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EFFECT OF SEMINAL PLASMA AND THE FREEZING PROCESS ON
GOAT BUCKS SPERM QUALITY

ABSTRACT

In goat bucks the seminal plasma (SP) must be removed before freezing for
obtaining surviving the process when egg yolk- or skimmed milk (SM)-based extenders
are used. It is clear that SP is prejudicial during the freezing-thawing process in this
species but the stage at which SP is lethal for the sperm remains unelucidated. For
this reason, the objective of this study was to study the effect of seminal plasma on
goat buck sperm quality in each of the stages of the semen freezing process (F:after
centrifugation and addition of the first diluent; R: after reaching 4°C; G: after addition
of the extender containing glycerol; E: after 90 min of equilibration with glycerol at
4°C; T. after freezing-thawing). Twenty-one ejaculates from seven goat bucks from
Murciano-Granadina breed were used in the study. Each of the ejaculates was split into
two samples: one of them was processed with SP (SP+) and in the other one the SP
was removed (SP-) before freezing. Samples were frozen with a SM-glycerol extender
(SM2) and sperm quality (motility and sperm plasma membrane integrity (PMI),
acrosomal integrity and mitochondrial functionality) was evaluated at each of the
points of the freezing protocol (F, R, G, E and T). The results showed significant
differences (p<0.05) in all the quality parameters analyzed, varying among the
different stages in terms of significance. The analyses determined that the quality of
samples processed without SP was superior to samples processed with SP. The most
affected stages were the addition of glycerol and thawing. For the glycerol stage,
values in samples with SP+ were 50 % total motile and 34 % live with intact acrosome
versus 70 % and 56 %, respectively. In the case of the thawing stage it was more
evident, values in samples SP+ were 7 % total motile and 4 % live with intact
acrosome versus 40 % and 28 %, to samples SP-. In conclusion, the SP deteriorates
the spermatozoa through all the steps of the freezing protocol. However, the stage

that affected the most the sperm quality was the freezing-thawing.
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EFECTO DEL PLASMA SEMINAL Y EL PROCESO DE CONGELACION
SOBRE LA CALIDAD ESPERMATICA EN CAPRINO

RESUMEN

En los machos cabrios, el plasma seminal (SP) debe eliminarse antes de la
congelacién para conseguir que sobreviva al proceso cuando se utilizan diluyentes a
base de yema de huevo o leche desnatada (SM). Esta claro que el SP es perjudicial
durante el proceso de congelacidn-descongelacion en esta especie, pero la etapa en la
gue el SP es letal para los espermatozoides sigue siendo desconocida. Por esta razon,
el objetivo de este trabajo fue estudiar el efecto del plasma seminal sobre la calidad
espermatica del macho cabrio en cada una de las etapas del proceso de congelacién
del semen (F: tras la centrifugacién y adicion del primer diluyente; R: tras alcanzar los
4°C; G: tras la adicion del diluyente conteniendo glicerol; E: tras 90 min de equilibrio
con glicerol a 4°C; T: tras la congelacidon-descongelacion). En el estudio se utilizaron
21 eyaculados de siete machos cabrios de raza Murciano-Granadina. Cada uno de los
eyaculados se dividido en dos muestras: una de ellas se procesé con SP (SP+) y en la
otra se elimind el SP (SP-) antes de la congelacion. Las muestras se congelaron con
un diluyente SM-glicerol (SM2) y se evalud la calidad espermatica (motilidad e
integridad de la membrana plasmatica espermatica (PMI), integridad acrosomal y
funcionalidad mitocondrial) en cada uno de los puntos del protocolo de congelacion (F,
R, G, Ey T). Los resultados mostraron diferencias significativas (p<0,05) en todos los
parametros de calidad analizados, variando entre las distintas etapas en términos de
significacion. Los analisis determinaron que la calidad de las muestras procesadas sin
SP fue superior a las procesadas con SP. Las etapas mas afectadas fueron la adicién
de glicerol y la descongelacidn. Para la etapa de glicerol, los valores en las muestras
con SP+ fueron de 50 % de moviles totales y 34 % de vivos con acrosoma intacto,
frente a 70 % y 56 %, respectivamente. En el caso de la etapa de descongelacion fue
mas evidente, los valores en las muestras SP+ fueron 7 % de moviles totales y 4 %
de vivos con acrosoma intacto versus 40 % y 28 %, a las muestras SP-. En conclusion,
el SP deteriora los espermatozoides a lo largo de todas las etapas del protocolo de
congelaciéon. Sin embargo, la etapa que mas afectd a la calidad espermatica fue la de

congelacion-descongelacion.
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1. Introduction

Artificial insemination (AI) is an assisted reproductive technique and is a
fundamental tool in goat breeding programs (Lopez-Gatius, 2012). With this technique
it is possible to spread the genetic response to the commercial herds (Mocé et al.,
2019). Although AI can be performed with cryopreserved sperm, refrigerated sperm
is the type of semen of preference in dairy goat farms (Mocé et al, 2020). However,
cryopreserved sperm is a key pillar for gene conservation, maintenance of endangered
species and distribution of genes without limitation of distance and time (Salomon and
Maxwell, 2000).

The process for sperm preservation once ejaculates are extracted and until the
semen dosas are used for Al is complex. There must be a balance between the
spermatozoa and the surrounding environment to obtain sperm of good quality for Al.
Moreover, knowledge of sperm physiology is essential, because during the
cryopreservation process sperm are exposed to changing conditions of temperature
and osmolarity according to the protocol stage (fresh, refrigeration, glycerol addition,

equilibration, freezing and thawing; Purdy, 2006).

Ejaculates are a mixture of spermatozoa and seminal plasma (SP; Cortés, 2003).
This SP is composed of fluids from various male accessory glands and from cauda
epididymis (Pellicer et al., 1997). The SP include amino acids, proteins, ions,
electrolytes, metabolites like nucleosides, lipids, monosaccharides, minerals, enzymes
and steroid hormones (Jia et al., 2021) This secretion facilitates the survival of
spermatozoa both in vitro and in vivo (Leahy et al., 2019). Moreover, SP participates
in different cell signaling processes and provides energy to sperm, due to the variability
of sugars and lipids it contains. In fact, a relationship between fertility and the sugars
that the SP carries has been observed (Lahnsteiner et al., 1993). Other functions that
are attributed to plasma factors are the regulation of capacitation, stimulation of
motility, influence on semen storage in the female tract, as well as its participation in

modulating the female's immune system for sperm tolerance (Leahy et al., 2019).

