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a b s t r a c t

Cryopreservation induces extensive biophysical and biochemical changes in the sperm. In the
present study, we used flow cytometry to assess the capacitation-like status of frozen-thawed
boar spermatozoa and its relationship with intracellular calcium, assessment of membrane
fluidity, modification of thiol groups in plasma membrane proteins, reactive oxygen species
(ROS) levels, viability, acrosomal status, and mitochondrial activity. This experiment was
performed to verify the effect of adding seminal plasma on post-thaw sperm functions. To
determine these effects after cryopreservation, frozen-thawed semen from seven boars was
examined after supplementationwith different concentrations of pooled seminal plasma (0%,
10%, and50%) at various times of incubation from0 to4 hours. Incubation caused a decrease in
membrane integrity and an increase in acrosomal damage, with small changes in other
parameters (P > 0.05). Although 10% seminal plasma showed few differences with 0% (ROS
increase at 4 hours, P < 0.05), 50% seminal plasma caused important changes. Membrane
fluidity increased considerably from the beginning of the experiment, and ROS and free thiols
in the cell surface increased by 2 hours of incubation. By the end of the experiment, viability
decreased and acrosomal damage increased in the 50% seminal plasma samples. The addition
of 50% of seminal plasma seems to modify the physiology of thawed boar spermatozoa,
possibly through membrane changes and ROS increase. Although some effects were detri-
mental, the stimulatory effect of 50% seminal plasma could favor the performance of post-
thawed boar semen, as showed in the field (García JC, Domínguez JC, Peña FJ, Alegre B,
Gonzalez R, Castro MJ, Habing GG, Kirkwood RN. Thawing boar semen in the presence of
seminal plasma: effects on sperm quality and fertility. Anim Reprod Sci 2010;119:160–5) Q3.

! 2013 Elsevier Inc. All rights reserved.

1. Introduction

The achievement of successful semen cryopreservation
would represent a dramatic leap in swine production
systems. This would allow to the widespread use of germ-
plasm banks for storing semen doses from selected males,
for preserving genetic diversity, and for conserving rare
breeds. Moreover, the long-term availability of frozen
semen doses would allow for more flexible and efficient
breeding programs, and it would help to control the

transmission of pathogens [1]. Despite the utilization of
refrigerated long-term semen storage, the use of cryo-
preserved boar semen has not achieved widespread
acceptability for commercial breeding by artificial insemi-
nation, mainly for economical and political reasons,
although there is need for technical improvement too [2]. It
is possible to achieve fertility results comparable to fresh
semen by combining cryopreservation with deep intra-
uterine insemination and accurate estimation of ovulation
[3]. However, the use of thawed semen results in decreased
farrowing rates and litter size if the insemination occurs
outside this ovulation time window. Environmental and
management factors affect fertility of thawed semen more
than when using refrigerated semen [4,5].

* Corresponding author. ---Q2
E-mail address: felipe.martinez@unileon.es (F. Martínez-Pastor).

Contents lists available at SciVerse ScienceDirect

Theriogenology

journal homepage: www.ther io journal .com

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

0093-691X/$ – see front matter ! 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.theriogenology.2013.05.003

Theriogenology xxx (2013) 1–11

FLA 5.1.0 DTD ! THE12480_proof ! 31 May 2013 ! 9:01 pm ! ce

Delta:1_surname
Delta:1_surname
Delta:1_surname
mailto:felipe.martinez@unileon.es
www.sciencedirect.com/science/journal/0093691X
http://www.theriojournal.com
http://dx.doi.org/10.1016/j.theriogenology.2013.05.003
http://dx.doi.org/10.1016/j.theriogenology.2013.05.003
Original text:
Inserted Text
given name

Original text:
Inserted Text
surname

Original text:
Inserted Text
given name

Original text:
Inserted Text
surname

Original text:
Inserted Text
given name

Original text:
Inserted Text
surname



The damage to boar sperm caused by cryopreservation
includesmotility impairment, chromatindamage,membrane
alterations, and decreased mitochondrial membrane poten-
tial, caused by cold shock, osmotic shock, and oxidative
damage by reactive oxygen species (ROS) to which boar
spermatozoa seem to be especially sensitive [6,7]. Several
factors have been presented as the cause of the low or
irregular fertility results of frozen-thawed boar spermatozoa,
including premature capacitation-like changes during the
process of cooling and cryopreservation [6,8]. These changes
have been termed as “cryocapacitation,” and could shorten
the life span of spermatozoa, modify regulation pathways,
cause early acrosome reaction, and modify the plasma
membrane, resulting in part of the sperm population being
unable to interactwith the oviduct or to fertilize the ovum [9].

Using seminal plasma could help to improve semen
quality after thawing. It is known that seminal plasma affects
the physiology of spermatozoa, although its effects on
different species are very variable, depending also on the
condition of the sample [10–13]. In the case of boar sperma-
tozoa, incubation of fresh or cryopreserved sperm in media
supplemented with 10% seminal plasma seems to prevent,
and possibly reverse, capacitation-related changes [7,8,14]. In
several studies, the post-thawing addition of seminal plasma
improved membrane and acrosomal integrity, and enhanced
the in vivo fertilization [15]. Use of 10% seminal plasma after
thawing rendered good fertility results when combined with
a modified freezing/thawing protocol [16].

