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Abstract

Boar-sperm cryopreservation is not usually performed immediately after semen collection, but rather a holding time (HT) of
4 h–30 h at 17uC is spent before starting this procedure. Taking this into account, the aim of this study was to go further in-
depth into the mechanisms underlying the improving effects of HT at 17uC on boar-sperm cryotolerance by evaluating the
effects of two different HTs (3 h and 24 h) on overall boar-sperm function and survival before and after cryopreservation.
Given that phospho/dephosphorylation mechanisms are of utmost importance in the overall regulation of sperm function,
the phosphorylation levels of serine residues (pSer) in 30 different sperm proteins after a 3 h- or 24 h-HT period were also
assessed. We found that a HT of 24 h contributed to a higher sperm resistance to freeze-thawing procedures, whereas mini-
array protein analyses showed that a HT of 24 h induced a significant (P,0.05) increase in pSer (from 100.061.8 arbitrary
units in HT 3 h to 150.265.1 arbitrary units in HT 24 h) of HSP70 and, to a lesser extent, in protein kinases GSK3 and total
TRK and in the cell-cycle regulatory protein CDC2/CDK1. In the case of HSP70, this increase was confirmed through
immunoprecipation analyses. Principal component and multiple regression analyses indicated that a component explaining
a percentage of variance higher than 50% in sperm cryotolerance was significantly correlated with pSer levels in HSP70. In
addition, from all the parameters evaluated before freeze-thawing, only pSer levels in HSP70 resulted to be able to predict
sperm cryotolerance. In conclusion, our results suggest that boar spermatozoa modulate its function during HT, at least
partially, by changes in pSer levels of proteins like HSP70, and this is related to a higher cryotolerance.
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Introduction

Mammalian sperm cryopreservation is a stressful event that

generates damaged spermatozoa through mechanisms such as

oxidative stresses and cold-shock (See Rath et al. [1], for a review).

In the case of porcine spermatozoa, cryopreservation is usually

performed after sperm has been stored for up to a 24-h period

(Holding Time, HT) at 17uC after collection, as this period in

contact with seminal plasma has been reported to yield higher

tolerance to low temperatures [2–4]. However, the information

about the effects of HT on post-thaw boar-sperm function and

survival has been scarce and inconsistent so far. Thus, while

Kotzias-Bandeira et al. [5] and Eriksson et al. [6] found that a

longer HT, rather than a shorter one, was beneficial for post-thaw

sperm viability, Guthrie and Welch [7] found no significant HT

effect on post-thaw sperm survival. These discrepancies can be

related to the alternate sperm processing procedures utilised by

each investigation. In any case, more information is needed to

reach a consensus on this point.

Mature spermatozoa are transcriptionally quiescent cells that

are not able to regulate gene expression. This implies that sperm

cannot modulate gene expression to face stressful environmental

conditions and to modulate its physiology. Related to this, post-

translation protein modifications like phospho/dephosphorylation

are known to play a significant role in some mechanisms

regulating sperm function and response to environmental stress

[8–11]. In fact, protein phospho/dephosphorylation is a general

mechanism present in all cells that plays a major role in a wide

array of cellular processes [12]. As indicated above, in the case of

mature mammalian spermatozoa, protein phospho/dephosphor-

ylation is of the utmost importance as it is involved in the

regulation of processes such as the control of sperm motility [10],

[13], sperm capacitation [14–16], response to osmotic stress [17],

zona pellucida recognition and acrosome reaction [18–19].
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To the best of our knowledge, no previous studies have hitherto

investigated whether the differences between shorter and longer

HTs are related to changes in phosphorylation patterns of some

relevant sperm proteins. For this reason, in this present study we

studied the effect of HT on the resistance to cryopreservation of

boar spermatozoa. We investigated how two different HTs (3 h

and 24 h) affect nucleoprotein structure, DNA fragmentation,

sperm membrane integrity and lipid disorder, and sperm motility,

amongst other sperm parameters, before (Ext, extended semen)

and after freeze-thawing (FT, frozen-thawed spermatozoa). In

addition, an aliquot of these ejaculates was taken after a HT of 3 h

and of 24 h and immediately before starting sperm cryopreserva-

tion to compare the phosphorylation levels of serine residues (pSer)

in a set of 30 sperm proteins that may be involved in the

modulation of sperm function and that have been studied in a

previous report by our group [11]. Within these proteins, there are

cell-cycle controlling proteins like cyclins [20]; stress-modulating

proteins, like heat-shock protein 70 (HSP70, also known as

HSPA1A), and others related to apoptosis like caspase 9 [21–24],

and cell-cell adhesion proteins, such as clusterin [25–26].