Thus, SP contains enzymes such as lactate dehydrogenase (LDH), aspartate
amino transferase (AST) and alkaline phosphatase (ALP) that are essential for
metabolic processes, since they supply energy for sperm motility, survival and fertility

(Rodriguez et al., 2016). Different SP ions play also important roles in sperm survival



and function. For example, zinc is a modulator of chromatin stability and mitochondrial
function, bicarbonate modulates sperm motility and induces plasma membrane
destabilization and calcium is pivotal for triggering the acrosome reaction. Most of the
ions are also related to fertility parameters but these are linked to a large protein
content (Rodriguez-Martinez et al., 2021). Proteins are also found in SP, being one of
the most important components in boars where proteomic studies have already
detected more than 500 proteins in this fluid. Proteins modulate sperm functional
capacity and protect them in their transit through the sow genital tract, helping to
regulate the temporal kinetics of ovulation and at the same time the development of
the corpus luteum. In addition, together with other SP components, proteins
participate in the establishment of successful fertilization and gestation. The
relationship between SP proteins and female fertility has been demonstrated in several
species (Parrilla et al.,, 2020; De Lazari et al., 2018). Thus, SP participates in the
regulation of the immune system and seems to be an important factor in the regulation
of mating-induced endometritis in equine (Lozano et al., 2011) and positive effect of
SP during estrus and on processes related to preimplantation embryo development

and implantation has been found in rodents (Parrilla et al., 2020).

Despite its important roles in sperm physiology and in endometrial and embryo
gene expression modulation (Parrilla et al., 2020), the presence of SP in goats is
deleterious for frozen sperm (Corteel and Baril, 1974) up to a point that SP removal is
mandatory for obtaining sperm surviving the freezing-thawing processes. Diluents
commonly used for freezing goat sperm contain skimmed milk (SM) or egg yolk (EY),
and some of their components are substrates for enzymes (BUSgp60 and egg yolk-
coagulating enzyme) secreted by the bulbourethral gland. The enzymatic reactions
triggered by these lipases release metabolites that are toxic for the sperm (i.e., oleic
acid coming from the degradation of residual triglycerides from SM), that induce the
acrosome reaction and subsequent cell death when spermatozoa are incubated in milk
medium at 37 °C (Leboeuf et al., 2000; Purdy, 2006). In contrast, the SP is not
detrimental for liquid stored goat buck sperm (Leboeuf et al., 2000), which seems
puzzling, because the diluents are like those used for freezing. Indeed, refrigerated
goat buck seminal doses contain the seminal plasma and the fertility does not decrease

if these doses are used the same day they are produced (Leboeuf et al., 2000).

Due to the detrimental effect of SP, the protocol for freezing goat buck sperm

usually includes a step where SP is removed, before the addition of the freezing diluent



(Cortés, 2003). Sperm washing have beneficial effect on goat buks sperm motility
without a significant deleterious effect of centrifugation process (Salvador et al., 2006).
The protocol for removing SP usually consists of two centrifugations. This washing step
increases the processing time but also inflicts some detrimental actions on the sperm.
Thus, mechanical forces of the centrifugation provoke sperm stress. In fact, some
species such as rodents are very vulnerable to the semen washing stress due to their
sperm morphology and in other species such as the stallion a reduction in the
percentages of total motile sperm and in the sperm velocities have been observed as
a result of the washing step (Marzano et al., 2020). Nevertheless, the sperm from
other species such as red deer show more resistance to centrifugation although the
risk of exogenous oxidative stress (ROS) increases during the SP elimination
(Dominguez et al., 2009). Washing does not only eliminate detrimental compounds
from goat buck SP (such as lipases) but also removes beneficial compounds like
decapacitation factors or sperm metabolism stabilizers and as a result, the sperm are
harmed (Cortés, 2003).

Although it is known that SP is detrimental for goat sperm freezing, it remains

to be elucidated at what point of the freezing protocol the damage occurs.
2. Objective

Thus, the objective of this study was to study the effect of seminal plasma on

goat buck sperm quality in each of the stages of the semen freezing process.



3. Materials and methods

3.1. Materials and preparation of diluents

All chemicals were reagent grade and purchased from Sigma-Aldrich (Madrid,
Spain), except for propidium iodide (PI) and Mitotracker deep red FM, which were
purchased from Invitrogen (Barcelona, Spain). The diluents Tris-citrate-glucose (TCG)
and TCG supplemented with bovine serum albumin (BSA; 0.3 %; w/v) were used to
perform the analyses for sperm quality evaluation following the protocols described in
Mocé et al. (2020). For freezing two skimmed milk-based (SM) diluents were used.
The first diluent (SM1) was made with skimmed milk (Central Lechera Asturiana;
Oviedo, Spain) and 0.2 % (w:v) of D (+)- glucose. The second diluent (SM2) was
made with SM1 to which 28 % of glycerol (v:v) was added. The sodium chloride

solution (0.9 %; w/v) was used for determination of sperm concentration.
3.2. Animals

This study was carried out in the Centro de Tecnologia Animal, Instituto
Valenciano de Investigaciones Agrarias (CITA-IVIA; Segorbe, Castellén, Spain) and
seven adult Murciano-Granadina goat bucks were used as semen donors. The goat
bucks were housed in pens with availability to water and straw ad libitum. Moreover,
they were supplied with 1 kg/day of concentrated feed (17 % crude protein, 11.6 %
crude fiber and 4.5 % crude oils and fat) per male. The protocols for semen collection,
care and animals housing complied with European regulations for the care and use of
animals for scientific purposes (RD 53/2013; BOE, 2020). According to the Spanish
law, semen collection with an artificial vagina is considered as a routine agricultural
practice and, for this reason, does not require ethical approval. In fact, the males were
not considered to be experimental animals and no special ethical permission was

required.
3.3. Semen collection

Semen extraction was made in the morning with artificial vagina following the
protocol described in Silvestre et al. (2004). Semen was regularly collected (at least
once/week) throughout the year. In total, 21 ejaculates were processed (three
ejaculates/male). Tubes containing the ejaculates were immersed in a water bath at
25 °C until used. Volume and sperm concentration were measured according to the

protocols described in Konyali et al. (2013).



