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Abstract

Background: Sperm cryopreservation has become an indispensable tool in biology. Initially, studies were aimed towards the
development of efficient freezing protocols in different species that would allow for an efficient storage of semen samples
for long periods of time, ensuring its viability. Nowadays, it is widely known that an important individual component exists
in the cryoresistance of semen, and efforts are aimed at identifying those sperm characteristics that may allow us to predict
this cryoresistance. This knowledge would lead, ultimately, to the design of optimized freezing protocols for the sperm
characteristics of each male.

Methodology/Principal Findings: We have evaluated the changes that occur in the sperm head dimensions throughout the
cryopreservation process. We have found three different patterns of response, each of one related to a different sperm
quality at thawing. We have been able to characterize males based on these patterns. For each male, its pattern remained
constant among different ejaculates. This latter would imply that males always respond in the same way to freezing, giving
even more importance to this sperm feature.

Conclusions/Significance: Changes in the sperm head during cryopreservation process have resulted useful to identify the
ability of semen of males for freezing. We suggest that analyses of these response patterns would represent an important
tool to characterize the cryoresistance of males when implemented within breeding programs. We also propose follow-up
experiments to examine the outcomes of the use of different freezing protocols depending on the pattern of response of

males.
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Introduction

Understanding the switching of phenotypes in response to
environmental changes is at the forefront of biological research in
diverse areas of study [1]. One of these areas is focused on the
study of cell response to low temperatures. Cell cryopreservation
has become an indispensable tool in biology. Biological materials
can be safely kept and used after a very long period of time. For
the particular case of spermatozoa, cryopreservation is used in
livestock management and in the conservation of wild and
domestic species, as a complementary tool for managing live
animals and preserving their genetic diversity.

Several studies have been conducted to understand the changes
that occur during cryopreservation of spermatozoa and develop a
protocol to ensure a successful storage (see [2] for references and
general discussion). These studies have focused on different traits
such as sperm motility and morphometry, integrity of sperm
membranes or DNA status among others [3-8]. As a result of
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these studies, standard cryopreservation protocols have been
developed for many species, both domestic and wild.

One important problem for standardizing sperm cryopreserva-
tion protocols is that spermatozoa from different individuals
exhibit significant different responses to the same freezing
treatment [2,9-11]. Males can be classified into “bad” and
“good” freezers depending on the ability of their spermatozoa to
resist to the cryopreservation process. Many studies have been
conducted to identify those characteristics that favour the
freezability of spermatozoa [3,12-13]. The ultimate goal of these
studies is twofold: on the one hand, to be able to know in advance
the sperm cryoability of a male, and on the other hand, the design
of individualized cryopreservation protocols aimed at maximizing
the performance of this technique. Both goals support the idea that
sperm cryosurvival can be under genetic control [14].

In this study, the use of Manchega sheep breed has been
motivated by low fertility rates derived from the use of frozen
semen in artificial insemination in sheep, compared to those
obtained from the use of cooled semen. Benefits resulting from the
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use of frozen semen are clear. However, the poor ability of ram
spermatozoa to resist the freezing-thawing process [15-16] and,
therefore, the low performance derived from its use are responsible
of the low dissemination of this technique in the breeding
programs of numerous sheep breeds, as is the case of the
Manchega sheep breed. This fact together with the individual
variability above-mentioned has resulted in a growing interest in
the characterization of the sperm cryoability of a male and the
development of individual-specific protocols of sperm cryopreser-
vation.

Here we present a novel approach to characterize the sperm
cryoresistence of a male. We use morphometry of sperm heads to
monitor changes that occur during cryopreservation. As other
authors, we examine spermatozoa before and after cryopreserva-
tion, but instead of considering these stages in a static way and
perform comparison among them, we propose to consider them all
together and define patterns of response. In this study, males were
first assigned to a group based on the changes that occur on head
morphometry of spermatozoa during cryopreservation. Then, we
examined the differences among these groups and hypothesize on
the causes of this differential response to cryopreservation.

Results

Among the sperm head parameters measured, only those that
better characterize the three ejaculate groups were considered in
the results.