Additionally, we have also studied specific protein kinases, like

PKA and PKC [14], [27–28], and phosphatases, such as PP1,

PP2A, PP2B, PTP1 and PTP2, as both are involved in the

regulation of sperm function [13], [15–16], [19], [29]. Finally,

other protein kinases that also play important roles in the control

of capacitation and resistance to oxidative stress in mammalian

spermatozoa, such as glycogen synthase kinase-3 (GSK3, see [10]),

ERK-1 and ERK-2 [30–31] and the AKT-phosphoinositide 3-

kinase (PI3K) system [32–33], have also been included in our

study. Given that the results obtained from mini-array analyses,

immunoprecipitation-confirming studies were performed on a

single protein, HSP70, in order to further clarify the relationship

between HT, cryotolerance and specific pSer changes of this

protein in boar spermatozoa.

Materials and Methods

Sperm Samples
In this study, boars were not handling by us, the semen was

obtained from a local farm (the farm - Servicios Genéticos

Figure 1. General scheme of the distribution of the proteins for
the mini-array analysis. 1A: AKT-1/AKT-2. 1B: CDK6. 1C: CYCLIN E. 1D:
IRAK. 1E: PYK2/CAKb. 2A: CASPASE 9. 2B: C-KIT. 2C: CYCLIN H. 2D: PI3
KINASE/p85. 2E: C-RAF-1. 3A: CDC25. 3B: ERK-1. 3C: PKC. 3D: RAS. 3E:
CDC6. 4A: CLUSTERIN. 4B: ERK-2. 4C: PP1, PP2A, PP2B, PPX. 4D: TRK A, B,
C. 4E: CDK1/CDC2. 5A. CYCLIN A. 5B: GSK-3a. 5C: PTP1 (SH). 5D: CDK2.
5E: CYCLIN B. 6A: HSP70. 6B: PTP1 B. 6C: CDK4. 6D: CYCLIN D3. 6E: PTP2
(SH).
doi:10.1371/journal.pone.0090887.g001

Figure 2. Percentage (as mean±SEM) of spermatozoa with intact plasma membrane (SYBR-14+/PI2, viable spermatozoa), before
and after freeze/thawing when sperm is stored at 17uC either for 3 h or for 24 h. Different superscripts (a, b, c, d, e) mean significant
differences (P,0.05) among bars, each bar representing different holding times (3 h or 24 h), preservation (Ext vs. F-T) and post-thawing times
(30 min or 240 min). Ext = Extended semen (17uC). FT-C = Frozen-thawed semen.
doi:10.1371/journal.pone.0090887.g002
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Porcinos, S.L.; Roda de Ter, Barcelona, Spain). Thus, such

ejaculates were initially dedicated for artificial insemination

purposes, and we just bought them for our experimental purposes.

Despite all the aforementioned, and even though it was not

required as the authors did not manipulate any boar, the

experimental protocol was approved by the Ethics Committee of

our institution. This ethics committee was known as ‘‘Bioethics

Commission of the Autonomous University of Barcelona’’

(Bellaterra, Cerdanyola del Vallès, Spain).

Overall, twelve ejaculates coming from twelve healthy and

mature boars of Pietrain pure breed were used (age: 21.560.9

months; means6standard error of the mean, SEM). Animals were

housed in climate-controlled buildings, fed with an adjusted diet

(2.3 Kg?day21) consisting of a basal diet and a 1% premix for

boars (P174N; TecnoVit; Tarragona, Spain), and provided with

water ad libitum. Ejaculates were collected twice per week by the

gloved-hand technique with an interval of at least three days

between collections. After removing the gelatinous fraction by

filtering through gauze, the total volume of the sperm-rich fraction

was diluted 1:1 (v:v) in a short-term Beltsville Thawing Solution

(BTS)-based extender (Cidosa, TecnoVit; Tarragona, Spain). The

diluted sperm-rich fractions were cooled to 17uC by placing them

in a 17uC mobile-incubator and immediately transported at this

temperature in an insulated container to our laboratory within two

hours.

