (ver capitulo IV). Este hecho indica que la motilidad y el
porcentaje de cada subpoblacion espermadtica podrian estar relacionados con la capacidad
de produccion de L-lactato del eyaculado en si. De manera similar, se observo la presencia
de variaciones especificas de los parametros de motilidad en muestras con respuesta
diferente al ORT. Asi, los valores de LIN fueron menores en muestras con ORT por
encima de 59%, disminuyendo ain mds esta velocidad cuando los valores de ORT se
incrementaron. Por el contrario, los valores medios de ALHmed y la BCF entre otros, se

incrementaron al elevarse también los resultados del ORT. Al relacionar los resultados de



ORT con las subpoblaciones espermaticas, es importante mencionar que la subpoblacion 3
desaparece practicamente en muestras con valores de ORT inferiores al 59%, mientras que,
se incrementa la subpoblacion 1 en muestras seminales con valores de ORT superiores a
78%. Tomando en cuenta que la ORT es una de las pruebas de calidad que muestran mayor
correlacion negativa con la capacidad fertilizante de un eyaculado en vivo (Shilling y
Vengust, 1985; Shilling y col, 1986), estos resultados sugieren alguna posible relacion

entre las subpoblaciones, especialmente la 1 y la capacidad fertilizante del eyaculado.

El HRT presenta resultados cualitativos similares al ORT, por lo que, las conclusiones
son semejantes (ver capitulo III). De todas maneras, hay que insistir en la importancia que
tiene la correlacion de las pruebas funcionales. En este sentido, el ORT ha sido una de las
pruebas de funcionalidad espermética mds utilizadas para medir calidad seminal en el
cerdo (Schilling y Vengust, 1985; Schilling y col, 1984 y 1986, Caiza de la Cueva y col,
1997%). En cambio el HRT ha sido desarrollado por nosotros, y segun los resultados
presentados en esta tesis y en investigaciones previas, podria utilizarse como herramienta
efectiva para la determinacion de la funcionalidad espermatica (Rodriguez-Gil y Rigau,
1995; Caiza de la Cueva y col, 1997"; Quintero y col, 2003). La principal diferencia entre
el ORT y el HRT test radica en que el ORT determina la resistencia de los espermatozoides
a un medio con una sola condicién osmédtica, mientras que el HRT test evalaa la habilidad
de estas células de resistir a los cambios subitos de osmolaridad, por lo que determina la
capacidad de los espermatozoides de adaptarse a 2 condiciones osmolares diferentes. Un
aspecto muy importante a destacar es que ambas pruebas fueron seleccionadas por los test
estadisticos como las mas importantes a incluir en una analitica de calidad seminal precisa.
Por otro lado, e insistiendo en pruebas funcionales asociadas al analisis seminal, Rigau y
col (1996) demostraron que la produccion de L-lactato es una prueba que posee una fuerte
correlacion con algunos parametros de calidad seminal, inclusive con el ORT. Ademas, al
realizar el andlisis de componentes principales se demostr6é que el ritmo de produccion de
L-lactato posee gran fuerza estadistica, relacionandose con la capacidad fecundante “in
vivo” del eyaculado (Rigau y col, 1996). Por lo tanto, en su conjunto, las pruebas
funcionales en su conjunto son muy relevantes dentro de la analitica seminal porcina, si
bien su importancia variard seguramente en funcién de las condiciones de estudio de las

granjas y de las muestras seminales.



El estudio de la regresion logistica entre la calidad seminal y la fertilidad en granja
realizado en porcinos proporcion6 2 modelos estadisticamente significativos con
porcentajes de concordancia entre 67% y 69%. Estas regresiones logisticas incluyeron los
ORT y HRT y la viabilidad espermatica como parametros predictivos de la fertilidad
seminal, excluyendo asi todos los descriptores individuales de la motilidad espermatica y
las anormalidades morfologicas. Estos resultados contrastan con los obtenidos por otros
autores. Asi, los modelos estadisticos del experimento de Gadea y col (1998) seleccionaron
el porcentaje de penetracion espermatica y la motilidad como los pardmetros mas
adecuados para predecir la fertilidad seminal en un 27%. Incluso Holt y col (1997) no
encontraron ningun modelo significativo que relacionen la motilidad y la fertilidad “in
vivo”, si bien esta carencia de relacion entre los descriptores de motilidad medidos por
CASA vy la fertilidad ha sido observada tanto en esta tesis como en los estudios llevados a

cabo por otros autores (Aumuller y Wileke, 1988; Rath y col, 1988; Berger y col, 1996).