3.4. Freeze-thaw protocol

Each ejaculate was split into two aliquots: one of them was frozen with SP and
in the other one the SP was removed prior to freezing. The samples that retained the
SP were kept at 22 °C until the SP was removed from the other samples. The SP was
removed as described in Konyali et al. (2013). Briefly, each sample was diluted with
TCG up to 10 mL, centrifuged for 15 min at 500 g at 22 °C and the supernatant was
discarded. Then, the pellet was resuspended in 10 mL of TCG and centrifuged for a
second time. After this, the supernatant was removed and the pellet was homogenized.

Then, the volume and concentration were again evaluated.

The sperm concentration in each of the samples (with or without SP) was
adjusted to 667 x 10° sperm/mL with SM1 at 22 °C. Then, the samples were
refrigerated from 20 °C to 4 °C in a programmable water bath (Julabo GmbH, Seelbach,

Germany) for 90 min at a rate of -0.18 °C/min.

After refrigeration the samples were transferred to a cold room (set at 4 °C) to
continue with the protocol. First, a cocktail of antibiotics was added (comprised of 300
Mg of spectinomycin, 250 pg of gentamycin, 150 pg of lincomycin and 50 pg of tylosin
per mL of frozen semen; Minitub Ibérica S.L., Tarragona, Spain), according to the
recommendations from the OIE (2023). Then, precooled SM2 was added (dilution 3:1
v:v) to the samples to obtain final concentrations of 500 x10® sperm/mL and 7 %
glycerol (v:v). For avoiding osmotic shock, the volume was divided into three parts
that were added at 10 min intervals to the samples. After the last addition the samples
were equilibrated for 90 min at 4 °C during which the semen was loaded into 0.25 mL
plastic straws (IMV Technologies, L'Aigle, France) that were sealed with polyvinyl
alcohol (PVA, IMV Technologies, L'Aigle, France). After equilibration the straws were
frozen in a programmable freezer (Minidigitcool, IMV Technologies, L'Aigle, France) at
the following rates: -4 °C/min from 4 to -5 °C, -25 °C/min from -5 to -110 °C and -
35 °C/min from -110 to -140 °C and later, they were plunged into liquid nitrogen for

storage.
The straws were immersed in a water bath to 37.5 °C for 30 sec for thawing.

To perform the analyses in the laboratory, 40 uL aliquots were taken at these

points of the freezing protocol: fresh (after SM1 addition), refrigeration (after chilling



to 4 °C), glycerol addition (after the SM2 addition), equilibration (after the 90 min

equilibration with the glycerol at 4 °C) and thawing (after freezing-thawing).
3.5. Evaluation of sperm quality

For determining the seminal quality, sperm motility and the sperm plasma
membrane integrity (PMI), acrosomal integrity and mitochondrial functionality were
evaluated at each of the points of the freezing-thawing protocol previously described.
These analyses were performed according to the protocols described by Mocé et al.
(2022a). All the analyses were performed at room temperature (~22 °C). The samples
were first diluted to a concentration of 30 x 10° sperm/mL with TCG (D30). This dilution
with TCG was progressively performed in the samples that had glycerol (after SM2
addition, equilibration and thawing). For this, a previous 1:3 dilution (v:v) was
performed with TCG before the final dilution to 30 x 10° sperm/mL.

Motility was evaluated in samples adjusted to 6 x 10° sperm/mL with TCG-BSA
and incubated at 37 °C for 10 min prior to analysis following the protocols described
in Mocé et al. (2022a). Briefly, these analyses were performed with a 10x negative
phase contrast objective under a Nikon Eclipse (IZASA, Barcelona, Spain). Subamples
of 7.5 mL were placed inside a Makler chamber (Counting Chamber Makler, Sefi-
Medical Instruments, Haifa, Israel) prewarmed at 37 °C on a thermal plate. The data
from a minimum of 200 sperm from three different fields were collected. Individual
sperm tracks were visually assessed to eliminate possible debris and wrong tracks.
The quantity and quality of movement were determined in a CASA system (ISAS,
version 1.0.17, Proiser, Valencia, Spain) that operated at 30 video frames per second
(30 Hz). The particle area was set at 15-70 um and the search radius at 12 ym. The
following variables were obtained: percentages of total (TM; %) and progressively
motile (PM; %) sperm, average path velocity (VAP; um/s), curvilinear velocity (VCL,
pm/s), straight line velocity (VSL; um/s), straightness index (STR; VSL/VAP x 100; %),
linearity (LIN; VSL/VCL x 100; %), wobble (WOB; VAP/VCL x 100; %), amplitude of
the lateral movement of the head (ALH, pm) and beat cross frequency (BCF; Hz). The
spermatozoa were classified as motile if their VAP > 10 ym/s and PM if they presented
VAP > 75 uym/s and STR> 80 %.

Acrosomal membrane integrity, mitochondrial functionality and live sperm were
evaluated with flow cytometry following the protocol described in Mocé et al. (2022a).