Experimental Design
Upon arrival, the quality of the ejaculates was evaluated to

check that they satisfied the quality standard (total sperm

motility.80%, morphologically normal spermatozoa and sperm

viability.85%; See [34]). Since the quality of these twelve

ejaculates was over the set thresholds, they were all included in

our study. Next, each ejaculate was split into two fractions of equal

volume. One of these fractions was frozen 3 h after collection

(HT = 3 h), while the other was stored at 17uC up to 24 h after

collection (HT = 24 h). Before starting the cryopreservation

process, two aliquots of 10 mL each were taken (i.e. after either

3 h or 24 h of semen collection), one of each for evaluating sperm

parameters (Ext, Extended semen) and the other for performing

the protein assessment (mini-arrays and immunoprecipation

studies). The protein-assessment aliquot was centrifuged at

6006g and at 17uC for 5 min, the supernatant was discarded

and the pellet was frozen in liquid nitrogen. The remaining

volume of both fractions (i.e. HT = 3 h and HT = 24 h) was

cryopreserved at each relevant time point, following the procedure

described in Section 2.3, and stored in liquid nitrogen for at least

two months. After thawing accordingly the procedure described in

Section 2.3, samples were diluted with three volumes of warmed

(37uC) BTS ([35]; final dilution: 1/4) and incubated at 37uC for

30 min and 240 min (FT, Frozen-thawed spermatozoa), prior to

determining sperm functional parameters (through motility and

flow cytometry assessments), DNA fragmentation and free cysteine

radicals in sperm nucleoproteins, as an indication of disrupted

disulphide bonds. Two time-points (30 min and 240 min) were

chosen to evaluate the sperm cells after freeze-thawing, the last one

being set to assure the survival of FT spermatozoa within the

insemination-to-ovulation interval recommended for cryopre-

served doses [36] and as a sperm resistance test.

Cryopreservation and Thawing of Sperm Samples
Semen samples were cryopreserved using the Westendorf

method [37], as modified by Yeste et al. [34]. All of the ejaculates

Figure 3. Percentages of spermatozoa with intact plasma membrane evaluated through PNA-FITC/PI assay. Bars show percentages of
PNA-FITC2/PI2 spermatozoa (as mean6SEM) before and after freeze/thawing when sperm is stored at 17uC either for 3 h or for 24 h. Different
superscripts (a, b, c, d) mean significant differences (P,0.05) among bars, each bar representing different holding times (3 h or 24 h), preservation
(Ext vs. F-T) and post-thawing times (30 min or 240 min). Ext = Extended semen (17uC). FT-C = Frozen-thawed semen.
doi:10.1371/journal.pone.0090887.g003
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were centrifuged at 17uC and at 6006g for 5 min. Pellets were

then recovered with 3 mL-4 mL of the remaining supernatant and

diluted to a concentration of 1.56109 spermatozoa?mL21 (using a

Makler counting chamber; Sefi-Medical Instruments; Haifa,

Israel) in a freezing medium (LEY) containing lactose (80%, v:v;

310 mM) and egg yolk (20%, v:v). Next, spermatozoa were cooled

down to 5uC for 120 min (cooling ramp: 0.1uC?min21) using a

programmable freezer (Icecube14S-B; Minitub Ibérica, SL;

Tarragona, Spain) and subsequently diluted at 16109 spermato-

zoa?mL21 in LEYGO extender that contained 6% glycerol

(Sigma) and 1.5% Orvus ES Paste (OEP, Equex STM; Nova

Chemical Sales Inc.; Scituate; MA, USA). Final concentrations of

glycerol and OEP in cryopreserved samples were 2% and 0.5%,

respectively. Spermatozoa were finally packed in 0.5-mL plastic

straws (Minitub Ibérica, SL) and transferred to a programmable

freezer (Icecube14S-B; Minitub Ibérica SL). The freezing

programme (SY-LAB software; Minitub Ibérica SL) consisted of

313 sec of cooling at the following rates: 26uC?min21 from 5uC to

25uC (100 sec), 239.82uC?min21 from 25uC to 280uC
(113 sec), maintained for 30 sec at 280uC, and finally cooled at

260uC?min21 from 280uC to 2150uC (70 sec). The straws were

then plunged into liquid N2 (2196uC) for further storage.