El estudio de la relacién entre andlisis seminal y fertilidad “in vivo” en la especie
porcina ha mostrado maés resultados importantes. Asi, hay que destacar que parametros
como las anormalidades morfolégicas no han sido variables importantes en el analisis de
los factores que pueden afectar la fertilidad, a pesar de que muchas muestras utilizadas
para las inseminaciones artificiales presentaban porcentajes de anomalias como gotas
citoplasmaticas proximales (GCP) muy elevadas. Sorprendentemente, porcentajes de GCP
superior al 50% no afectaron la fertilidad ni tampoco la prolificidad de las muestras (Tabla
3), probablemente debido que estos eyaculados con porcentaje similar de concentracion
espermadtica, obtuvieron valores de motilidad y de viabilidad espermdtica similar, e
inclusive superior en algunos casos a aquellos obtenidos por los cerdos con porcentajes de
GCP menores al 20%. En relacion con este punto, se ha descrito que en el semen
refrigerado durante 4 dias, las gotas citoplasmaticas disminuyen los indices de fertilidad y
prolificidad, pero la motilidad total no es afectada, oscilando entre 83,5 y 89,9 %
(Waberski y col, 1994). Nuestros resultados muestran que la presencia de GCP no afecta la
velocidad individual de los espermatozoides, lo cual se comprueba al no modificarse la
VAP ni el LIN de los espermatozoides observados. De hecho, estos espermatozoides
pueden ser mas veloces que los que no presentan esta anormalidad. Por otro lado, los
movimientos de la cabeza presentan mayor frecuencia y oscilacion en los espermatozoides
que presentan GCP, lo cual revela que su presencia afecta la movilidad de esta parte de la

célula. La presencia masiva de esta anomalia no se relaciona tampoco con un incremento



en el porcentaje de acrosomas alterados ni tampoco se observa un efecto global de los
cambios de presion osmotica sobre la totalidad de espermatozoides de la muestra. En
conclusion, la presencia masiva de la GCP en espermatozoides no afecta

significativamente los parametros mas importantes de calidad seminal.

Tabla 3.

Caracteristicas de motilidad y viabilidad del semen con presencia masiva de gota
citoplasmatica proximal (GCP) y su efecto sobre la fertilidad y prolificidad en cerdas
inseminadas con semen de estas caracteristicas.

Parametro Porcentaje de Gota citoplasmatica proximal (GCP, pu+ ES)
GCP<20 (32) GCP>20<50 (45) GCP>50 (38)
VAP (um/sec) 37,33+ 1,39 ° 4726+1,92° 49,72 +2,10°
LIN (%) 50,46 + 1,71 ° 57,76 £2.36° 55,60 +2,59 ®
ALHmed (um) 2,49 + 0,06 2,33+£0,09° 2,64+0,10°
BCF (Hz) 14,42 £0,20 ® 13,92 £0,29° 15,10 £0,31
Viabilidad (%) 88,39 +2,11° 87,26+ 1,60 ° 89,12+ 1,80
ORT (%) 79,20 + 1,81 * 77,12 £ 1,66 83,05+ 1,92 %
Fertilidad (%) 84,0+ 8,0 822+ 11,0° 81,5+12,0°
Prolificidad (n) 9,55+0,74* 11,56+ 0,66 * 12,68 £0,74

VAP: Velocidad lineal, LIN: Indice de linealidad, ALHmed: Amplitud media del
desplazamiento lateral de la cabeza, BCF: frecuencia de batida de la cabeza, ORT: Test de
resistencia osmatica.

( ): Los numeros entre paréntesis corresponden al nimero de cerdas inseminadas.

(a, b): Letras distintas en la misma fila implican diferencias significativas.

En referencia a la prolificidad, los modelos de regresion multiple empleados en nuestro
estudio con el fin de relacionar el tamafio de la camada con los parametros de calidad
seminal sélo dieron una predectividad del 16%. De hecho, el modelo mas idoneo solo
present6 una propension estadistica (0,05>P<0,10) capaz de explicar la variacion en cuanto
a la prolificidad, escogiendo la viabilidad, la GCP y sobretodo, algunos parametros de
motilidad (VAP, LIN, HLO). En una experiencia previa realizada mediante regresion
multiple se seleccionaron variables como el porcentaje de penetracion y la motilidad como
los pardmetros mas apropiados que predicen en un 29,9% el tamafio de la camada,
excluyendo el ORT y el HOST. Pero a pesar de esto ambos pardmetros presentaron una
correlacion significativa de 0,35 y 0,30, respectivamente (Gadea y col, 1998). Otros