However Abad et al. [17] found that 10% seminal plasma
supplementation did not affect the creation of the oviductal
sperm reservoir. The same authors reported no improve-
ment on sow fertility when thawed boar semen was sup-
plementedwith10% seminal plasma and inseminated by 2or
12 hours of the predicted time of ovulation [18]. Therefore,
they concluded that seminal plasma could not completely
reverse cryocapacitation, or else other factors were having
a role, decreasing cryopreserved semen fertility.

The objective of the present study was to enhance our
understanding on the effects of post-thawing addition of
seminal plasma to boar semen by analyzing several physi-
ological variables using flow cytometry. This study follows
a previous trial in which adding 50% seminal plasma to
thawed boar semen made both pregnancy rate and mean
litter size comparable to those achieved with liquid-stored
semen [19]. Taking this study as a starting point, we posed
the hypothesis that the seminal plasma would modify the
physiology of thawed spermatozoa, explaining the fertility
improvement found by [19]. Thus, we assessed the sper-
matozoa during a 4-hour incubation in the presence of 50%
seminal plasma. We also tested 10% seminal plasma,Q4 to
include a concentration widely used in other studies but
which has yielded mixed results.

2. Materials and methods

2.1. Experimental design

The spermatozoa used in this experiment were obtained
from frozen semen doses stored in our cryobank. After
thawing, the pooled contents of two straws were diluted
down to 25 ! 106/mL with MR-A extender (Kubus S.A.,

Madrid, Spain), split among three 1.5-mL tubes, and sup-
plemented with 0%, 10%, or 50% of heterologous seminal
plasma. The tubes were incubated at 37 "C and assessed
each hour (sampling points at 0, 1, 2, 3, and 4 hours). At
each sampling point, an aliquot from each tube was mixed
with fluorescence probes for assessing several physiological
parameters: stability of the plasma membrane (damage,
apoptotic-like changes, and fluidity), acrosomal damage,
mitochondrial activity, intracellular Ca2þ concentration,
intracellular ROS concentration, and abundance of extracel-
lular free thiols.

2.2. Reagents and media

Fluo-4 AM cell permeant, merocyanine 540 (M540),
propidium iodide (PI), 20,70-dichlorodihydrofluorescein di-
acetate (CM-H2DCFDA), 5-iodoacetamidofluorescein (5-IAF)
Mitotracker Deep Red, and YO-PRO-1 iodide used in the
study were purchased from Invitrogen (Carlsbad, CA, USA).
Other chemicals such as fluorescein isothiocyanate-peanut
agglutinin (FITC-PNA), DMSO, and PBS were purchased
from Sigma (St. Louis, MO, USA). Stock solutions of fluores-
cence probes were prepared in DMSO at 1 mM, except YO-
PRO-1 (25 mM), PI (1 mg/mL in water), and PNA-FITC (0.2
mg/mL in water). These stocks were kept at $ 20 "C in the
dark. Flowcytometryequipment, software, and consumables
were purchased from Becton Dickinson (San Jose, CA, USA).

2.3. Semen collection and preservation

Semenwas collected from sevenmature Landrace, Large
White, and Duroc boars by the “gloved-hand method.” For
each ejaculate, the sperm concentration was determined
using a spectrophotometer. The initial percentage of motile
sperm was determined visually and any ejaculates con-
taining >60% motile sperm were used.

Semen was processed for cryopreservation according to
the technique described by Eriksson and Rodríguez-Martí-
nez [20], except that our first extender dilutionwas MR-A at
2:1 rather than BTS Q5at 1:1, and we used slower cooling and
freezing curves [21]. Initially, 60 ! 109 sperm from each
ejaculate were diluted in MR-A previously warmed to
32.5 "C. The extended semen was incubated at room
temperature (20 "C–22 "C) for 1 hour. Then, the semen was
transferred to a room at 15 "C for 3 hours, centrifuged at
800 ! g for 10 minutes at 15 "C in a programmable refrig-
erated centrifuge (Heraeus Megafuge 1.0 R, Heraeus Holding
GmbH, Germany), and the supernatant was discarded. The
pellets were reextended with lactose-egg yolk extender
(80% (vol/vol) of a 11.0% (wt/vol) lactose monohydrate
solution, and 20.0% (vol/vol) of hen’s egg yolk) to a final
concentration of 1.5 ! 109 spermatozoa/mL. After thorough
mixing, the semenwas cooled for 2 hours in a refrigerator at
5 "C. At this temperature, the semen was slowly mixed with
the freezing extender, consisting of 89.55% (vol/vol) lactose-
egg yolk extender, 8.95% (vol/vol) glycerol, and 1.5% (vol/vol)
Equex STM (Minitüb, Germany) at a ratio of two parts of
semen to one part of extender, yielding a final concentration
of 3% glycerol and 1 ! 109 spermatozoa/mL.

Sperm were packaged at 5 "C in 0.25 mL straws. After
sealing, all racks were transferred to the chamber of
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a programmable freezer (Ice Cube 1810, Sy-Lab, Purkers-
dorf, Australia) set at 5 "C. The cooling/freezing rate used
was 3 "C/minutes from þ 5 to $ 6 "C, hold for 1 minute for
crystallization, and thereafter $ 20 "C/minute from $ 6 "C
to $ 100 "C. Samples were then plunged into liquid nitrogen
($ 196 "C) for storage. The straws were thawed in circu-
lating water at 50 "C for 12 seconds. After thawing,
samples were checked for motility (at least >50% motile
spermatozoa).