After being stored in liquid N2 for at least two months only for

schedule reasons, samples were thawed and evaluated. With this

purpose, four straws per ejaculate were thawed and diluted with

three volumes of warmed BTS at 37uC (at a final dilution of 1/4).

Each straw was shaken individually for 20 sec in a water bath at

37uC.

Flow Cytometric Analyses
Information about flow cytometry analyses is given according to

the recommendations of the International Society for Advance-

ment of Cytometry (ISAC) [38]. These analyses were conducted to

evaluate some functional parameters of spermatozoa, such as

plasma membrane integrity and permeability, membrane lipid

disorder, intracellular calcium levels, or ROS levels in extended

and FT spermatozoa after a HT of 3 h or 24 h. In each case,

sperm concentration was adjusted to 16106 spermatozoa?mL21 in

a final volume of 0.5 mL, and spermatozoa were then stained with

the appropriate combinations of fluorochromes. Plasma mem-

brane integrity was assessed through SYBR-14/PI assay according

to the protocol described by Garner and Johnson [39], as well as

through PNA-FITC/PI co-staining following the procedure

described by Nagy et al. [40]. In addition, changes in the

permeability of sperm plasma membrane were evaluated through

co-staining with YO-PRO-1 and PI, following Martin et al. [24],

and membrane lipid disorder was assessed using the protocol for

Merocyanine 540 (M-540) and YO-PRO-1 described by Harrison

et al. [41]. Intracellular calcium levels of spermatozoa were

determined through Fluo3-AM/PI co-staining [42]. Levels of

peroxides and superoxides were evaluated through H2DCFDA/PI

and HE/YO-PRO-1, respectively, according the protocol de-

scribed by Guthrie and Welch [43]. Finally, data was corrected

following Petrunkina et al. [44] by determining the percentage of

non-DNA-containing particles, to avoid an overestimation of

sperm particles. All protocols are described in detail in Informa-

tion S1.

In all cases, samples were evaluated through a Cell Laboratory

QuantaSCTM cytometer (Beckman Coulter; Fullerton, CA, USA;

Figure 4. Sperm membrane permeability evaluated through YO-PRO-1/PI assay. Bars show percentages (as mean6SEM) of viable
spermatozoa without changes in permeability of plasma membrane (YO-PRO-12/PI2) before and after freeze/thawing when sperm is stored at 17uC
either for 3 h or for 24 h. Different superscripts (a, b, c, d, e) mean significant differences (P,0.05) among bars, each bar representing different
holding times (3 h or 24 h), preservation (Ext vs. F-T) and post-thawing times (30 min or 240 min). Ext = Extended semen (17uC). FT-C = Frozen-
thawed semen.
doi:10.1371/journal.pone.0090887.g004

Cryotolerance and HSP70 in Boar Sperm

PLOS ONE | www.plosone.org 4 March 2014 | Volume 9 | Issue 3 | e90887



Figure 5. Sperm membrane lipid disorder evaluated through M540/YO-PRO-1 co-staining. The figure shows percentages (mean6SEM) of
viable spermatozoa with low membrane lipid disorder (M5402/YO-PRO-12) before and after freeze/thawing when sperm is stored at 17uC either for
3 h or for 24 h. Different superscripts (a, b, c, d, e) mean significant differences (P,0.05) among bars, each bar representing different holding times
(3 h or 24 h), preservation (Ext vs. F-T) and post-thawing times (30 min or 240 min). Ext = Extended semen (17uC). FT-C = Frozen-thawed semen.
doi:10.1371/journal.pone.0090887.g005