In this study, three different patterns of response were observed
on males throughout the cryopreservation process (Figure 1). From
the 38 males used in this study, 44.7% showed the response
pattern 1, 26.3% showed the response pattern 2, and 28.9%
showed the response pattern 3. Sperm head dimensions among
ejaculates were quite similar for each male with coefficients of
variation within a male (between ejaculates) lower than 10
(ranging from 1.14 to 9.30) for all the sperm head parameters.
Males always showed the same pattern of response to cryopres-
ervation regardless of the ejaculate.

The males grouped under the ‘‘response pattern 1°° showed
no significant changes in their sperm head dimensions during
cryopreservation (Table 1). Changes on sperm dimension were
close to 0 and quite similar between stages of the crypreservation
process.

The males characterized as ‘‘response pattern 2°’ showed a
progressive decrease in their sperm head dimensions throughout
the cryopreservation process. Changes in sperm head dimensions
from fresh to prefreezed and from prefreezed to thawed semen
were quite similar, being the change from fresh to thawed semen
the highest (Table 1). This did not apply to the p2a (perimeter to
area) shape factor because in the transition from fresh to
prefreezed stage there was an increase (prefreezing) and then
decrease (postthawing) to levels below those observed in fresh
semen.

Finally, males belonging to the ‘‘response pattern 3°° showed
an important decrease of their sperm head dimension from fresh to
prefreezed semen, with minimal changes at thawing (Table 1). For
these males, total changes on sperm head dimensions took place
mainly during the prefreezing stage and these changes were close
to 0 from prefreeze to thawing. As for males with response pattern
2, sperm head p2a initially increase on average and then decrease
at thawing.

Differences on sperm quality throughout the cryopreservation
process between response patterns are presented on Table 2. In
fresh and prefreezed semen, the three patterns showed a quite
similar sperm quality. Only sperm from males with the response
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pattern 3 showed a significant higher viability and percentage of
sperm motility. After thawing, sperm quality of males with the
response pattern 2 decreased considerably, being the lowest. Males
with the response pattern 3 showed the best sperm quality, while those
males with the response pattern 1 showed an intermediate sperm
quality. When we examined the ratio of change compared to the
values in fresh semen (normalized percentages), the same results
were observed but with some differences. In this case, the three
groups showed a similar decrease in quality during the prefreezing
stage, and no differences were observed in the change of the
quality of sperm movement among groups. Males showing the
response pattern 2 again showed a greater decline in sperm quality.

We also examined the additive relationships of each male with
the other males showing the same response pattern and with those
showing different pattern. The within additive relationship
coefficients were twice large as that seen between coeflicients
among groups of response patterns (Table 3). Thus, males who
share the same pattern of response were found to be more closely
related to each other than with those showing different responses.

Discussion

The present study has revealed the existence of three distinct
patterns of response, based on changes that occur in the
dimensions of the sperm head during the cryopreservation process,
and how the sperm quality on thawed semen varies depending on
these patterns.

The study has been designed to disentangle male effects from
other environmental or management effects. Thus, our experi-
mental design was aimed at standardizing the semen collection, as
a way to assure that differences in the response to cryopreservation
were due to male-specific factors rather than external factors. To
achieve this, males have been collected during the breeding
season. All males have been maintained in the same conditions.
Each male has been collected three times and only those ejaculates
showing a good quality were processed and cryopreserved.

Our results support the idea of the existence of an individual
component in the response to the cryopreservation process. Many
authors have already addressed this issue, and most of them have
reported that different individuals exhibit significant different
responses to the same freezing protocol [9-11]. These authors
have considered different sperm characteristics such as sperm
morphometry [3,7,12], sperm motility and velocity [5,8], integrity
of sperm membranes [4,17-18] or DNA status [6] to evaluate the
differences on male response. Here, we have studied the changes
that occur in the dimensions of the sperm head during the
cryopreservation process.