2.4. Seminal plasma processing

The seminal plasma was obtained after a double centri-
fugation (800 ! g for 10 minutes at 25 "C) of a semen pool
derived from 11 boars (Duroc, Large White, and Landrace)
and was stored at $ 20 "C until needed. These boars were
healthy, yielded semen of good quality, and were routinely
used for preparing insemination doses, reportedly of high
fertility. Thawing of seminal plasma was done at 37 "C in
a water bath.

2.5. Assessment of sperm physiology by flow cytometry

2.5.1. Flow cytometer configuration
Flow cytometric analyses were carried out on a FACSca-

libur (Becton Dickinson Immunochemistry Systems, San
Jose, CA, USA). Green fluorescence from Fluo-4 AM, YO-
PRO-1, 5-IAF, and CM-H2DCFDA was read with the FL1
photodetector (530/30BP filter). Orange fluorescence from
merocyanine 540 was read with the FL2 photodetector
(575/25BP filter). Red fluorescence from PI was read with
the FL3 photodetector (670LP filter). Mitotracker Deep Red
was excited using a 633-nm He-Ne laser, and its red fluo-
rescence was read with the FL4 photodetector (670/40BP
filter). Fluorescence data were displayed in logarithmic
mode using the Cell Quest Pro 3.1 software (BD Biosci-
ences). Ten thousand events were collected per sample,
with a flow rate of 200 cells/second, using a gate in forward
and side scatter to exclude debris and aggregates from the
analysis. The analysis of the flow cytometry data was
carried out using Weasel v. 3.0.1 (WEHI, Melbourne,
Australia).

2.5.2. Intracellular ROS
CM-H2DCFDAwas used for the detection of intracellular

ROS. CM-H2DCFDA is oxidized to dichlorofluorescein (DCF),
which emits fluorescence at 530 nm in response to the 488-
nm excitation. This fluorescent probe was combined with
PI for removing the nonviable population from the analysis
[22]. Samples were prepared at 106/mL in PBS with 1 mM
CM-H2DCFDA and 2.5 mg/mL PI. After 15 minutes at 37 "C in
the dark, the samples were analyzed. The median of the
green fluorescence intensity was used for analysis, after
excluding PIþ events (dead spermatozoa).

2.5.3. Free thiols in the cell surface
The free thiol groups of proteins from the sperm surface

were evaluated by staining with 5-IAF. Samples were
prepared at 106/mL in PBS with 25 nM 5-IAF and 2.5 mg/mL
PI. After 15 minutes at 37 "C in the dark, the samples were
analyzed. The median of the green fluorescence intensity

was used for analysis, after excluding PIþ events (dead
spermatozoa).

2.5.4. Membrane fluidity of spermatozoa
Merocyanine 540 (M540) binds preferentially to

membranes with loosely packed lipids, whereas YO-PRO-1
stains the nuclei of cells with increased plasma membrane
permeability (“apoptotic” or dead). Samples were prepared
at 106/mL in PBS with 2.7 mM M540 and 0.1 mM YO-PRO-1.
After 15 minutes at 37 "C in the dark, the samples were
analyzed. Spermatozoa belonged to one of three pop-
ulations: high YO-PRO-1 fluorescence (dead or increased
membrane permeability), low M540 fluorescence and low
YO-PRO-1 fluorescence (lower membrane fluidity), and
high M540 fluorescence and low YO-PRO-1 fluorescence
(higher membrane fluidity).

2.5.5. Intracellular Ca2þ

The state of the spermatozoa in terms of intracellular
calcium content and membrane integrity was evaluated
by combining PI and Fluo-4 AM, a probe that accumulates
intracellularly and increases its green fluorescence on
binding Ca. Samples were prepared at 10 mL in PBS with
10 nM Fluo-4 AM and 2.5 mg/mL YO-PRO-1. After 15
minutes at 37 "C in the dark, the samples were analyzed.
The median of the green fluorescence intensity was
used for analysis, after excluding PIþ events (dead
spermatozoa).

2.5.6. Acrosomal integrity
The integrity of the acrosome was estimated using the

lectin PNA combined with FITC. Samples were prepared
at 106/mL in PBS with 10 mg/mL PNA-FITC and 2.5 mg/mL
PI. After 15 minutes at 37 "C in the dark, the samples
were analyzed. Spermatozoa were classified into viable,
acrosome-intact (PNA$ /PI$ ); viable, acrosome-damaged
(PNAþ /PI$ ); dead, acrosome-intact (PNA$ /PIþ ); and dead,
acrosome-damaged (PNAþ /PIþ ). Datawere expressed as the
percentage of sperm in each category.

2.5.7. Mitochondrial activity
Sperm mitochondrial function was assessed using Mito-

tracker Deep Red. This dye is readily sequestered in mito-
chondria and emits red fluorescence in active mitochondria
(high mitochondrial membrane potential). Samples were
prepared at 106/mL in PBS with 100 nM Mitotracker Deep
Red and 0.1 mM YO-PRO-1. After 15 minutes at 37 "C in the
dark, the samples were analyzed.