Figure 6. Intracellular calcium levels evaluated through Fluo3-AM/PI assay. Bars show percentages (as mean6SEM) of viable spermatozoa
with low levels of intracellular calcium (Fluo3-AM2/PI2) before and after freeze/thawing when sperm is stored at 17uC either for 3 h or for 24 h.
Different superscripts (a, b, c, d, e) mean significant differences (P,0.05) among bars, each bar representing different holding times (3 h or 24 h),
preservation (Ext vs. F-T) and post-thawing times (30 min or 240 min). Ext = Extended semen (17uC). FT-C = Frozen-thawed semen.
doi:10.1371/journal.pone.0090887.g006
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Figure 7. Intracellular peroxide levels (H2DCFDA/PI staining), as percentages (as mean±SEM) of viable spermatozoa with high
levels of intracellular peroxides (DCF +/PI2) before and after freeze/thawing when sperm is stored at 17uC either for 3 h or for 24 h.
Different superscripts (a, b, c, d, e) mean significant differences (P,0.05) among bars, each bar representing different holding times (3 h or 24 h),
preservation (Ext vs. F-T) and post-thawing times (30 min or 240 min). Ext = Extended semen (17uC). FT-C = Frozen-thawed semen.
doi:10.1371/journal.pone.0090887.g007

Figure 8. Free cysteine radicals (FCR) in sperm-head proteins (as mean±SEM), before and after freeze-thawing when sperm is
stored at 17uC either for 3 h or for 24 hours. Different superscripts (a, b, c, d) mean significant differences (P,0.05) among bars, each bar
representing different holding times (3 h or 24 h), preservation (Ext vs. F-T) and post-thawing times (30 min or 240 min). Ext = Extended semen
(17uC). FT-C = Frozen-thawed semen.
doi:10.1371/journal.pone.0090887.g008
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Serial Number: AL300087) using single-line visible light (488 nm)

from an argon laser. A minimum of 10,000 events per replicate

was evaluated, and data was collected in List-mode Data files

(.LMD) and analysed using the Cell Lab Quanta SC MPL

Analysis Software (version 1.0; Beckman Coulter). In all cases

except for the SYBR-14/PI assessment, data obtained from flow

cytometry experiments were corrected according to the procedure

set by Petrunkina et al. [44]. Each assessment for each sample and

parameter was repeated three times in independent tubes, prior to

calculating the corresponding mean6SEM. Technical details are

also given in Information S1.

Determination of Free Cysteine Radicals in Sperm
Nucleoproteins

The determination of free cysteine radicals in sperm nucleo-

proteins, as a measure of disrupted disulphide bonds, was carried

out before (extended) and after freeze-thawing (FT) by following

the protocol adapted to boar spermatozoa by Flores et al. [45]

(See Information S1 for details). The results obtained after reading

at 343 nm were normalised through a parallel determination of

the total protein content of samples, using a commercial kit (Quick

StartTM Bradford Protein Assay; BioRad, Hercules; CA, USA) for

the Bradford method [46].

DNA Fragmentation Analysis
Sperm DNA fragmentation was assessed before (extended) and

after freeze-thawing (FT) using a sperm chromatin dispersion test

(SCDt) specifically designed for boar spermatozoa (Sperm–

Halomax–Sus for fluorescence microscopy; ChromaCell S.L.;

Madrid, Spain). This test is based on the different response that

intact and fragmented DNA show after a de-proteinisation

treatment, and previous reports have shown that the results

obtained with this technique strongly correlate with those obtained

with other tests, like the neutral comet assay [47], [48]. Protocol

details are provided with a great detail in Information S1. Samples

were observed under an epifluorescence microscope (Zeiss

AxioImager Z1; Karl Zeiss) at 406 magnification and three

counts of 250 spermatozoa each were made per sample.

Spermatozoa with fragmented DNA presented a large and spotty

halo of chromatin dispersion, while spermatozoa with non-

fragmented DNA showed a small halo.