It is widely accepted that cryopreservation leads to a reduction
of sperm head dimensions from fresh to thawed semen [12-13,19].
Different hypothesis have been proposed to explain the reasons
why sperm head dimensions decrease after cryopreservation:
osmotic changes [20-21], possible alterations of some cell
compartments [20,22], damage or loss of the sperm acrosome
[23-24], overcondesation of sperm nuclear chromatin [25-26].
This reduction has been observed in this study as well, but it has
not been a general feature of all males. Thus, about half of males
(response pattern 1) have not changed their sperm head dimensions in
a significant way during the cryopreservation. In contrast, the
other half of males has undergone changes on their dimensions
during cryopreservation. Some of these males (response pattern 2)
have suffered a progressive decrease in sperm head dimensions,
while for the third group of males (response pattern 3) changes in
sperm head dimensions have mainly occurred just before freezing,
during the cooling period. Sperm quality of fresh semen was quite
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Figure 1. Patterns of response observed in the sperm population during the cryopreservation process. Data plotted correspond to
three males, each one showing a different response pattern. p2a: perimeter to area (Perimeter?/4-m-Area).

doi:10.1371/journal.pone.0059189.g001

similar for all males regardless of their response pattern, but
differed significantly after thawing, with males showing the response
pattern 2 having the lowest quality. The lack of differences of
quality in fresh semen would not allow us to characterize the
behavior of sperm of a male during cryopreservation based on
these parameters [3,27-28]. In contrast, changes in morphometry
of sperm heads observed throughout the cryopreservation have
proved useful to this purpose.

A number of studies have attempted to address the role of sperm
head morphometry on the prediction of freezability [3,7,12—
13,26]. Although these studies have addressed this goal in different
ways, most of them have used related measures of sperm head
dimensions on fresh semen with measures of sperm quality at
thawing. In general, these studies have reported that males with
smaller sperm heads in fresh semen showed better cryoresistance
than those with larger heads. Furthermore, some studies have
observed that the sperm heads that had a lower rate of change on
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their dimension, from fresh to thawed semen, had better
cryoresistance [12]. The present study provides no information
on which sperm parameters are most valuable as predictors of
cryoresistance, since we perform a freezing-thawing process to
gather information on sperm cryosurvival. Instead, we use this
information to characterize the sperm cryoresistance of a male. Our
work was based on the hypothesis that the response of
spermatozoa to the freezing-thawing process could be an inherent
feature of males and therefore remain constant. This idea is based
on the fact that sperm head morphometry has been showed to be a
quite constant feature of males [29]. Here, we propose to
characterize the sperm cryoability of a male rather than to predict
this ability. Furthermore, we believe that this should be based on
the study of patterns of response, rather than on the evaluation of a
particular feature at a particular time. Had we focused only in the
sperm head dimensions in fresh semen, this study would not have
allowed us to identify the role of this feature in predicting
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cryoresistance. Males that suffered changes on their sperm head
dimensions during cryopreservation (response patterns 2 and 3)
showed significant differences in sperm quality at thawing but
were characterized by a similar sperm head morphometry in fresh
semen. And those males with response patterns 1 and 3 showed
significant differences in fresh semen but resulted in quite similar
quality after thawing. Therefore, it is important to know that the
sperm dimensions have changed, but also how these changes occur
and at which time of the cryopreservation process.
Cryopreservation major changes in sperm cell
environment, and their success to survive this process will depend
largely on their ability to respond to these changes within the finite
time period allowed by the protocol [30]. The responsiveness of
spermatozoa to osmotic challenge and their ability to regulate cell
volume is a characteristic closely related to cryopreservability [27].
Five distinct processing steps can be recognized in relation with
changes in cellular volume [31]: extension and cooling, cryopro-
tectant addition and packaging, freezing, storage and thawing,
each having its special relationship to membrane structure
function and cell metabolism. Cooling is known to alter the
physical properties of all cell membranes [32-33]. The second step
demands a large volume change and a rapid recovery [34-33].
The addition of cryoprotectant leads to osmotically driven egress
of intracellular water, followed by a slower return to the originally
volume as the cryoprotectant enters. Ireezing alters membrane
structure and volume over a very short time period [36].
Extracellular ice crystallization results in very large increases of
all other solutes in the remaining liquid and the outward
movement of water in response to high concentrations. Finally,
thawing requires membrane recovery and cellular expansion.