These structures were evaluated with fluorescent stains and a CytoFLEX S flow



cytometer (Beckman Coulter Life Sciences, L Hospitalet de Llobregat, Barcelona,
Spain) equipped with three lasers (a 50-mW 488-nm blue laser, a 50-mW 638-nm red
diode laser and an 80-mW 405-nm violet laser) and the CytExpert software (Beckman
Coulter life sciences, L "Hospitalet de Llobregat, Barcelona, Spain). CytoFlex Daily QC
fluorospheres were used for the daily verifications of the flow cytometer’s optical
alignment and fluidics system according to the manufacturer’s instructions. Samples
were treated by quadruple staining with Hoechst 33342, propidium iodide (PI),
fluorescein isothiocyanate-conjugated peanut agglutinin (FITC-PNA) and Mitotracker
deep red FM. Samples were stained for the flow cytometric analysis by transferring
0.1 mL aliguots with 3 x 10° sperm to tubes with 25 uL of TCG diluent, 5 pL of Hoechst
(0.1 mg/mL stock solution in Milli-Q water) and 0.25 pL of Mitotracker (25 uM stock
solution in DMSO). Samples were incubated for 20 min at room temperature in the
dark. Then a solution containing 25 pL of TCG diluent with 0.25 pL of PI (1 mg/mL
stock solution in Milli-Q water) and 0.5 pL of FITC-PNA (1 mg/mL stock solution in
Milli-Q water) was added. Samples were incubated for another 10 min period before
being diluted with 0.40 mL of TCG and analyzed. Hoechst was excited with the violet
laser and its fluorescence was detected using a 450/45 nm avalanche photodiode
(APD). Mitotracker was excited with the red laser and its fluorescence was detected
employing a 660/20 nm APD. PI and FITC-PNA were excited with the blue laser. The
red fluorescence of PI was detected using 690/50 nm APD and the green fluorescence
of FITC-PNA was detected employing 525/40 nm APD. Next 50,000 events per sample
were analyzed. The compensation between PI-FITC-PNA was 0.93% and was 1.39%
between PI-Mitotracker. Non DNA-containing events (Hoechst-negative) were excluded
and the sperm population was gated based on the expected forward and side scatter

signals.

PI penetrated non-viable cells to distinguish three populations: live (LIVE; PI-;
plasma membrane intact sperm; %), and plasma membrane damaged sperm (PI+; %)
distinguishing two populations, one with high PI fluorescence intensity and another
one with low PI fluorescence intensity (APOPTOTIC; apoptotic sperm; %). Only the
sperm with damaged acrosomes stained with FITC-PNA and two populations were
distinguished acrosome reacted sperm (AR; FITC-PNA+; %) and acrosome intact
sperm (AI; FITC-PNA-; %). Finally, all the sperm stained with Mitotracker and two
populations were distinguished: one with low intensity corresponding to the sperm
with a low mitochondria membrane potential (MMP; %) and another with high intensity
corresponding to the sperm with a high MMP (MITOK; %).



First spermatozoa were categorized according to stains PI and FITC-PNA as dead
acrosome intact sperm (MAI; PI+/FITC-PNA-; %), dead acrosome reacted sperm (MAR;
PI+/FITC-PNA+; %), live acrosome intact sperm (VAI; PI-/FITC-PNA-; %), live
acrosome reacted sperm (VAR; PI-/FITC-PNA+; %). PI and Mitotracker were also
plotted on another chart, and four sperm populations were obtained dead with low
mitochondrial membrane potential (DMM; PI+/Mitotracker-; %), dead with high
mitochondrial membrane potential, (DMB; PI+/Mitotracker+; %), live with low
mitochondrial membrane potential, (LMM; PI-/Mitotracker-; %), live with high
mitochondrial membrane potential, (LMB; PI-/Mitotracker+; %). In addition, and only
for the population of live acrosome intact sperm (PI-/FITC-PNA-), the percentage of
sperm with high mitochondrial membrane potential was calculated (VAIMITOK; PI-
/FITC-PNA-/ MITOK; %).

In summary, the following variables were considered in the results: TM, PM, VSL,
VAP, VCL, LIN, STR, WOB, ALH, BCF, AR, LIVE, APOPTOTIC, VAI, LMB, MITOK and
VAIMITOK.

3.6. Statistical analyses

First, the variables considered for the experiment were subjected to two types
of analyses (Kolmogorov-Smirnov test and Shapiro-Wilk test ) to confirm if the data
followed a normal distribution so they could be later analyzed with parametric tests.
The following variables were confirmed as normal, since they complied with the two
tests: LIVE, LMB and VAIL. The remaining variables (TM, PM, VSL, VAP, VCL, LIN, STR,
WOB, ALH, BCF, AR, APOPTOTIC, MITOK and VAIMITOK) were not considered normally

distributed, so the use of non-parametric tests was recommended for further analysis.

For the variables normally distributed, the parametric Student t-test was used.
For those variables not following normal probability distribution, the non-parametric
Wilcoxon test was used. First, an analysis was performed to compare the two
treatments (presence or absence of SP) for each of the variables in the 5 stages of the
procedure. In addition, a second analysis was performed to compare between stages
(fresh, F; refrigerated, R; glycerol, G; equilibrated, E; thawing, T) within treatment.
Statistical analyses were run using SPSS® 27.0 (IBM Corporation, New York, NY, USA).

The level of significance was set at p<0.05 in all tests.



4. Results

Figure 1 shows the results for the motility variables comparing between treatments
(presence or absence of SP) in each of the stages of the freezing protocol. Significant
differences were observed between treatments for total and progressively motile
sperm in all the freezing stages. The samples in which the SP was removed always
exhibited higher values (p<0.05) than the samples processed with SP. For VSL and
VAP velocities significant differences were observed between treatments after
refrigeration and glycerol addition, presenting higher values (p<0.05) the samples
with SP than the samples deprived of SP (121 vs 130 um/s for refrigerated and 117
vs 126 ym/s for glycerol, respectively). For VCL, the differences were observed after
glycerol addition and after thawing. The values were higher in the glycerol stage for
the samples processed with SP (138 um/s), and lower after thawing (100 pm/s vs 117
um/s for SP and without SP respectively). For the ratios, samples treated with SP
exhibited higher values (p<0.05) for LIN (85.4 %) and for WOB (93.2 %) than samples
without SP (82.2 % and 90.6 % for LIN and WOB) after refrigeration. These SP+
treated samples also presented higher WOB values after the addition glycerol and the
thawing stages, compared to the SP deprived samples. The index STR was similar for

both treatments.
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Figure 1. Goat bucks sperm quality (motility variables, n=21) in each stage of freezing
protocol when samples where processed in presence (SP+) or in absence (SP-) of
seminal plasma (SP). F: fresh (after centrifugation and addition of the first diluent); R:
refrigerated (after reaching 4°C); G: glycerol (after addition of the extender containing glycerol);
E: equilibrated (after 90 min of equilibration with glycerol at 4°C); T: thawed (after freezing-
thawing); TM: total motile sperm (%); PM: progressive motile sperm (%); VSL: straight line
velocity (um/s); VAP: average path velocity (pm/s); VCL: curvilinear velocity (um/s); LIN:
linearity (%); STR: straightness index (%); WOB: wobble (%); * within a stage, indicates
significant differences between treatments (p<0.05). All values are represented as means %
standard error (s.e.).