2.5.8. Plasma membrane permeability
Variations of plasma membrane permeability were

assessed using the YO-PRO-1/PI combination (PI identifies
YO-PRO-1þ spermatozoa with extensive membrane
damage). Samples were prepared at 106/mL in PBS with
100 nM YO-PRO-1 and 2.5 mg/mL PI. After 15 minutes at
37 "C in the dark, the samples were analyzed. Spermatozoa
were classified into viable, normal membrane permeability
(YO-PRO-1-/PI$ ); viable, increased membrane perme-
ability (YO-PRO-1þ /PI$ ); and dead (YO-PRO-1þ /PIþ ). Data
were expressed as the percentage of spermatozoa in each
category.
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2.6. Statistical analysis

The statistical analyses were carried out in the R
statistical environment [23]. Data were analyzed using
linear mixed-effects models. Incubation time and seminal
plasma concentration were analyzed as fixed factors, with
the male as the grouping factor in the random part of the
models. Results are presented as mean % SEM.

Moreover, to improve our understanding of the changes
underwent within each treatment during the incubation,
we carried out a multidimensional analysis of the data.
Five variables (viability, membrane fluidity, acrosomal
damage, free thiols, and intracellular ROS) were used in
this study. Data were standardized and centered before
performing a principal components analysis (PCA). The
data points were plotted for each sampling time according
to the two first principal components (selected using
Kaiser’s criterion). Thus, the observations could be studied
considering the contribution of each original variable to
each principal component (each linear component is the
linear combination of each original variable), considering
the plot as a multidimensional space. For facilitating the
interpretation of these plots, vectors representing the
contribution of each original variable to the principal
components (axes) were overplotted, and we performed
a clustering analysis to highlight the relationship between
observations. We used an algorithm for agglomerative
nesting processing (AGNES) [24], a kind of hierarchical
clustering algorithm (using euclidean metric and Ward’s
clustering method). The selection of the final number of
clusters (k) was based on the “silhouette information,”
choosing such a k that maximized the local “silhouette
average width.”

3. Results

The results showed that boar spermatozoa incubated
with seminal plasma after thawing undergo profound
changes in their physiology, compared with samples
incubated in the same conditions without seminal plasma.
These changes were evident when a high proportion of
seminal plasma (50%) was used.

Table 1 displays the variables related to the plasma
membrane. The viability (% of YO-PRO-1– spermatozoa)
decreased with incubation time in the three treatments, as
expected, although this decrease was not dramatic in any
case (overall, from 68.6% % 1.0% at 0 hours to 52.5% % 2.4%
at 4 hours). Viability was similar, on average, among the
three treatments, with a transient increase in samples
incubated with 50% seminal plasma for 2 hours (P ¼ 0.006
vs. 0% and P ¼ 0.030 vs. 10%). At 4 hours, this group pre-
sented a significantly lower proportion of viable sperma-
tozoa (a difference of $ 13.1 % 3.6 points respect to no
seminal plasma). The proportion of spermatozoa showing
altered membrane permeability without permeating PI (an
apoptotic feature) was very low in all cases, with no evident
trends or differences among treatments. Contrarily, the
proportion of viable spermatozoa with increased mem-
brane fluidity (higher merocyanine 540 staining) was
considerably higher in the samples incubated with 50%
seminal plasma. This increase was very fast, being notice-
able just after adding the seminal plasma (P ¼ 0.090 for 50%
seminal plasmawith respect to 0%), leaping to>30% after 1
hour and >40% after 2 hours, whereas 0% and 10% samples
remained stable (P < 0.001). This increase was still more
dramatic when presenting the data relative to the viable
spermatozoa population. Although samples with 0% or 10%
seminal plasma showed a slow and nonsignificant increase
in the proportion of viable spermatozoa with increased
membrane fluidity (always below 10% on average), this
proportion considerably rose with time in the samples
incubated with 50% seminal plasma, showing that, on
average, >70% of viable spermatozoa showed increased
membrane permeability at 4 hours.

These changes in membrane fluidity in the samples
incubated with 50% seminal plasma reflected, at least in
part, in the results on acrosomal damage (Table 2), intra-
cellular ROS, and presence of free thiols on the sperm
surface (Table 3). Most of the damaged acrosomes corre-
sponded to spermatozoa that were considered “dead”
(damaged membrane according to PI stain), which was
evidenced by the low proportion of spermatozoa unstained
by PI that were stained by PNA-FITC (2.7% % 0.3%).
The proportion of damaged acrosomes increased with time

Table 1
Plasma membrane status during the incubation with different proportions of seminal plasma.