estudios han mostrado varios modelos que incluyeron solo parametros de motilidad



individual, los cuales explicaron entre un 12 y 24% de variacion el tamafio de la camada
(Holt y col, 1997). A pesar de ello, alguna relacion existe entre la motilidad seminal y la
prolificidad, puesto que eyaculados con motilidades totales superiores al 93,2% son mas
propensos de tener tamafios de camadas superiores a 10 lechones por parto, mientras que
muestras con motilidades del 80,9% presentaron tamafios de camadas inferiores (Hirai y
col, 2001). Esta relacion, mas bien laxa entre la motilidad y la prolificidad estaba inserta en
la base del porcentaje de prediccion obtenido en nuestros modelos de regresion. En este
estudio algunos parametros de motilidad parecen ser buenos pardmetros en el andlisis
seminal y podrian ser utilizados para eliminar eyaculados con bajo potencial para producir
camadas Optimas. Sin embargo, hay que recordar el nimero de lechones nacidos por parto

depende mucho de las caracteristicas intrinsecas de la cerda.

En conejos, los andlisis de regresion logistica basados en la creacion de variable
dicotomica (0: no gestante, 1: gestante) aportaron 2 modelos matematicos con un
porcentaje de concordancia mayor que en cerdos que oscilod entre 68,3 y 76,4%. Hay que
destacar que los mejores modelos seleccionaron la viabilidad espermatica y el porcentaje
de anormalidades espermaticas como los pardmetros que mejor predicen la fertilidad del
semen de conejo. Sin embargo, estos modelos matematicos no incluyeron la motilidad
como un parametro de importancia, aunque otros autores si han encontrado correlaciones
significativas entre los descriptores de motilidad aportados por el CASA y la fertilidad en
congjas (Farrel y col, 1993).

En semen de conejos no se realizaron las pruebas de funcionalidad espermatica, lo cual
imposibilita comparar adecuadamente estos resultados con los obtenidos en cerdos. Por
otro lado, la utilizacién de la regresion multiple selecciond a los pardmetros de viabilidad,
anormalidades morfologicas, acrosomas alterados, concentracién espermatica y la VSL del
espermatozoide como los mdas adecuados, prediciendo en su conjunto un 32,2% la
fertilidad de la muestra seminal. Finalmente, y utilizando de nuevo la regresion lineal
multiple, el porcentaje de prediccion del tamafio de la camada fue bajo (16,1%), pero, a
diferencia de los resultados en cerdas, el modelo resultante del analisis fue
estadisticamente significativo y escogioé los pardmetros de viabilidad y concentracion
espermatica, ademds de algunos descriptores de la motilidad individual. Siguiendo con los
estudios de fertilidad, se pudo apreciar que los eyaculados con probada fertilidad

presentaron una distribucion porcentual de las subpoblaciones muy similar a aquellas



muestras que no fecundaron a una hembra apta. Solo se puede destacar que existen
diferencias en cuanto al porcentaje de anormalidades espermaticas y acrosomas alterados
en los eyaculados fértiles, asi la subpoblaciones 3 y 4 presentaron mayor variaciéon en
aquellos eyaculados con porcentaje de anormalidades superiores al 19% y en porcentaje de

acrosomas alterados por debajo del 18%.

El estudio de fertilidad seminal equina se llevo a cabo de una manera descriptiva al
comparar la distribucion de las subpoblaciones espermaticas en las muestras seminales que
tuvieron al menos una fertilidad probada con la motilidad total y concentracion
espermatica de la muestra. Nuestros resultados sugieren que motilidades totales superiores
al 80% podrian garantizar la fertilidad de la muestra equina. Sin embargo, no hay mucha
diferencia si inseminamos yeguas con dosis seminales con concentraciones espermaticas
de 10 a 20 x 10° espermatozoides/ml. Por otro lado, se aprecié mayor homogeneidad en los
eyaculados con al menos una fertilidad probada, ya que se observaron 3 subpoblaciones
espermadticas en lugar de 4 y con presencia de espermatozoides con movimiento lineal y
pocas caracteristicas degenerativas. No existen muchas publicaciones donde relacionan la
fertilidad con los parametros de calidad seminal y la inmensa mayoria solo establece
analisis de correlacion. Otros autores han descrito una correlacion significativa entre la
fertilidad y variables como la motilidad total y la velocidad media del espermatozoide
determinada por CASA, si bien no observaron ninguna relacion con el indice de linealidad
(Jasko y col, 1992). Otros estudios de correlacion demuestran que la fertilidad esta
influenciada por el nimero de espermatozoides motiles depositados en el tracto
reproductivo de la yegua (Demick y col, 1976); y por las caracteristicas morfologicas de
los espermatozoides, sobretodo por las anormalidades de cabeza y por las GCP (Jasko y

col, 1990).