The results for ALH and BCF are exposed in Figure 2. As may be observed,
samples in which the SP was removed exhibited higher (p<0.05) values for ALH in all
the stages than the samples processed with SP. This difference between treatments
was especially high after thawing (2.29 pm vs 1.7 um for SP — and SP +, respectively).
However, BCF only presented significant differences in the thawing stage, exhibiting
higher values the samples treated without SP (11.5 Hz) than with SP (9.5 Hz). For the

other stages, BCF did not present significant differences between treatments.
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Figure 2. Goat bucks sperm quality (ALH and BCF, n=21) in each stage of a freezing
protocol when samples where processed in presence (SP+) or in absence (SP-) of
seminal plasma (SP). F: fresh (after centrifugation and addition of the first diluent); R:
refrigerated (after reaching 4°C); G: glycerol (after addition of the extender containing
glycerol); E: equilibrated (after 90 min of equilibration with glycerol at 4°C); T: thawed (after
freezing-thawing); ALH: Amplitude of lateral head displacement (um); BCF: Beat cross
frequency (Hz); * within a stage, indicates significant differences between treatments
(p<0.05). The values are represented as means * standard error (s.e).

The results obtained for the variables analyzed in the flow cytometer are
presented in Figure 3, where significant differences (p<0.05) were observed between
treatments in all the stages of the freezing protocol for the variables VAI, LMB and
apoptotic. The samples in which the seminal plasma remained exhibited lower values
of VAI and LMB and higher values of apoptotic sperm than samples where the SP was
eliminated. For the percentage of acrosome reacted sperm, the differences were
observed in all stages except in fresh stage. In this case, the samples with SP exhibited
higher percentages of acrosome reacted sperm than the samples without SP. For most
of these variables, the largest difference between the treatments corresponded to the

thawing stage.
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Figure 3. Goat bucks sperm quality (cytometer variables, n=21) in each stage of
freezing protocol when samples where processed in presence (SP+) or in
absence (SP-) of seminal plasma (SP). F: fresh (after centrifugation and addition of
the first diluent); R: refrigerated (after reaching 4°C); G: glycerol (after addition of the
extender containing glycerol); E: equilibrated (after 90 min of equilibration with glycerol
at 4°C); T: thawed (after freezing-thawing); VAI: live with intact acrosome sperm (PI-
/FITC-PNA-; %); LMB: sperm live with high mitochondrial membrane potential sperm (PI-
/Mitotracker+; %); AR: reacted acrosome sperm (FITC-PNA+;%); APOPTOTIC: apoptotic
sperm (PI+ with low intensity; %); * within a stage indicates significant differences
between treatments (p<0.05). The values of all the variables are represented as means
+ standard error (s.e.).

Table 1 shows the differences between successive stages of the freezing protocol
in each of the treatments (SP - and SP +). In both treatments, most of the differences
appeared between the equilibration and the thawing stages where differences were
observed for most of the variables between these stages except for STR, WOB and

ALH. On the contrary, the stages where less differences were observed corresponded
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to glycerol addition and equilibrated stages. Here, the doses processed with SP

exhibited differences only in the percentages of AR and apoptotic sperm. In samples

frozen without SP, differences were observed between the same variables plus the TM

sperm. The refrigeration (comparisons performed between the stages of fresh and

refrigeration) was more noxious for samples processed with SP than for those

processed without SP. Thus, more variables exhibited differences between the fresh

and refrigerated sperm in presence than in absence of SP. The addition of glycerol

affected mostly to the percentages of TM and PM sperm and to the cytometer variables

in both treatments when comparisons were made between the refrigeration stage and
after glycerol (SM2) addition.

Table 1. Effect on sperm quality between the different stages for each treatment,
when the samples were processed in presence (SP+) or in absence (SP-) of
seminal plasma (SP).

SP + SP -
Parameters F-R R-G G-E E-T F-R R-G G-E E-T
™ (%) 6.1% 12.3% 1.1 43.0% -3.2 9.3% -3.0* | 32.0%*
PM (%) -1.5 10.9%* 1.7 36.4*% | -5.9% 7.7% -2.8 28.4%*
VSL (Mm/s) -9.5% 3.5 1.0 34.7* 1.0 1.3 -0.57 | 17.4%
VAP (um/s) -8.3% 3.6 1.1 33.9%* 1.9 2.0 -1.1 18.6*
VCL (Mm/s) -6.3 3.7 0.91 33.3% 1.8 4.1 -1.5 12.6%*
LIN (%) -5.3* | -0.10 0.60 7.6%* -1.2 -0.80 | -0.80 6.4%*
STR (%) -4.2% 0.00 0.40 7.1 -1.4 -0.90 0.20 0.80
WOB (%) -2.8% | -0.20 0.50 5.7 -0.50 | -0.40 -1.0 6.7%
ALH (um) 0.091 | 0.070 | -0.060 | 0.21 0.010 | 0.10* | 0.040 | -0.25%*
BCF (Hz) -0.35 | 0.048 | 0.020 1.8* 0.026 | 0.051 0.20 | -0.58%*
VAI (%) 11.9*% | 14.1%* 0.44 | 29.6%* 1.9% 8.3* 1.7 26.2%*
LMB (%) 12.7* | 13.2%* 0.35 | 29.5% 2.2% 8.1% 1.6 26.2%*
AR (%) -11.9*% | -3.0* 1.4* | -44.1* | 0.53 -2.0* 1.0* | -17.5%
APOPTOTIC (%) -0.43 2.4*% | -0.71*| 3.7* |-0.93*| 0.69 -1.3% 2.3%
LIVE (%) 11.9*% | 14.1%* 0.43 | 29.6%* 1.9% 8.3* 1.7 26.2%*
MITOK (%) 11.6* | 17.3*% | -0.10 | 22.6* 0.19 9.1% 1.3 13.2%*
VAIMITOK 1.2 -0.48 0.15 5.6* 0.55 | -0.06* | -0.46 2.2%