Variable Plasma Hours of incubation

0 1 2 3 4

Viability (%) 0 69.2 % 1.7aaa 67.8 % 2.7ab 64.2 % 2.4aab 61.8 % 3.6bg 57.2 % 3.8ag

10 67.4 % 2ba 67.5 % 3.1a 64.9 % 3.5aab 62.1 % 3.8b 56.1 % 2.1ag

50 69.2 % 1.8aa 68.9 % 1.9a 68.2 % 2.7ba 60.4 % 3.5b 42.6 % 3.9bg

Increased membrane permeability (%) 0 1.6 % 0.7 1 % 0.3 0.8 % 0.3 1.1 % 0.5 1.5 % 0.7
10 1.4 % 0.5 1.1 % 0.4 0.9 % 0.3 1 % 0.4 1.3 % 0.5
50 1.7 % 0.6 1.5 % 0.9 0.8 % 0.4 0.8 % 0.2 1.5 % 0.7

Membrane fluidity (%) 0 4.6 % 1.7 3.5 % 0.4a 4.2 % 0.9a 4.6 % 1.4a 5.3 % 1.7a

10 4.5 % 1.6 5.1 % 0.5a 5.4 % 1.7a 5.2 % 2.1a 5.5 % 2.2a

50 7.9 % 1.9a 31.8 % 4.1bb 42.7 % 2.3bb 40 % 3.4bb 35.8 % 3.4bb

Membrane fluidity (viable ratio) (%) 0 6.8 % 2.6 5.2 % 0.7a 6.4 % 1.1a 7.6 % 2.3a 8.7 % 2.8a

10 6.8 % 2.7 7.6 % 0.8a 8.3 % 2.5a 8.6 % 3.6a 9.5 % 4a

50 11.6 % 2.9a 46.4 % 6.8bb 62 % 3.3bg 64.7 % 5bg 71.6 % 4.2bg

Values are presented as mean % SEM, with significant differences among plasma concentrations (rows) indicated by Latin letters and significant differences
among times (columns) indicated by Greek letters.
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(P < 0.05), following the loss of sperm viability, but the
samples incubated with 50% seminal plasma tended to
a faster increase (Table 2). Interestingly, this increase was
not only due to a higher mortality in this treatment, but
also due to a higher proportion of viable spermatozoa with
reacted acrosomes (significantly >0% and 10% at all times,
P < 0.05).

Intracellular ROS concentration (Table 3) increased
during the first hour of incubation in samples treated with
10% and 50% seminal plasma. This increase continued at
2 hours in samples treated with 50% seminal plasma, which
achieved significantly higher values than the other two
treatments up to the end of the experiment (P < 0.01,
except for 50% vs. 10% at 3 hours, with P ¼ 0.015). The
increase in intracellular ROS was not accompanied by
a decrease of 5-IAF fluorescence (free thiols on the cell
surface). Contrarily, this signal increased with time in 50%
seminal plasma, being significantly>0% and 10% samples at
2 hours onwards (P < 0.05).

The proportion of spermatozoa with active mitochondria
was not significantly different among the treatments. This
proportion decreasedwith time after 2 hours, with results at
4 hours being lower than at the beginning of the experiment
(P < 0.001; Table 2). Similarly, differences between treat-
ments regarding intracellular Ca2þ concentration were
very small. We only detected some fluctuations at 0 hour

(sampleswith50% seminal plasmabeing lower than samples
with no plasma) and at 2 hours (samples with 10% seminal
plasma being lower than samples with no plasma).

In order to better characterize the dynamics of the
changes during the incubation, taking into account the
between-samples variability, we carried out a PCA, com-
plementedwith a cluster analysis. The variables used in this
analysis were as follows: proportion of spermatozoa with
damaged acrosomes (A); undamaged plasma membrane
with normal permeability (V); increased membrane
fluidity (F); median fluorescence intensity corresponding to
intracellular ROS (R); and presence of free thiols in the cell
surface of viable spermatozoa (T). In all cases, based on
Kaiser’s criterion, two principal components were selected,
which explained >70% of the variance. The results of the
PCA are displayed in Figures 2–6. In these plots, overplotted
vectors represent the contributions of each individual
variable to each principal component (PC1 and PC2).
Ellipses include observations clustered together.

At 0 hour (Fig. 2), it is evident that observations were
not well separated by the treatments (0%, 10%, or 50%
seminal plasma), showing the heterogeneity of the thawed
samples (samples grouped by male or by similar males). In
fact, male 6 is shown as a “outlier” (high viabilitydVdwith
low 5-IAFdTdfluorescence and low acrosomal damage
–A–). At 1 h (Fig. 3), while some observations were still

Table 2
Organelle status and intracellular calcium concentration during incubation with different proportions of seminal plasma.

Variable Plasma Hours of incubation

0 1 2 3 4

Damaged acrosomes (total) (%) 0 22.4 % 2.5a 25.8 % 2.1aab 28.6 % 1.8bg 31.1 % 2.5ag 32 % 2.5ag

10 23.4 % 2.3a 27.2 % 2.3abab 29.6 % 1.7bg 31.9 % 1.6agd 34.4 % 1.5ad

50 24.1 % 2.8a 29.5 % 2.4bab 31.7 % 3.3bg 37.3 % 2.3bgd 43.1 % 3.2bd

Damaged acrosomes (viable) (%) 0 1.2 % 0.3a 1.1 % 0.3a 0.9 % 0.2a 0.9 % 0.1a 0.9 % 0.2a