Nuestros resultados se basan en métodos novedosos de analisis estadistico que censan y
dividen la muestra seminal en subpoblaciones, al tiempo que explican la asociacion
existente entre la calidad seminal y la fertilidad o prolificidad. Muchas investigaciones
muestran una falta de asociacién entre movimiento espermatico y fertilidad, tanto en el
hombre como en muchas especies de interés zootécnico (Polansky y Lamb, 1988; Hiting y
col, 1989; Holt y col, 1997). A pesar de esto, la motilidad espermatica siempre es un
parametro muy importante a tomar en cuenta y debe de estar presente en los analisis de

calidad seminal, ya que es una manera muy util de medir la funcionalidad del



espermatozoide en relacion a su habilidad para obtener y procesar la energia (Cardullo,
1986). Nuestros estudios no demuestran una relacion estrecha entre los descriptores
individuales de la motilidad espermatica obtenidos por CASA vy la fertilidad en granja. De
todas maneras, este hecho no nos sorprende, ya que resultados similares han sido descritos
por otros investigadores (Polansky y Lamb, 1988; Hiting y col, 1989). En el caso del
cerdo, el efecto podria explicarse por las caracteristicas intrinsecas de la motilidad
espermadtica. El semen de cerdo presenta espermatozoides mas lentos que otras especies,
Este hecho, se comprueba en esta tesis, al comparar las trayectorias espermaticas del cerdo
con la del caballo. Ademas, la motilidad del semen porcino es extraordinariamente sensible
a multiples factores externos (Sanchez, 1991), lo que dificulta en grado sumo su correcta
evaluacion. Estos fenomenos, aunque en menor medida, también se observaron en las otras
especies estudiadas Consecuentemente, la motilidad espermdtica solo puede ser
considerada como un parametro primordial en el analisis de la calidad seminal de caballos,
conejos y sobretodo de cerdos, cuando la mayoria los factores extrinsecos que puedan
influenciar sobre este pardmetro estén totalmente controlados, lo cual es bastante
improbable bajo condiciones de granja. Otro factor importante a destacar son las diferentes
condiciones de andlisis que acompafian al CASA, incluyendo sobretodo el soporte fisico
utilizado para analizar la muestra seminal (uso de sobre-cubreobjetos, camaras especiales,
etc). Esto dificulta la determinacion precisa de la estructura de las subpoblaciones y podria
ser una consecuencia de las dificultades intrinsecas en la determinacion de la motilidad
espermatica, sobretodo en el semen de cerdo. Asi, bajo estas condiciones, las pruebas
funcionales como el ORT o el HRT son mas indicadas para determinar la calidad del
semen, ya que, estan sujetas a menores errores metodologicos. Por otro lado, en un futuro
muy proximo y en funcion de las crecientes exigencias que impera sobre la
comercializacion del semen porcino, el andlisis seminal del cerdo necesitard de un
protocolo estdndar que permita una correcta interpretacion de los resultados derivados del
analisis seminal. Sin embargo, debido al movimiento especifico que posee el
espermatozoide del cerdo, este protocolo debe variar al establecido para humanos (WHO,
1999). Finalmente, este protocolo universal debe ser amplio y permitir el estudio de la
estructura espermadtica poblacional, lo que permitird comparar los resultados de los

distintos laboratorios dentro de las tendencias propias del CASA.



REFERENCIASBIBLIOGRAFICAS

Abaigar T; Holt W; Harrison R; Del Barrio G. 1999. Sperm subpopulation in boar (SuUs
scrofa) and gazelle (Gazella dama mhorr) semen as revealed by pattern analysis of

computer-assisted motility assessments. Biol Reprod; 60: 32-41.

Aumuller R; Willeke H. 1988. Computed controlled analysis of boar semen with the
“Cellsoft” system. In: Proceedings of the 11" International Congress on Animal

Reproduction and Artificial Insemination. Dublin/Ireland; 3: MS227.

Barratt CLR; Tomlison MJ; Cooke ID. 1993. Prognostic significance of computerized
motility analysis for in vivo fertility. Fertil Steril; 60 (3): 520-525.

Battaglini M ; Castellini C ; Lattaioli P. 1992. Variability of the main characteristics of
rabbit semen. J Appl Rabbit Res; 15: 439-446.

Berger T; Anderson DL; Penedo MCT. 1996. Porcine sperm fertilizing potential in
relationship to sperm functional capacities. Anim Reprod Sci; 44: 231-239.

Bostofte E; Bagger P; Michael A; Stakemann G. 1990. Fertility prognosis for infertile
men: results of follow-up study of semen analysis in infertile men from two different

populations evaluated by the cox regression model. Fertil Steril; 54 (6): 1100-1106.