involves

The changes that occur in sperm volume during cryopreserva-
tion and their mechanisms allow us to hypothesize about sperm
behavior in term of patterns of response. One of the patterns of
response identified in this study has been characterized by
maintaining a relatively constant sperm head morphometry
throughout the cryopreservation (response pattern 1). This would
not imply the absence of changes in sperm shape during
cryopreservation, but that changes could occur rapidly at each
stage. Males showing this response pattern have been character-
ized by smaller sperm head dimensions in fresh semen and have
showed an intermediate sperm quality at thawing. As we pointed
out above, many authors have associated this sperm shape with
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Table 1. Head morphomertic characteristics of spermatozoa during the cryopreservation process for the three patterns of
response.
Response pattern Fresh semen Prefreezed semen Thawed Semen
Length (um) 1 8.37+0.05 8.28+0.05% 8.17+0.06%
2 8.54+0.05 8.35+0.04° 7.96:0.07¢
3 8.65+0.07 8.28+0.06° 8.23+0.05°
Area (umz) 1 32.29+0.36 31.18+0.36° 30.90+0.38°
2 33.57+0.38 31.47+0.43° 29.70+0.40¢
3 33.64+0.36 29.84+0.27° 30.61+0.22°
p2a 1 1.29+0.01 1.29+0.02% 1.29+0.02%
2 1.30£0.01 1.31+0.01° 1.28+0.01¢
3 1.31£0.01 1.33+0.01° 1.31£0.017
Data are mean * standard error.
p2a: perimeter to area (Perimeter®/4-n-Area). Different superscripts indicate significant differences (p<<0.05) among different cryopreservation stages for the same
response pattern.
doi:10.1371/journal.pone.0059189.t001

good freezability. In this study, sperm quality at thawing has been
higher for those males that have undergone the change on head
dimensions mainly during cooling (response pattern 3). It is possible
that spermatozoa from these males have responded in a better way
to the structural changes resulting from the addition of cryopro-
tectant. The membrane structure function would not have been
impaired during cooling allowing the movement of water and
cryoprotectant in an efficient manner. Thus, sperm from these
males would be less susceptible to damage from freezing and
thawing. Finally, we have identified a third pattern of response, in
which sperm have changed their morphometry in a progressive
way (response pattern 2). The males having this response pattern have
been characterized by large sperm head dimensions on fresh
semen and small dimensions and low quality on thawed semen.
Two hypotheses could support the behavior of this sperm: that the
sperm membrane structure has been significantly damaged during
cooling so the exchange of water and cryoprotectant has occurred
in a suboptimal way, or that given the characteristics of their cell
membranes, more time is needed to complete the exchange. As a
result, spermatozoa would not have responded appropriately to
changes in their environment during freezing and thawing, leading
to a decrease of quality on thawed semen. We think it would be of
utmost importance to further study the cryopreservation process in
males that have showed a progressive change on their sperm head
dimensions. Confirmation that the membrane structure of
spermatozoa would require more time to complete the water
and cryoprotectant exchange during cooling would allow the
design of specific freezing protocols for each type of male.

This study has allowed us to evaluate whether different
ejaculates of a male had the same sperm head dimensions and if
these ejaculates showed the same pattern of response throughout
the cryopreservation process. Results have showed that, in fresh
semen, all sperm head morphometric parameters were quite
similar for the different ejaculates of a male, being the coefficients
of variation of low magnitude. Also, males have always showed the
same pattern of response to cryopreservation for the three
ejaculates assessed. The low variability on sperm head dimensions
between ejaculates of a male has already been stated for this breed.
Thus, Maroto-Morales et al. [29] have reported low CV’s for all
the sperm head dimensions. These authors have presented the
important role of sperm head morphometry on the characteriza-
tion of spermatozoa of a male given its low intra-male variability,
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Table 3. Within (between animals showing the same pattern)
and between (among animals showing different pattern)
additive relationship coefficients for the three patterns of
spermatozoa response during cryopreservation.

Response pattern

1 2 3
Within (%) 8.08+0.24 7.33%+0.29 8.49+0.27
Between (%) 4.56+0.23

Data are mean =* standard error.
doi:10.1371/journal.pone.0059189.t003

and have supported the genetic determinism of the sperm
morphometry pointed out by other authors [3,37]. To further
explore this idea, we examined the degree of relatedness (obtained
from the additive relationship matrix) between males showing the
same (within-) and different (between-) response patterns. Results
have showed that additive relationship coefficients for males
belonging to the same group were twice larger than those among
groups of response patterns. Thus, males who share the same
pattern of response were found to be more closely related to each
other than with those showing different responses. This result
supports the idea of a genetic control of sperm cryoresistance.