10 1.6 % 0.5a 1.8 % 0.4a 2.2 % 0.7a 2 % 0.5a 1.6 % 0.4a

50 3.7 % 0.8b 6.2 % 1.1b 6.4 % 2.1b 5.8 % 1.5b 5 % 1.7b

Active mitochondria (%)* 0 24.5 % 3.9 20.9 % 2.1 23.5 % 3.6 15.8 % 1.7 14.7 % 2
10 25.5 % 5.1 27.8 % 4.7 28.5 % 5.3 23.1 % 3.9 15.1 % 3
50 25.4 % 5.7 27.5 % 4.1 25.7 % 3.6 15.1 % 1.6 12 % 1.6

Intracellular Ca (MFI) 0 10.5 % 1.1a 9.1 % 0.5 8.7 % 0.5a 8.6 % 0.6 8.6 % 0.7
10 8.7 % 0.6abab 9.2 % 0.6a 7.9 % 0.6bb 8 % 0.6b 8.9 % 0.8ab

50 7.9 % 0.8b 9 % 0.8 8.3 % 0.6ab 8.8 % 0.6 9.4 % 0.7

Values are presented as mean % SEM, with significant differences among plasma concentrations (rows) indicated by Latin letters and significant differences
among times (columns) indicated by Greek letters.
Abbreviation: MFI, median fluorescence intensity.

* The proportion of spermatozoa with activemitochondria was only affected by incubation time (no interaction), with results at 4 hours being significantly
lower than those at 0, 1, and 2 hours.

Table 3
Intracellular ROS and the levels of free thiols on the sperm surface during the incubation with different proportions of seminal plasma.

Variable Plasma Hours of incubation

0 1 2 3 4

Intracellular ROS (MFI) 0 15.7 % 2.7 16.6 % 1.5 18.8 % 1.8a 20.9 % 3.4a 17.1 % 3.1a

10 11.1 % 1.3a 17.6 % 2.2b 19.7 % 1.5ab 21.9 % 2.7ab 21.4 % 4bb

50 12 % 2.4a 19 % 2.5b 31.5 % 6bg 26.6 % 4bbg 39.1 % 13.6bg

Free thiols (cell surface) (MFI) 0 37.7 % 3.8 37.6 % 6.1 37 % 4.9a 38.2 % 4.2a 36.1 % 4.3a

10 35.7 % 4 38.1 % 5.6 36.3 % 5.8a 38.9 % 4.9a 36.5 % 5.4a

50 38.1 % 6.2a 40.6 % 5.5ab 44 % 6bb 44.8 % 4.5bb 42.8 % 4.8bb

Values are presented as mean % SEM, with significant differences among plasma concentrations (rows) indicated by Latin letters and significant differences
among times (columns) indicated by Greek letters.
Abbreviation: MFI, median fluorescence intensity.
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being clustered together by male (grouping males (1, 2),
(3, 6) and (4, 5, 7)), the effect of 50% seminal plasma started
to be evident, with five out of seven observations belonging
to this treatment being clustered together. That cluster was
characterized by higher intracellular ROS (R), free thiols (T),
and increased membrane fluidity (F) (although there was
some variability within the cluster). At 2 hours (Fig. 4), this
structure changed slightly, following a change in the
multidimensional space. At 3 hours (Fig. 5), there was an
increase in heterogeneity among the observations, re-
flected in the increased number of clusters, but observa-
tions associated to 50% seminal plasma were grouped
together in two clusters. These two clusters were charac-
terized by increased membrane fluidity (F), free thiols (T),
differing in viability (V) and intracellular ROS (R) (samples

from males 3, 6, and 7 presenting higher values). Both
clusters showed higher acrosomal damage (A) than clusters
grouping samples from the 0% and 10% seminal plasma
groups.

Finally, at 4 hours (Fig. 6), all the 50% seminal plasma
observations were clearly separated from the rest of the
observations in a single cluster. These observations were
characterized by higher membrane fluidity (F), intracel-
lular ROS (R), and acrosomal damage (A), although there
was some heterogeneity regarding acrosomal damage
(notice the direction of the A vector relative to the cluster
shape).

4. Discussion

This study has shown that the supplementation of
thawed boar semen with 50% seminal plasma caused
a dramatic effect in the plasma membrane status, accom-
panied by other physiological changes, whereas these
changes were not evident or much lower when adding 10%
seminal plasma. These observations could help explaining
the enhancing effect of seminal plasma on thawed semen
fertility observed in other studies [15,16,19]. The protection
that seminal plasma confers to boar spermatozoa against
cold shock has been known for a long time [25]. The PSP-I/
PSP-II heterodimer (non-heparin–binding spermadhesins
[26]) represent more than half of the seminal plasma
proteins in the boar. This heterodimer seems to be
responsible, at least in part, of the beneficial effects of
seminal plasma on stressed spermatozoa (frozen-thawed
[15,19], highly extended [27], and sorted [28]). Other
components could be involved in important events, such as
the modulation of the immune response in the uterus [29]
or the formation of the oviductal reservoir [30]. Different
studies have been defining these components and their
effects in vivo and in vitro, which may be very different
depending on the environment [31].