Analysis of Sperm Motility
Sperm motility analysis was performed by utilising a commer-

cial computer assisted sperm analysis (CASA) system (Integrated

Sperm Analysis System V1.0; Proiser; Valencia, Spain), 15 ml of

each sperm sample (at a concentration of 1–36107 spermato-

zoa?mL21) being placed in a Makler counting chamber (Sefi-

Medical Instruments). Our CASA system was based upon the

analysis of 25 consecutive digitalised photographic images

obtained from a single field at a magnification of 106 in a

negative phase-contrast field. These 25 consecutive photographs

were taken in a time lapse of 1 sec, which implied a velocity of

image capturing of one photograph every 40 msec. Five to six

separate fields were taken for each replicate, and three replicates

were run per sample. The sperm motility descriptors obtained

were those described by Yeste et al. [49], and the settings taken

into account for all of the utilised motility parameters are provided

as Information S1. Total motility (%TMOT) was defined as the

percentage of spermatozoa that showed a VAP.10 mm?s21,

whereas progressive motility (%PMOT) was defined as the

percentage of spermatozoa that showed a VAP.45 mm?s21.

Figure 9. Sperm DNA fragmentation (SDF) as percentage of spermatozoa with fragmented DNA (mean±SEM), before and after
freeze/thawing when sperm is stored at 17uC either for 3 h or for 24 h. Different superscripts (a, b, c, d) mean significant differences (P,
0.05) among bars, each bar representing different holding times (3 h or 24 h), preservation (Ext vs. FT) and post-thawing times (30 min or 240 min).
Ext = Extended semen (15uC). FT = Frozen-thawed semen.
doi:10.1371/journal.pone.0090887.g009
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Mini-array Analysis of Serine Phosphorylation of 30
Selected Proteins

The phosphorylation levels of serine residues in 30 sperm

proteins (Figure 1) in semen samples being at two different HTs

(i.e. 3 h and 24 h) were assessed using customised mini-arrays

provided by Hypromatrix Inc. (Worcester, MA, USA). With this

aim, twenty-four aliquots coming from twelve different ejaculates

(stored after a HT of 3 h or of 24 h) were used and processed as

described in Information S1 As stated in Introduction, these

proteins were chosen following previous results obtained from our

laboratory and published in Fernández-Novell et al. [11].

The intensity of the spots was quantified using specific software

for image analysis of blots and arrays (Multi Gauge v3.0; Fujifilm

Europe; Düsseldorf, Germany), in which the background was

previously made uniform for all of the arrays analysed. The values

obtained for the HT of 3 h were transformed in order to obtain a

basal arbitrary value of 100, from which the intensity values for the

other samples (i.e. HT 24 h) were calculated. For each sperm

sample (stored for 3 h or 24 h), two replicates were assessed prior

to calculating the corresponding mean6SEM. Furthermore, two

types of negative control were applied. In one, three arrays were

incubated with a randomly chosen sample but without further

incubation with the antibody. In the other, three arrays were

incubated with the antibodies but without samples.

Immunoprecipitation against HSP70 and Western-blot
Assessments

Results obtained in mini-array analyses were confirmed through

immunoprecipitation analyses (immunoprecipitation kit code

product 17-6002-35; Healthcare Bio-Sciences AB; Uppsala,

Sweden) against human HSP70, using a monoclonal antibody

commercially available (ADI-SPA-810, Enzo Life Sciences; New

York; NY, USA). With this purpose, twenty-four aliquots (5 mL

each) from the same twelve sperm samples used in the other

assessments and stored both for 3 h (HT = 3 h) or 24 h

(HT = 24 h), were taken at each relevant time point and

centrifuged at 6006g and 17uC. With this method, described

with a great detail in Information S1, we isolated HSP70 from

sperm protein extracts. Then, samples were evaluated through

Western Blot assessment with anti-HSP70 and anti-phosphorylat-

ed serines (HM2070, Hypromatrix Inc.; Worcester, MA, USA)

antibodies. This allowed us to calculate, per sample, a ratio

between the mark intensities of phosphorylated serines and HSP70

(pSer:total HSP70). Two replicates for each sperm sample/HT

were evaluated prior to calculating the corresponding mean6-

SEM per ratio/sperm sample.