F: fresh (after centrifugation and addition of the first diluent); R: refrigerated (after reaching 4°C);
G: glycerol (after addition of the extender containing glycerol); E: equilibrated (after 90 min of
equilibration with glycerol at 4°C); T: thawed (after freezing-thawing); TM: total motile (%); PM:
progressive motile (%); VSL: straight line velocity (um/s); VAP: average path velocity (um/s); VCL:
curvilinear velocity (pm/s); LIN: linearity (%); STR: straightness index (%); WOB: wobble (%);
ALH: Amplitude of lateral head displacement (um); BCF: Beat cross frequency (Hz); VAI: live with
intact acrosome sperm (PI-/FITC-PNA-;%); LMB: sperm live with high mitochondrial membrane
potential sperm (PI-/Mitotracker+;%); AR: reacted acrosome sperm (FITC-PNA+; %); MITOK: high
mitochondrial membrane potential sperm (Mitotracker+ with high intensity;%); VAIMITOK: live
with intact acrosome sperm and high mitochondrial membrane potential sperm (PI-/FITC-PNA-
/MITOK; %); * indicates significant differences between successive stages of the same treatment
(p<0.05). The values are represented as differences between stages for each measured parameter.
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5. Discussion

Artificial insemination plays an important role in goat breeding programs by
facilitating evaluation of the genetic potential of goat bucks in different herds as well
as diffusion of the best genetics between herds, reducing sanitary risks. Frozen semen
is an interesting product for using in AI, since the sperm fertilizing ability is kept for
indefinite time and this allows the moments of semen extraction and insemination to
be completely dissociated. Nevertheless, the use of refrigerated semen doses is
preferred over cryopreserved semen doses in commercial herds, due to their higher
fertility values. However, refrigerated goat buck sperm quickly deteriorates after

preparation, which, in turn, jeopardizes its fertilizing ability.

In caprine, SP must be removed during the freezing process since there are
interactions among some enzymes from the SP and the diluents used (skimmed milk
or egg yolk; Leboeuf et al., 2000; Purdy, 2006). Therefore, the frozen-thawed sperm
doses in this species are devoid of SP, which may have some implications in their future
performance. Thus, the SP has several important functions within the ejaculate others
than being a vehicle for transporting spermatozoa. It contains lipids, proteins, minerals,
enzymes, among others, that modulate some sperm functions such as motility or
metabolic processes. In addition, SP participates in the cell signaling process within
the female reproductive tract, in capacitation and during the fertilization process
(Lopera-Vazquez, 2009).

Although the SP of this species is considered an inadequate medium to maintain
sperm viability after ejaculation (Pellicer et al., 1997) and their removal increases the
percentage of viable cells and their motility during liquid storage (Leboeuf et al., 2000),
the presence of SP in refrigerated doses is not as noxious as it is for frozen semen.
Thus, the damaging effect that SP has on the sperm is puzzling since it is observed in
frozen semen (up to a point that the presence of SP is incompatible with the sperm
survival to the freezing-thawing process), but not in refrigerated semen where SP is
noy removed. For the SP removal before freezing, the protocol most widely used
consists of diluting the samples and centrifuge them to eliminate the supernatant that
contains the SP (Corteel and Baril, 1974). The prejudicial effect of SP for frozen-thawed
is clear, but it is not known at which point of the freezing protocol the SP is lethal for

the sperm.
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According to our results, the noxious effect of SP is already observed in fresh
stage of the protocol (after centrifugation and addition of SM1; Figures 1, 2 and 3). At
this point, significant differences for some of the quality variables (TM, PM, ALH, VAI,
LMB and APOPTOTIC) were already observed between treatments. All of them were
higher in the samples processed without SP than with SP, except for ALH. At this stage
the only difference between treatments was the SP removal by means of centrifugation.
These results confirm the reports from previous studies where the removal of SP
improved sperm viability during sperm storage in the presence of skimmed milk diluent
(Pellicer-Rubio et al., 1997). Our motility and cytometry values for fresh semen with
SP fell within the range of the values published in other studies (between 63 and 80%
of TM and 57 and 68% VAI) with the same breed (Mocé et al., 2020; Sadeghi et al.,
2020; Mocé et al., 2022a; Mocé et al., 2022b; Mocé et al., 2023). The same processed
without SP presented also similar values to those observed in previous studies with
the same breed and extender (Mocé et al., 2018). In addition, since the removal of SP
improved goat buck sperm in vitro quality parameters, our results suggest that the
centrifugation used do not seem to be detrimental for the sperm in this species, at

least for the quality parameters that have been evaluated.

Our results do not agree with those from other authors that pointed out that the
removal of SP can deteriorated spermatozoa either due to the decrease of antioxidants
present in SP of goat bucks (Da Silva et al., 2014), to the effect of the reactive oxygen
species (ROS) produced by the non-functional sperm contained in the pellet formed
during the centrifugation that damage other sperm cells (Santiago-Moreno et al., 2017)
or to the mechanical actions of centrifugation and compaction to the bottom of the
sperm that can reduce sperm quality (Sadeghi et al., 2020). In addition, some authors
reported that the effects of SP removal are observed even when the doses are
inseminated, since the SP removal increases the risk of developing antibodies after
depositing the sperm in the uterus (Santiago-Moreno et al., 2017). Perhaps the
differences between our results and those observed in other works are due to different
conditions in centrifugation that werelower in our study and perhaps, induced less
harm to the sperm (500g vs. 800 or 1000g; Sadeghi et al., 2020; Da Silva et al., 2014)
or even to the diluent used during washing (TCG vs egg yolk based extender; Da Silva
et al., 2014). Nevertheless, the percentage of apoptotic sperm that we observed in the
samples without SP might be indicating some sublethal damage due to the
centrifugation. Perhaps the forces exerted during centrifugation or packing of the

sperm in the pellet have caused damage at the intra- and extracellular level, triggering
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a destabilization of the membrane. Thus, SP removal may have caused ROS production
that are known to accelerate the apoptosis process (Liu et al., 2019). These values of
apoptotic sperm in the samples processed without SP were like those observed in

samples with SP from ejaculates obtained in non-breeding season (Mocé et al., 2022a).