Caiza de la Cueva F; Rigau T; Pujol MR; Piedrafita J; Rodriguez-Gil JE. 1997°. Resistance
to hyperosmotic stress of boar spermatozoa: the role of the ionic pumps and the

relationship with cryosurvival. Anim Reprod Sci; 48: 301-315.

Caiza de la Cueva F; Pujol MR; Rigau T; Bonet S; Mir6 J; Briz M; Rodriguez-Gil JE.
1997°. Resistance to osmotic stress of horse spermatozoa: The role of ionic pumps and

their relationship to cryopreservation success. Theriogenology; 48: 947-968.

Cardullo RA. 1986. Oxygen metabolism, motility, and the maintenance of viability of

caudal epididymal rat sperm. Diss Abstr Int B Sci Eng; 47: §92.



Castellini C; Lattaioli P. 1999. Effect of number of motile sperm inseminated on

reproductive performance of rabbits does. Anim Reprod Sci; 57: 111-120.

Davis RO; Drobnis EZ; Overstreet JW. 1995. Application of multivariate cluster,
discriminate function and stepwise regression analyses to variable selection and predictive

modelling of sperm cryosurvival. Fertil Steril; 63: 1051-1057.

Demick DS; Voss JL; Pickett BW. 1976. Effect of coling, storage, glycerolization and

spermatozoal numbers on equine fertility. J Anim Sci; 43: 633-637.

Farrel PB; Foote RH; Simkin ME; Clegg ED; Wall RJ. 1993. Relationship of semen
quality, number of sperm inseminated, and fertility in rabbits. J Androl; 14: 464-471.

Gadea J; Matas C; Lucas X. 1998. Prediction of porcine semen fertility by homologous in
vitro penetration (hIVP) assay. Anim Reprod Sci; 56: 95-108.

Hirai M; Boersma A; Hoeflich A; Wolf E; Foll J; Aumuller R; Braun J. 2001. Objectively
measured sperm motility and sperm head morphometry in boars (Sus scrofa): Relation to

fertility and seminal plasma growth factors. J Androl; 22: 104-110.

Hiting A; Combhaire F; Vermeulen L; Dhont M; Vermeulen A; Vandekerckhove D. 1989.
Value of sperm characteristics and the result of in vitro fertilization for predicting the

outcome of assisted reproduction. J Androl; 13:59-66.

Holt C; Holt W; Moore HDM; Reed HCB; Curnock RM. 1997. Objectively measured boar
sperm motility parameters correlate with the outcomes of on-farm inseminations: Results

of two fertility trials. J Andrology; 18: 312-323.

Jasko DJ; Lein DH; Foote RH. 1990. Determination of the relationship between sperm
morphologic classifications and fertility in stallion: 66 cases (1987-1988). JAVMA; 197:
389-394.



Krause W. 1995. Computer-assisted semen analysis system: comparison with routine
evaluation and prognostic value in male infertility and assisted reproduction. Hum Reprod;

10: 61-66.

Jasko DJ; Little TV; Lein DH; Foote RH. 1992. Comparison of spermatozoa movement
and semen characteristics with fertility in stallions: 64 cases (1987-1988). JAVMA; 200:
979-985.

MacLeod IC; Irvine DS. 1995. The predictive value of computer assisted semen analysis in

the context of a donor insemination programme. Hum Reprod; 10: 580-586.

Mortimer ST; Swan MA; Mortimer D. 1998. Effect of seminal plasma on capacitation and
hyperactivation in human spermatozoa. Hum Reprod; 13: 2139-2146.

Palmer E; Magistrini M. 1992. Automated analysis of stallion semen post-thaw motility.

Acta Vet Scand; 88 (suppl): 137-152.

Polansky FF; Lamb MJ. 1988. Do the results of semen analysis predict future fertility? A
survival analysis study. Fertil Steril; 49: 1059-1065.

Quintero-Moreno, A., Rivera del Alamo, M., Rigau T., Rodriguez-Gil, J. E. 2001.
Optimizacion de los pardmetros de motilidad espermatica porcina mediante agrupamiento

jerarquico. ITEA; 22 (I1): 832-834.

Quintero-Moreno A; Rigau T; Rodriguez-Gil JE. 2003. The hyperosmotic resistance test: a
feasible parameter for boar spermatozoa function. V™ International Conference on Boar

Semen Preservation, Utrecht/The Netherlands, August 24-27. In press.