Statistical Analyses
Statistical analyses were conducted using IBM SPSS 19.0 (IBM

corp.; Chicago, Illinois) and SYSTAT 12.0 for Windows statistical

packages (SYSTAT Software Inc.; Evanston, IL, USA), and data

are presented as mean6SEM. Each sperm sample held at a given

HT was considered as an independent observation, and the

minimal level of significance was set at P,0.05 in all statistical

analyses.

Data obtained from the analysis of all sperm parameters, as well

as from the assessments of protein mini-arrays and phosphorylated

serine residues in immunoprecipitation studies anti-HSP70 were

tested for normality and homogeneity of variances using the

Shapiro-Wilk and Levene tests. When necessary, data were

transformed using the arcsine square root (arcsin !x) to match

the parametric assumptions.T
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General Linear Models
In the case of sperm parameters (i.e. sperm membrane integrity

and permeability, intracellular calcium, peroxide and superoxide

levels, free cysteine radicals in sperm nucleoproteins, DNA

fragmentation, and sperm motility and velocity descriptors), a

generalised linear mixed model for repeated measures was run

where each sperm parameter was the dependent variable,

incubation time at 37uC (30 min or 240 min) was the intra-

subject factor, and the storing method and HT (i.e. Ext 3 h, Ext

24 h, FT 3 h or FT 24 h) and the ejaculate were, respectively, the

fixed-effect and random-effect factors. A post hoc Bonferroni’s test

was used for pair-wise comparisons.

In the case of phosphorylated serine residues in mini-array

protein and in anti-HSP70 immunoprecipitation analyses, differ-

ences in spots-intensity or pSer:total HSP70 ratios were compared

through a Student’s t-test for related samples, where each protein

in the case of mini-arrays or pSer:total HSP70 ratios in the case of

immunoprecipitation assessments were the dependent variables,

and the HT (3 h or 24 h) was the factor.

Calculation of Cryotolerance Indexes
For each sperm sample held at a given HT (a; i.e. either 3 h or

24 h) and sperm parameter (x; i.e. sperm membrane integrity and

permeability, intracellular calcium, peroxide and superoxide

levels, free cysteine radicals in sperm nucleoproteins, DNA

fragmentation, and sperm motility and velocity descriptors), a

cryotolerance index (Cx) was calculated as the quotient between

the value of this parameter (x) before (i.e. in extended semen, Ext)

and after freeze-thawing (FT). The calculation of this index also

took into account the time at 37uC (b), either 30 or 240 min, at

which samples were incubated prior to determining such sperm

parameter. The mathematic formula was as follows:

Table 2. Principal component analysis of sperm cryotolerance with parameters (x) evaluated after incubation at 37uC for 30 min.

Component Variance Combinations of variables aij aij
2

1 59.49% % Viable spermatozoa (SYBR-14+/PI2) 0.92 0.85

Free cysteine radicals in sperm nucleoproteins 20.91 0.83

% Spermatozoa with fragmented DNA 20.89 0.79

% Non-viable spermatozoa with high lipid disorder (M540+/PI+) 20.85 0.72

% Viable spermatozoa without changes in m.p. (YO-PRO-12/PI2) 0.85 0.72

% Membrane intact spermatozoa (PNA-FITC2/PI2) 0.84 0.71

% Viable spermatozoa with low lipid disorder (M5402/PI2) 0.82 0.67

% TMOT 0.81 0.66

% Non-viable spermatozoa (YO-PRO-1+/2/PI+) 20.81 0.66

% Viable spermatozoa with high lipid disorder (M540+/PI2) 20.80 0.64

% Membrane damaged spermatozoa that present o.a.m. (PNA-FITC+/PI+) 20.80 0.64

VAP 0.79 0.62

% Viable spermatozoa with low intracellular Ca2+ levels (Fluo3-AM2/PI2) 0.79 0.62

VCL 0.78 0.61

VSL 0.77 0.59

% Viable spermatozoa with early changes in m.p. (YO-PRO-1+/PI2) 20.75 0.56

% Non-viable spermatozoa with low intracellular Ca2+ levels (Fluo3-AM2/PI+) 20.71 0.50