After reaching 4 °C (refrigeration) differences between treatments were also
observed in all parameters except for VCL, STR and BCF. Again, the values observed
for the samples processed without SP are indicative of samples presenting higher
sperm quality, except for the percentage of apoptotic spermatozoa that was higher for
this treatment (SP-). Our results are within the range of the values published in other
studies with the same breed for the samples processed with SP (Mocé et al., 2020;
Mocé et al., 2022b, Mocé et al., 2023). Refrigeration induced more damage to the
sperm processed with SP (almost all parameters exhibited significant differences
before and after cooling) than for the samples processed without SP (Table 1). The
parameters that worsened the most were VAI, LMB, LIVE and MITOK which indicates
that SP is especially noxious for the acrosome, plasma membrane and sperm
mitochondria. It is surprising that the samples processed without SP retained almost
the same quality after refrigeration than before refrigeration. In fact, the decrease in
sperm quality after refrigeration is somehow expected, since when membranes are
cooled, the phospholipids undergo a phase transition from a liquid state to the
crystalline-gel state and the proteins cluster into the remaining liquid lipid domains
which results in unstable membranes that have lost their functionality (reviewed by
Mocé et al., 2010). Therefore, upon rewarming a decrease in the sperm quality is
normal. Thus, refrigeration of goat semen at 4 °C had a negative effect on sperm
quality, such as increased apoptotic sperm or decreased mitochondrial activity over
time, among others (Liu et al., 2019). In other species, the decrease in temperature
causes changes in the orientation of lipids in the plasma membrane, loss of motility,
low energy production, and damage to the acrosome and plasma membrane, among
others (Pérez et al., 2022). Although in swine the SP plays a essential role in the
acquisition of sperm resistance to the chilling to 4 °C (De Lazari et al., 2018), perhaps

SP does not play this role in goat buck sperm.

This decrease in the quality of the sperm after refrigeration in samples
processed with SP could be due to a direct effect of the SP. Perhaps the presence of
the SP does not allow the spermatozoa to adapt correctly to the temperature changes
produced. Nevertheless, it seems more likely that these damages will be due to a

direct or indirect effect of the lipases from the SP since the enzymatic activity in
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samples processed with SP cannot be discarded at these temperatures. Although the
enzymatic activity is higher at temperatures close to body temperature, they still are
functional even at subzero temperatures (More et al.,, 1995). Therefore, BUSgp60
could act directly on sperm membrane and cause the hydrolysis of phospholipids,
galactolipids or triglycerides or could degrade the SM residual triglycerides and produce
the oleic acid, that is toxic for the sperm (Pellicer-Rubio and Combarnous, 1998). Oleic
acid can damage the sperm membrane by increasing its lipid fusogenic activity or
promote premature acrosomal exocytosis and negative effects on motility regulation
via protein kinase C activation (Pellicer-Rubio and Combarnous, 1998). These effects
would explain the increase in the percentage of acrosome reacted sperm observed in
our study for the samples processed with the SP. In addition, if the permeability of the
cell is modified by the glycerol and the oleic acid contained in the SP also increases

this permeability, the osmotic resistance limits may be exceeded, damaging the cell.

The glycerol addition step is an important part of the freezing procedure where
the permeant cryoprotectant is added to the sperm. Again, differences were observed
between samples processed with or without SP for all the variables except for LIN, STR
and BCF. Nevertheless, the addition of glycerol exerted negative effects in both
treatments, since a drop in both kinetic and cytometric parameters was observed with
respect to the values presented after refrigeration, although the decrease was again
more pronounced for the samples processed with SP. Our motility values are close to
those obtained in kili goats, while viability is more similar to Angora or Saanen goats
(Kulaksiz et al., 2013). The decrease in sperm quality after adding the glycerol is not
surprising since the SM2 is hyperosmolar and will induce osmotic shock in the sperm.
Glycerol is one of the most widely used cryoprotectants in diluents for cryopreservation
of goat semen. However, it is sometimes toxic to spermatozoa (in higher percentages)
and can induce osmotic damage. Although glycerol is permeant and can traverse the
membrane it will traverse the membrane at a slower rate than the water so the sperm
will suffer from volume excursion (reviewed by Mocé et al., 2010). The addition of
glycerol by itself can already cause some structural damage and decreased sperm
motility (Sundarararaman and Edwin, 2008). However, its benefits in sperm
cryopreservation surpass its disadvantages since glycerol contributes to the
stabilization of lipid membranes, causing an increase in the fluidity of the sperm cell
membrane under dehydrated conditions and therefore confer the sperm greater

capacity to survive cryopreservation (Holt, 2000).
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How is the SP acting in this stage of the protocol is unknown. The fact that the
quality of the samples drops sharply after the addition of glycerol, could indicate a
direct effect of SP on the sperm. Perhaps, this fluid causes alterations in membrane
permeability and, thus, spermatozoa suffer more intensively the osmotic effects even
when the SM2 was added in three parts separated for 10 min to minimize the osmotic
damage. Thus, these samples could benefit from a more gradual addition of the SM2.
Nevertheless, the action of BUSgp60 cannot be underestimated either and this is
probably the causal agent behind all these effects. The oleic acid released from the
enzymatic reaction triggered by BUSgp60 could be responsible for the alterations in
the sperm membrane permeability. Thus, oleic acid has been demonstrated to
inducepermeability changes in other cells or membranes (Wnag et al.,, 1994;
Kurniaawan et al., 2017), and perhaps it could also have the same effect on sperm

plasma membranes.

The differences between treatments remained in the equilibration where
significant differences were observed in motilities (TM and PM), ALH and cytometry
parameters. However, in both treatments this phase did not result in great differences
with the previous stage (glycerol addition) presenting the samples similar values in
the equilibration than the after addition of glycerol. This stage is necessary in the
freezing process for changes to occur in the sperm membrane (Gao et al., 1997) and

according to our results it does not add more damage or stress to the sperm.