Rath D; Armbrecht S; Schaap P; Weitze KF. 1988. Experiences with a computerized
videomicrographic system for sperm analysis. In: Proceedings of the 11™ International

Congress on Animal Reproduction and Artificial Insemination. Dublin/Irland; 3: MS288.

Rathi R; Colenbrander B; Bevers MM; Gadella BM. 2001. Evaluation of in vitro
capacitation of stallion spermatozoa. Biol Reprd; 65: 462-470.



Rigau T; Piedrafita J; Reverter A; Canal M; Rodriguez-Gil JE. 1996. The rate of L-lactate
production: A feasible parameter for the fresh diluted boar semen quality analysis. Ani

Reprod Sci; 43: 161-172.

Rodriguez-Gil, JE; Rigau T. 1995. Effects of slight agitation on the quality of refrigerated
boar semen. Anim Reprod Sci; 39: 141-146.

Sanchez R. 1991. Control de calidad espermatica. Anaporc; 104: 27-33.

Schilling E; Vengust M; Smidt D. 1984. ORT: Un nuevo sistema para predecir la
congelabilidad y la capacidad de almacenamiento de los espermatozoides de verraco. Proc

8™ IPVS Congress, Belgica, pp. 346 (abstr.).

Schilling E; Vengust M. 1985. Determination of osmotic resistance of boar spermatozoa

and its relationship with the storage ability of semen samples. Zuchthygiene; 20: 61-78.

Schilling E; Vengust M; Bajt G; Tomcic M. 1986. The osmotic resistance (ORT) of boar
spermatozoa and the relation to pregnancy rate and litter size. Proc 9™ IPVS Congress,

Barcelona, pp. 77 (abstr.).

Thurston LM; Watson P; Mileham A; Holt W. 2001. Morphologically distinct sperm
subpopulation defined by Fourier shape descriptors in fresh ejaculates correlate with

variation in boar semen quality following cryopreservation. J Andrology; 22 (3): 382-394.

Varmer D; Vaughan S;, Johnson L. 1991. Use of computerised system for evaluation of

equine spermatozoa motility. Am J Vet Res; 52: 224-230.

Verstegen J; Iguer-Ouada M; Onclin K. 2002. Computer assisted semen analyzers in

andrology research and veterinary practice. Theriogenology; 57: 149-179.

Waberski D; Meding S; Dirksen G; Weitze KF; Leiding C; Hahn R. 1994. Fertility of
long-term-stored boar semen: Influence of extender (Androhep and Kiev), storage time and

plasma droplets in the semen. Anim Reprod Sci;, 36: 145-151.



Williams J; Gladen B; Schrader S; Turner T; Phelps L; Chapin R. 1990. Semen analysis
and fertility assessment in rabbits: Statistical power and design considerations for

toxicology studies. Fundam Appl Toxicol; 15: 651-665.

WHO. 1999. WHO Laboratory Manual for the Examination of Human Semen and Sperm-

Cervical Mucus Interaction, 4! ed. Cambridge: Cambridge University Press.



CAPITULO VII:
CONCLUSIONES

1. La utilizacion de los procedimientos estadisticos de agrupamientos de
observaciones en primer lugar y de variables en segundo lugar son una buena
alternativa para garantizar la separacion de la poblacion espermatica seminal en
subpoblaciones, ademas de optimizar el nimero de descriptores que describen la

motilidad espermatica.

2. El semen del caballo y el de conejo presentan cuatro subpoblaciones espermaticas,
con patrones de movimientos propios y distintos entre una subpoblacion y otra,
mientras que el cerdo presenta el semen mas homogéneo con presencia de tres

subpoblaciones espermaticas.

3. La distribucién porcentual de las subpoblaciones dentro del eyaculado es muy
desproporcionada en todas las especies evaluadas, existiendo en todos los casos una

poblacion predominante.

4. Tanto en el cerdo como en el caballo, existe una poblaciéon muy pequefia que de
acuerdo a su patron de movimiento podria corresponder a espermatozoides

hiperactivados.

5. El semen de caballos que presentaron al menos una fertilizacién probada no
presentaron la subpoblacion 4, la cual esta representada por espermatozoides con

patrones de movimientos que podrian representar estados degenerativos.

6. Las distintas pruebas de calidad seminal realizadas en semen de cerdo y conejo
predicen muy poco la capacidad fecundante y el potencial para producir camadas
grandes de un eyaculado, mientras que los descriptores de la motilidad espermatica

carecen de poder predictivo en el semen de cerdo.



. Las pruebas de funcionalidad espermatica son la herramienta mas efectiva para

evaluar y predecir la calidad seminal y la fertilidad y prolificidad del semen de
cerdos y a falta de estas pruebas en el semen de conejos, la viabilidad y las

anormalidades espermaticas presentan el mayor valor predictivo.