Fig. 1. Overlapped histograms corresponding to the merocyanine 540 fluo-
rescence of live spermatozoa in three thawed samples: incubated with 0%
(dark gray), 10% (medium gray), or 50% (light gray) seminal plasma for 2
hours. The fluorescence distribution in the sample incubated with 50%
seminal plasma is clearly increased in a high proportion of spermatozoa.
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Our study follows García et al. [19], who found a fertility
improvement when supplementing thawed boar semen
with 50% seminal plasma. The most noticeable effect that
we have observed in our study is an important increase in
membrane fluidity in the samples treatedwith 50% seminal
plasma, as assessed by merocyanine 540. These changes
have been associated with capacitation events by several
authors [32], although this has been put into question [33].
A modulation of capacitation by seminal plasma could be
related to the results observed by García et al. [19].
However, we could not detect large shifts in the intracel-
lular calcium concentration in any treatment, which are
a clear indicator of capacitation [6]. Interestingly, we
could not detect a conspicuous “increased membrane
permeability” population in our analyses. This population is
stained by YO-PRO-1, and it has been related to low fertility
results in some species [34], although this relationship is

not clear for boar semen [35]. We found that membrane
changes in our experimental treatments could occur very
quickly; thus, we could only detect a very low proportion of
cells in the “transitional” state of increased membrane
permeability.

Except for García et al. [19], previous studies on thawed
boar spermatozoa have tested supplementationwith seminal
plasma up to 20% (most of them 10%). For instance, Vadnais
et al. [7] reported that 10% and 20% of seminal plasma reduced
the proportion of capacitated spermatozoa (using the chlor-
tetracycline assay) when frozen-thawed boar spermatozoa
were incubated in a capacitation-supporting medium.
However, when Vadnais et al. [7] used merocyanine 540 to
assess the fluidity of the plasmamembrane [9], they obtained
no differences among samples frozen with and without 10%
seminal plasma, resembling our results with that treatment.
In the same study, no differences were reported among
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Fig. 3. Graphical description of the multidimensional study with the physiological variables obtained after 1 hour of incubation at 37 "C (plot components are
described in Fig. 2). The clustering has changed from the initial sampling (samples grouped by male), and a cluster containing most samples incubated with 50%
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sperm samples assayed for Annexin V just after thawing, after
incubating in noncapacitating medium or after incubating
with 10% seminal plasma. The Annexin V assay allows to
recognize spermatozoa with “apoptotic-like” features, and,
therefore, these results seem to agree with our YO-PRO-1
results regarding the viable “apoptotic” subpopulation.

Interestingly, the membrane changes in our samples
incubated with 50% seminal plasma were accompanied by
an increase of intracellular ROS and by an increase in
the proportion of spermatozoa with damaged or reacted
acrosomes. These observations deserve further research to
determine if there is a causal relationship among them. Our
data suggest that a small population of spermatozoa (no
necessarily the same) respond very quickly to the ex-
posure to 50% seminal plasma, undergoing the acrosome
reaction (viable acrosome-reacted population increasing
significantly at 0 hour) and an increase in membrane
fluidity (nonsignificant increase at 0 hour). In fact, this

might be a very dynamic process, with viable spermatozoa
undergoing these changes and thus being detected as
either merocyanine-positive or acrosome-reacted (but still
viable), while other spermatozoa from these populations
are dying. However, this dynamics seemed to be different
for both processes. The dying rate in the acrosome-reacted
population seemed to be similar to the acrosome-reaction
rate (as deduced by the constant and small proportion of
the viable acrosome-reacted population). However, in the
case of the merocyanine-positive population, the changes
causing an increase of membrane fluidity in 50% seminal
plasma seemed to spread throughout the population of
viable spermatozoa, resulting in the considerable increase
of merocyanine-positive/viable spermatozoa ratio with
advancing incubation time.

Of course, if 50% seminal plasma were to cause an
important oxidative stress to thawed boar spermatozoa, we
could expect an important decrease in fertility due to the
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fluidity (F), free thiols (T), and lower mitochondrial activity (M).
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sensitivity of boar spermatozoa [36], but this is not sup-
ported by the results of García et al. [19]. In fact, the amount
of free thiols in the sperm surface was not reduced by the
ROS increase. This paradoxical finding could be explained by
two facts: first, seminal plasma also contains many antiox-
idants, which could contribute to its beneficial effects [37];
and second, the ROS increase might be within the physio-
logical levels, not causing oxidative stress. It is known that
free radicals have a role as second messengers during phy-
siological events in spermatozoa [38], being important
activators of capacitation and other events. This stimulatory
effect, although detrimental for many spermatozoa, could be
positive after the insemination, contributing to the forma-
tion of the oviductal reservoir and improving the fertilizing
potential of at least a subpopulation of spermatozoa.
Whereas several authors have highlighted the importance of
seminal plasma for the formation of the sperm oviductal
reservoir and gamete interaction [30,39,40], others have
noted a lack of effects of supplementing boar spermatozoa
with only 10% seminal plasma [17,18]. Subsequent studies
might investigate if there is a relationship between the
formation of the oviductal reservoir and the capacity of
seminal plasma to stimulate ROS levels, whichmight explain
the differences with studies using a low concentration of
seminal plasma [15]. Nevertheless, we cannot discard other
positive effects of using high concentrations, such as an
improvement of membrane condition (increase of free
thiols) or a direct effect on the female genital tract [26,41].