After freezing-thawing the differences between treatments remained, with the
exception of VSL, VAP, LIN and STR that were similar for both treatments. Freezing-
thawing was the stage that resulted more lethal for the sperm irrespective of the
presence or absence of SP. These results were expected since freeze-thawing induces
sperm damage and cryopreserved semen is always of lower quality than fresh semen
(Mocé, 2012). Also, the fact that samples processed without SP at the end of the
procedure presented higher values than samples processed with SP was expected and
corroborates the results from previous studies (Corteel and Baril, 1974). Our values of
quality to samples processed with absence of SP were similar that observed Esteve, et
al. (2022; 48 % TM and 35 % PM) and slightly lower for PMI (43 % PMI). Also, the
motility values of samples without SP are similar to previous studies in billy goat, but
our values of live spermatozoa were lower (Kigik et al., 2014). Both ALH and BCF
increased after freezing for samples processed without SP. Apparently the kinetics of
the sperm differ before and after freezing. In fact, some studies linked elevated values

of these two parameters with premature sperm capacitation and an increase in
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flagellum beating frequency and the amplitude of lateral head displacement is
observed in hyperactivation motility patterns (Mortimer, 1997). Thus, the freeze-thaw
process induces cryocapacitation rendering sperm with a short lifespan for use in vivo
(Bailey et al., 2000).

The freezing-thawing stage was affected to a larger extent to the samples
processed with SP. Comparing the stages of equilibration and after freezing-thawing,
the relative drops (considering as total values, 100 %, those obtained in the
equilibrated stage) were 86 % TM and 88 % for VAI and LMB for the samples with SP
and these values were half (44 % and 48 %, respectively) for the samples processed
without SP. The decrease in quality in samples processed without SP occurs more
gradually. In fact, the values obtained coincide with those described in sheep (Cabrera
et al., 2011), where there is a 50% decrease in sperm viability during the freezing
process. This is mainly due to the effect of temperature and osmotic pressure that
induce, changes in the morphological organization of sperm membranes, the cells, that
finally lead to modifications in membrane permeability, lipid composition of sperm

membranes and intracellular fluid.

The prejudicial effect of SP has been observed for many parameters at different
stages of the freezing process. The differences between the initial and final stage can
show us that the quality sperm deterioration during the procedure. Overall, the
treatment of samples with SP from fresh to thawed stage has decreased 62% TM, 56 %
VAI and LMB, while samples without SP decreased 35 % TM and 38 % VAI and LMB.
Considering as total values (100 %) those obtained in the fresh stage, the relative
drops for the samples with SP were 90% for TM and 93% for VAI and LMB. However,
for the samples without of SP the drop is 46 % of TM and 58 % of VAI and LMB. The
differences obtained between fresh-thawed and frozen semen without SP are similar
to those obtained by Dorado et al. (2007) or Barbas et al. (2018), although they
started from higher values (sperm motilities between 80 and 90% in fresh). Thus, the
cryopreservation process for most species is lethal for about 50% of the spermatozoa
in an ejaculate, but many of the survivors (about 90%), despite having intact
membranes and being motile, have sublethal damage that renders them unable to
fertilize oocytes (Holt, 2000). The variation in quality between stages for each
parameter does not seem to be high. But this way it can be observed how the drop in
sperm quality with the treatment of the doses with SP is double than of the samples
without SP. Thus, SP is detrimental for goat buck sperm freezing but the stage where

most damaging effects occur is during freeze-thawing.
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How can the SP be acting at this stage is unknown, but the lipase activity at the
freezing temperatures can be discarded since the metabolism is inhibited at these
temperatures (Chian, 2010) and at -196 °C there is not enough thermal energy for
chemical reactions to take place, nor is there liquid water, which is essential for
metabolic processes (Mazur, 1984). Therefore, it is more likely that the presence of SP
(or, more likely, the oleic acid released during all the previous stages) is altering the
membrane permeability which in turn will affect the sperm ability to adapt to the
osmotic changes that occur during the cryopreservation process. Sperm
cryopreservation is a complex process, and its major challenge is to cross the
intermediate temperature zone between -15° Cand -60° C. Sperm must pass through
these temperatures twice, first during freezing and then during thawing. Some authors
point out that sperm injury during cryopreservation is more related to the negative
effect of thawing (Martinez et al., 2022). Yet, SP has not been proven to cause this
damage to sperm and neither have any of its components. If the components of SP
are considered, the glycoproteins it contains bind to the sperm membrane and have a
stabilizing effect on the membrane structure, as well as contribute to the adaptation
to changes in temperature gradients during freezing and thawing (Leahy et al 2019).
However, and as previously stated, the effect of the oleic acid cannot be discarded and

it has been proven to negatively alter the cell membranes.

There is usually a difference in extracellular solute concentration on thawing.
Cryoprotectants such as glycerol are permeant, but they traverse the membrane at a
slower rate than the water. Thus, in presence of cryoprotectants, the rate at which
thawing takes place causes cell swelling as a result of water entry (Vargas, 2023).
Perhaps in presence of SP (or oleic acid released from the residual SM triglycerides)
this membrane permeability to the cryoprotectant is altered so the osmotic shock and
the swelling is higher. If the sperm swell above their osmotic tolerance limits the

response to osmotic stresses will be lethal (Gilmore et al., 1998).

The presence of oleic acid in the cells has been mentioned above. Among other
functions, it is also responsible for the regulation of membrane ion channels. In the
osmotic regulation of the cell there is an input of ions such as calcium and an excess
of this acid can promote an acrosomal negative exocytosis. In addition, if the
permeability of the cell is modified by the glycerol and the oleic acid contained in the
SP also increases this permeability, the osmotic resistance limits may be exceeded,

damaging the cell. (Pellicer-Rubio and Combarnous, 1998).
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Finally, another possibility is that the presence of SP may have caused ROS
production which in turn will lead to lipid membrane peroxidation and consequently
sperm damage and death. Nevertheless, this possibility seems unlikely since SP
contains enzymes and antioxidants that protect spermatozoa from elevated ROS

values (Rodriguez Martinez et al., 2021).
6. Conclusion

In conclusion, the SP deteriorates the spermatozoa through all the steps of the
freezing protocol. However, the stage that affected the most the sperm quality was the

freezing-thawing.
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