In conclusion, the present study shows that sperm head
morphometry is a key feature to be included in conservation
and breeding programs. The assessment of response patterns
suggested here allows us to characterize the sperm cryoresistance
of a male. Since this pattern of response has resulted to be a
constant feature of a male, this gives greater prominence to the
idea of designing specific freezing protocols to each animal.

Materials and Methods

Animals

A total of 38 adult males from Manchega dairy sheep breed
were used in this study. Males were kept at the Regional Centre of
Animal Selection and Reproduction (CERSYRA, Spain) at the
same environmental conditions. Age of males ranged from 1.5 to 3
years. All males were maintained in the same conditions of
housing and feeding. Males were trained for semen collection by
artificial vagina and maintained a regimen of regular collection
(twice per week). These semen samples are mainly used for
artificial insemination as a part of the breeding program of the
Manchega breed.

Ethics Statement

The study was approved by the “Comit¢ de Etica en
Investigacién de la Universidad de Castilla-La Mancha”. All
animal handling was done following Spanish Animal Protection
Regulation RD1201/2005, which conforms to European Union
Regulation 2003/65.

Sperm Collection and Cryopreservation

Semen was collected from males from October to November,
coinciding with the breeding season. Each male was collected
three times. After collection, sperm quality was evaluated. Traits
assessed were: percentage of motile spermatozoa, quality of
spermatozoa movement, percentage of spermatozoa with intact
acrosomes and percentage of live spermatozoa.

To conduct the sperm quality assessment, 5 pl of fresh semen
were diluted on 1500 pl of phosphate-buffered saline (PBS;
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pH 7.5, 310 mOsm/kg) with 0.5% bovine serum albumin. Sperm
motility and quality of movement were evaluated by placing 10 pl
of diluted sperm between a pre-warmed slide and a
22 mm x22 mm coverslip and examining it at X100 magnification
under phase contrast optics. The percentage of motile sperm was
estimated subjectively with values ranging from 0%, when no
motile spermatozoa were observed, and 100%, when all sperma-
tozoa were moving. Quality of sperm movement was also
estimated subjectively on a scale of 0-5, where 0 is no motility
and 5 is vigorous progressive movement.

Acrosomal integrity after cryopreservation is a well-accepted
parameter for estimating sperm function and response to
cryopreservation [24,26], especially after relatively long incubation
periods to record changes in plasma membrane sensitively [38].
For the assessment of the percentage of spermatozoa with intact
acrosomes, 10 pl of sperm suspension in PBS were diluted with
50 ul of a 2% glutaraldehyde in 0.165 M cacodylate/HCI buffer
(pH 7.3), and examined by phase-contrast microscopy. A total of
200 spermatozoa were acquired per ejaculate. Percentages of
acrosome integrity were recorded.

Sperm viability was assessed in sperm smears stained with eosin-
nigrosin. Thus, 5 ul of sperm suspension with PBS and 10 ul
eosin-nigrosin solution were mixed on a glass slide placed on a
stage at 37°C and 20 s later the mix was smeared and allowed to
air-dry. Smears were examined at X1000 under bright field and
200 spermatozoa per male were examined to evaluate sperm
viability. Live spermatozoa were those excluding eosin (from the
eosin-nigrosin stain).

Only those sperm samples with a minimum quality (percentage
of motile sperm above 80% and quality of movement above 3.5)
were cryopreserved, as a way to assure that all sperm samples
showed good quality before freezing. If an ejaculate did not meet
the requirements of quality was discarded and the male was
recollected again to complete the three semen collections.
Cryopreservation was performed as described by Garcia-Alvarez
et al. [39]. Briefly, fresh semen was diluted with freezing extender
Biladyl® (Minitiib, Tiefenbach, Germany) with 20% egg yolk and
an osmolarity balanced at 310 mOsm/kg for the Fraction A (non-
glycerol fraction). Semen was diluted to 400 x 10° spermatozoa/ml
with Biladyl®, Fraction A, at 30°C. Diluted semen was cooled to
5°C for 2 h and then was further diluted with the same volume of
Biladyl®, Fraction B. Sperm samples were allowed to equilibrate at
5°C for 2 h and packed in 0.25 ml plastic straws. At this point,
sperm quality was evaluated again. Finally, they were frozen in a
programmable biofreezer (IceCube 14S ver. 1.30; SYLAB Gerite
GmbH, Neupurkdersdof, Austria) at —20°C./min to —100°C, and
at —10°C/min from —100°C to —140°C. Frozen semen was stored
in liquid nitrogen (-196°C) for a minimum period of 6 months
before thawing. Thawing was performing by dropping the straws
in a water bath with saline serum solution at 37°C for 20 s.