Even though we detected the increase in reacted acro-
somes and membrane fluidity earlier than the rise in
intracellular free radicals, we cannot discard a role for free
radicals from the beginning of the experiment. The acti-
vation of a small sperm subpopulation at 0 hour could have
passed unnoticed, and the significant increase at 2 hours
could reflect the generalization of an effect starting in
a sensitive subpopulation immediately after adding the
seminal plasma. We have to highlight that such a change in
intracellular ROS, after adding seminal plasma to thawed
boar semen, has not been reported before. Indeed, it could
help to explain some of the effects of seminal plasma in
boar spermatozoa, both positive and negative, and the
differences that we have found between males in the
clustering analysis. These between-male differences could
be explained in terms of the importance of a sperm
subpopulation susceptible to producing and/or responding
to ROS, but this hypothesis must be tested in other studies.
Several studies [42–44] have highlighted the differences
between males regarding not only sperm quality or freez-
ability but also the response to different stimuli. Moreover,
there are individual differences regarding the composition
of seminal plasma [45], implying that the effects of a batch
of seminal plasma could vary depending on its source.
These differences might depends also on the breed. In this
study, we aimed at exploring the individual variation of
each sample by means of a multidimensional analysis, but
analyzing the effect of males of different quality or different
breeds was beyond our objectives (we used too few males
per breed, and the males used both for obtaining semen
and seminal plasma were selected by high semen quality
and high fertility). Nevertheless, the multidimensional
study showed that the 50% seminal plasma treatment not

only affected the sperm samples from all males but also
that therewere individual differences in that response. This
study might be enhanced by following two lines focused in
the between-male and between-breed differences, aimed
at the practical application of these findings: analyzing the
response of spermatozoa from heterogeneous sources
treatedwith a single batch of seminal plasma and analyzing
the response of spermatozoa from homogeneous sources
treated with heterogeneous batches of seminal plasma.

The effect of seminal plasma on spermatozoa is very
complex, and its application often results in contradictory
results depending on the type of samples (fresh, cooled,
thawed, and sorted) [31]. These differences could explain
the variability found among studies. Many components of
the seminal plasma (especially spermadhesins) interact
with the plasma membrane [41]. However, the effect of
a high proportion of seminal plasma or a high concentra-
tion of spermadhesins added after thawing have been
scarcely studied. Freezing boar sperm in the presence of
>25% seminal plasma worsened post-thawing results [46],
whereas 25% or lower concentrations improved semen
quality and resilience after thawing. In that study, the
authors also investigated the effect of adding seminal
plasma after thawing, concluding that the main effects of
seminal plasma were exerted during the freezing process,
having a minor role if added after thawing. However, they
did not test concentrations above 12.5%. Our results with
10% seminal plasma seem to agree with that study,
although we could detect a moderate ROS increase with
10% seminal plasma, which might be involved in the posi-
tive effects noted by other authors [7]. Thus, spermatozoa
were, in fact, affected by the incubation with 10% seminal
plasma, even if no differences were found using other
probes. It might be interesting to test concentrations
between 20% and 50%, in order to detect the critical
concentration causing the effects noticed with 50% in our
study. Moreover, although it might be of limited utility in
the practice, studying concentrations beyond 50% could
help to understand the effects of lower seminal plasma
concentrations in thawed semen.

Moreover, García et al. [19] found a beneficial effect in
sperm viability when using 50% seminal plasma, even after
4 hours of incubation. In our study, viability at 4 hours was
lower for 50% seminal plasma (however, overall viability
was higher in our experiment). Apart from using a different
methodology (fluorochromes and microscopy vs. cytom-
etry), we attribute the lower viability at 4 hours to the
higher membrane fluidity induced by incubating with 50%
seminal plasma, which would render the spermatozoa
more vulnerable to the dilution before the flow cytometry
analysis (which was absent in the protocols by García et al.
[19]). This effect was detected in other experiments [47],
but not in other occasions when high dilutions were not
applied [48]. Nevertheless, we do not think that our via-
bility results contradict the fertility results of 50% semi-
nal plasma. First, samples apparently more vulnerable,
which yield lower viability in some analyses, might
yield better fertility results [49]. The fertility potential
depends on many factors, and even if a sample seems to
contain a subpopulation of vulnerable spermatozoa, it
might also contain another subpopulation of high-quality
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spermatozoa, which might be responsible of the fertility of
the whole sample, as some authors have proposed [50,51].
Second, we have observed these differences in viability at 4
hours of incubation, whereas other changes (such as
membrane fluidity) seemed to be induced much earlier.
This is important because inseminated spermatozoa are in
a very different environment than incubated spermatozoa.
Indeed, other early effect that we have observed is a higher
viability at 2 hours in 50% seminal plasma, which might be
more relevant for the practical use in vivo. The purpose of
incubating the samples was not replicating the in vivo
environment in the oviduct, but rather enhances small
changes produced by the treatments to help to interpret
their effects.

In conclusion, although 10% seminal plasma produced
limited effects in the physiology of thawed boar sperma-
tozoa, 50% seminal plasma caused noticeable changes. We
propose that a high proportion of seminal plasma could
stimulate the spermatozoa, possibly through the production
of free radicals starting from a small sensitive subpopulation.
These events would benefit the overall performance of the
sperm sample, despite undesirable effects in more sensitive
cells (acrosomal reaction and subsequent loss of viability).
These hypotheses could be tested in future studies, using
more specific approaches.
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