CAPITULO VIII:
ANEXOS

Anexo 1.
Hierarchical clustering of the sperm motility descriptors in boars.

Hierarchical Sperm motility R” with own R’ with next Proportion
clustering  descriptors cluster (OC) closest (NC) (1- R% /1-R%)
Cluster 1 ALHmed * 0.9374 0.0565 0.0664
ALHmax 0.9120 0.0030 0.0883
DNM 0.9032 0.0171 0.0984
HME 0.8499 0.1898 0.1853
HY 0.5349 0.2905 0.6556
Cluster 2 LIN * 0.9640 0.3689 0.0570
STR 0.6335 0.1660 0.4395
WOB 0.8782 0.4508 0.2217
Al 0.7151 0.4246 0.4950
Cluster 3 VSL 0.8911 0.4697 0.2054
VAP * 0.9688 0.4211 0.0539
AV 0.9049 0.4775 0.1820
Cluster 4 MADABS 0.7672 0.5596 0.5286
BCF * 0.7672 0.1617 0.2777
Cluster 5 HLO * 1.0000 0.0587 0.0000
Cluster 6 MADALG * 1.0000 0.2039 0.0000
Cluster 7 VCL 0.8256 0.5321 0.3727
DNC * 0.8459 0.3332 0.2311
HHI 0.7580 0.1753 0.2935
Cluster 8 HMX * 0.8461 0.3064 0.2219
HBS 0.8461 0.4029 0.2577

“ n=6.297 spermatozoas

* Selected variables.

For a definition of the motility descriptors, see p. 58. The cluster summary gives the
number of sperm motility descriptors in each cluster and the variation explained by the
cluster component. Two squared correlation are printed for each cluster; the column
labeled “own cluster” give the squared correlation of the sperm motility descriptor with
own cluster component. The larger the squared correlation is the better. The column
labeled “next closest” contain the next highest squared correlation of the sperm motility
descriptor with a cluster component. This value is low if the clusters are well separated.
The column headed “1- R2Oc / 1-R2m” gives the ratio of one minus the “own cluster” R? to
one minus the “next closest” R%. A small “1- R20C /1-R?,.” indicates a good clustering.



Anexo 2.
Hierarchical clustering of the sperm motility descriptors in rabbits.

Hierarchical Sperm motility R* with own R with next Proportion
clustering  descriptors cluster (OC) closest (NC) (1- R%,. /1-R%)
Cluster 1 VCL 0.8082 0.6591 0.5627
ALHmed* 0.9390 0.3183 0.0894
ALHmax 0.8747 0.2771 0.1734
DNC 0.9057 0.2928 0.1334
DNM 0.6117 0.3274 0.5773
HHI 0.7081 0.3461 0.4464
Cluster 2 LIN* 0.9683 0.3085 0.0459
STR 0.6732 0.3367 0.4926
WOB 0.8927 0.4087 0.1815
Al 0.7276 0.3724 0.4340
Cluster 3 VSL 0.7766 0.1800 0.2725
VAP* 0.9423 0.3120 0.0838
AV 0.8823 0.4353 0.2084
HMX 0.5658 0.4326 0.7653
HBS 0.7250 0.3684 0.4355
HY 0.5662 0.2193 0.5557
Cluster 4 MADabs 0.7576 0.5476 0.5358
BCF* 0.7576 0.0745 0.2619
Cluster 5 MADalg* 1.0000 0.0868 0.0000
Cluster 6 HLO* 0.8421 0.0820 0.1721
HME 0.8421 0.4193 0.2720

n=2645 spermatozoa obtained in 43 semen diluted samples. From these, 27 ejaculates were
from different rabbits and 16 of them pertaining a pool ejaculates. The spermatozoa were
distributed among four genetic groups in the following manner: 642 motile spermatozoa
were from genetic group 1, 618 from genetic group 2, 730 from genetic group 3, and 634
from genetic group 4. For a definition of the motility descriptors, see p.58. The cluster
summary gives the number of sperm motility descriptors in each cluster and the variation
explained by the cluster component. Two squared correlations are printed for each cluster;
the column labeled “R* with own cluster” gives the squared correlation of the sperm
motility descriptor with its own cluster component. The larger the squared correlation is
the better. The column labeled “R* with next closest” contains the next highest squared
correlation of the sperm motility descriptor with a cluster component. This value is low if
the clusters are well separated. The column headed “1- RzoC / l-Ran” gives the ratio of one
minus its own cluster R? to one minus the next closest R>. A small “1- R2OC /1-R°.7
indicates a good clustering.

* Selected variables.



Anexo 3.