After thawing, sperm quality was assessed as for the two
previous stages. The assessment took place just after thawing and
after 2 hours of incubation at 37°C. The assessment of sperm
viability of thawed semen was performed by evaluating sperm
membrane stability by flow cytometry using the combination of
YO-PRO-1 and propidium iodide [40].

Assessment of Sperm Head Morphometry

For each step of the cryopreservation process, sperm head
dimensions were assessed objectively by using the morphometric
module of the Sperm-Class Analyzer® (SCA) (Microptic, Barce-
lona, Spain). Sperm morphometry analysis was performed as
described by Maroto-Morales et al. [29]. Briefly, microscope slides
were prepared by placing 5 pl of sperm diluted in PBS on the clear
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end of a frosted slide and dragging the drop across the slide.
Semen smears were air-dried and stained using the commercial kit
Hemacolor ™ (Merk, cat. No. 11661, Darmstadt, Germany).
Then, stained samples were permanently mounted to the slide
with a coverslip and dibutyl phthalate xylene (DPX). A total of 200
images were acquired per ejaculate to ensure a minimum of 125
properly measured sperm heads after improperly measured heads
were removed from the analyses.

Morphometry traits assessed were: sperm head length (L, pm),
width (W, um), area (A, um?), perimeter (P, um), and p2a
(perimeter to area; Perimeter?/4-m-Area) shape factor. The latter
compares the perimeter of an object with its area. The p2a takes a
minimum value of 1 when the object is a circle and increases its
values for more elongated objects.

Statistical Analysis

To examine the changes that occur on sperm head dimension
throughout the cryopreservation process, the five sperm head
morphometry parameters described above were used. However,
we focused mainly on three sperm head measures, the sperm head
length, sperm head area, and the p2a sperm head factor when
displaying these differences. These three parameters have been
shown to be sufficient to describe the dimensions of the sperm
head in a precise way [29]. Coeflicients of variation (CV) among
ejaculates were calculated to evaluated the within-male (between
ejaculate of the same male) variability.

For the recognition of the different patterns of response, an
initial graphical exploration of the sperm population head
dimensions throughout the cryopreservation process were per-
formed. Scatter plots of the sperm head area against the sperm
head length and p2a were drawn for each male and each stage of
the cryopreservation process (see Figures S1 and S2). Three
different patterns of response were observed. Males were assigned
to one of these patterns based on the following rules: if no
significant differences were observed among the stages of the
cryopreservation process (fresh, prefrezee and post-thaw) for the 3
sperm head morphometry parameters listed above males were
assigned to response pattern 1; if sperm morphometry significantly
differed for the three stages, males were assigned to response pattern
2; and if head morphometry in fresh semen was significant
different from the other to stages, being the latter similar, males
were assigned to response pattern 3. For the particular case in which a
male did not meet these requirements for the three morphometric
parameters, it was assigned to the closest group. For that, graphical
visualization of data was considered as well (see Figures S1 and
S2).

Once males were assigned to one of the different pattern of
response, multiple comparisons between different stages of the
cryopreservation process within each response pattern, and
between different responses patterns within each cryopreservation
stage were carried out. This analysis allowed us to examine if
males showing different patterns were significantly different for all
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Supporting Information

Figure S1 Patterns of response to cryopreservation I.
Relationship between sperm head area and length for the 38 males
used in this study throughout the cryopreservation process: fresh
semen (red points), pre-freezing (yellow points) and post-thawing
(blue points). Numbers within a circle in the lower-right corner of
graphs indicate to which pattern each male was assigned.

(TTF)

Figure S2 Patterns of response to cryopreservation II.
Relationship between sperm head area and p2a relationship for
the 38 males used in this study throughout the cryopreservation
process: fresh semen (red points), pre-freezing (yellow points) and
post-thawing (blue points). Numbers within a circle in the lower-
right corner of graphs indicate to which pattern each male was
assigned. p2a: perimeter to area (Perimeter2/4-m-Area).

(TIF)
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