Relationship between the mean of sperm motion characteristics in boar semen with respect

to the ORT Test in whole samples.

Sperm motility descriptors ORT Test Groups
>45-<59 >59-<78 >78

VAP (um/sec) 36.4 +3.6° 424+1.7 40.6 + 1.4°
LIN (%) 74.0 +3.2° 56.4+1.5° 50.0+ 1.2°
mean ALH (pm) 1.5+0.1° 24+0.1° 2.5+0.1°
DNC (um?*/sec) 136.0 +23.2° 176.2 +10.9° 190.8 +9.1°
BCF (Hz) 12.5 0.5 142+0.2° 14.6 +0.2°
HLO (um) 0.01 +0.01° 0.10 £0.01° 0.10£0.01°
HMX (pm) 2.00+0.10° 2.33£0.05° 2.34 +0.04°
algMAD (angular degrees) -13.1 £2.9® -10.5+1.4° -16.6 £ 1.8

Results are shown as means + S.D. of 5,515 spermatozoa from 28 ejaculates.
Motility descriptors have been described in page 58.
Different superscripts in a row indicate significant (P<0.05) differences among groups.

ORT Test is expressed as percentage.



Anexo 4.

Relationship between the mean of sperm motion characteristics in boar semen with respect

to the HRT Test in whole samples.

Sperm motility descriptors HRT Test Groups

>(0.01-<0.35 >(0.35-<0.7 >0.7
VAP (um/sec) 38.5+ 2.6 442 +1.8° 452 +2.0°
LIN (%) 63.2 £2.6° 50.6 +2.0° 476+ 1.b°
mean ALH (pm) 22+0.1° 24+0.1° 2.7+0.1°
DNC (pum?/sec) 145.5 + 16.3 1729 + 12.7° 2141+ 11.6°
BCF (Hz) 143+03%® 13.8+0.2° 14.6 £0.2°
HLO (um) 0.04 + 0.02° 0.14 +0.01° 0.12+0.01°
HMX (pm) 2.26 £ 0.06° 231 £0.05° 2.49 +0.04°
AlgMAD (angular degrees) -10.6 £ 1.4° 156+ 1.1° -15.7+1.0°

Results are shown as means + S.D. of 4,097 spermatozoa from 21 ejaculates. Motility
descriptors have been described in page 58. Different superscripts in a row indicate
significant (P<0.05) differences among groups. The Hyperosmotic Resistance Test is
expressed as a relation between viability of the disrupted and undisturbed samples

(VHIPER), as explained in the section 2, capitol IV.



Anexo 5.

Linear regression of seminal characteristics in boar with average litter size in sows.

Statistical Regression SE Significance of Significance of R-square
model Coefficient individual Statistical

parameters (P) model (P)
Model - - - 0.0899 0.1672
VAP 0.28506 0.11174 0.0131
LIN -0.18645 0.08335  0.0287
HLO -13.54193  5.90645 0.0251

VIABLES  -0.30774 0.10008 0.0031
ACROSOM -0.19223 0.10581 0.0739
PCD 0.05081 0.01720  0.0044
LACTATO 0.14111 0.09412  0.1386
Constant 3591915  9.19298  0.0002

Only the most significant effects (P<0.10) are shown. Others parameters of seminal
characteristics were removed by linear regression (Backward elimination).

Motility descriptors and general characteristics of diluted semen have been described in
page 58.

VIABLES: Percentage of viability by Eosin/ nigrosin staining.

PCD: Immature spermatozoon with proximal cytoplasmic droplet (%)



Anexo 6.

Linear regression of seminal characteristics in rabbits with average litter size in female

rabbits.

Statistical model Regression ~ Standard  Significance Significance = R-square
Coefficient Error of individual of Statistical

parameters model (P)

Model - - - 0.0298 0.1610

WOB 0.66063 0.22548 0.0042

LIN -0.47867 0.17419 0.0071

DNC -0.03956 0.02216 0.0772

ALHmed 8.26987 4.1256 0.0477

BCF -1.74422 0.58282 0.0035

Sperm -0.01456 0.00436 0.0012

concentration

Sperm viability 0.31836 0.14239 0.0275

Constant -21.93833 16.57573 0.1886

Average litter size= -21.93 + 0.66*WOB - 0.47*LIN — 0.03*DNC + 8.26*ALHmed —
1.74*BCF — 0.014*Sperm concentration + 0.31*Sperm viability.

Others parameters of seminal characteristics were removed (VSL, VCL, VAP, sperm with
structurally abnormal acrosomes, total sperm abnormalities) by linear regression
(Backward elimination).

Motility sperm descriptors have been described in page 58.