% PMOT 0.70 0.49

GMFI Fluo3-AM+ 20.64 0.41

2 11.95% % Membrane damaged spermatozoa with lost o.a.m. (PNA-FITC2/PI+) 20.86 0.74

% Viable spermatozoa with high intracellular Ca2+ levels (Fluo3-AM+/PI2) 20.67 0.45

% Viable spermatozoa with high intracellular peroxide levels (DCF+/PI2) 0.59 0.35

Non-viable spermatozoa with high intracellular Ca2+ levels (Fluo3-AM+/PI+) 20.57 0.32

3 8.30% GMFI E+/PI2 0.84 0.71

GMFI E+/Total 20.64 0.41

4 6.78% GMFI DCF+/PI2 0.98 0.96

GMFI DCF+/Total 0.68 0.46

5 4.71% % LIN 0.87 0.76

% STR 0.79 0.62

% WOB 20.62 0.38

Total 91.23%

Each cryotolerance index was calculated as follows:Cx, HT , 30 min~
xFT , HT , 30 min

xExt, HT , 30 min

|100.

(m.p.: membrane permeability; o.a.m.: outer acrosome membrane; GMFI: Geometric mean of fluorescence intensity; arbitrary units).
doi:10.1371/journal.pone.0090887.t002
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Cx, a, b~
xFT , a, b

xExt, a, b

|100

Thus, for example, the cryotolerance index of viable sperma-

tozoa (SYBR-14+/PI2) evaluated through SYBR-14/PI staining

in a given sperm sample held at a HT of 24 h and after both

extended and frozen-thawed samples were incubated at 37uC for

240 min was:

C% SYBR{14z=PI{ Spermatozoa, 3h, 240 min

~
% SYBR{14z=PI{ SpermatozoaFT , 3h, 240 min

% SYBR{14z=PI{ SpermatozoaExt, 3h, 240 min

|100

Principal Component Analyses
After calculating cryotolerance indexes as described in Section

2.10.2, two factorial analyses were run using the values obtained

for the crytolerance indexes after 30 and 240 min of incubation at

37uC. In each analysis, these indexes were sorted into some

components extracted by principal component analysis (PCA) and

the obtained data matrix was rotated using the Varimax procedure

with Kaiser normalisation. Only those variables with a square

factor loading (aij
2) higher than 0.3 with its respective component,

and lower than 0.1 with respect to the other components in the

rotated matrix, were selected from the linear combination of j

variables (z) in each component yi (yi = ai1z1+ ai2z2+ …+aijzj).

Regression factors for each component after PCA were saved and

used for multiple regression analyses.

Table 3. Principal component analysis of sperm cryotolerance with parameters (x) evaluated after incubation at 37uC for 240 min.

Component Variance Combinations of variables aij aij
2

1 64.11% % Viable spermatozoa without changes in m.p. (YO-PRO-12/PI2) 0.95 0.90

Free cysteine radicals in sperm nucleoproteins 20.95 0.90

% Spermatozoa with fragmented DNA 20.94 0.88

% Non-viable spermatozoa (YO-PRO-1+/2/PI+) 20.93 0.86

% Viable spermatozoa (SYBR-14+/PI2) 0.91 0.83

% Viable spermatozoa with low intracellular Ca2+ levels (Fluo3-AM2/PI2) 0.88 0.77

% Viable spermatozoa with low lipid disorder (M5402/PI2) 0.86 0.74

% TMOT 0.83 0.69

% Non-viable spermatozoa with low intracellular Ca2+ levels (Fluo3-AM2/PI+) 20.82 0.67

% Viable spermatozoa with high lipid disorder (M540+/PI2) 20.82 0.67

% Membrane intact spermatozoa (PNA-FITC2/PI2) 0.81 0.66

VAP 0.79 0.62

VCL 0.77 0.59

% Non-viable spermatozoa with high lipid disorder (M540+/PI+) 20.76 0.58

% Membrane damaged spermatozoa that present o.a.m. (PNA-FITC+/PI+) 20.75 0.56

VSL 0.75 0.56

GMFI E+/YO-PRO-12 0.74 0.55

% PMOT 0.72 0.52

% Viable spermatozoa with early changes in m.p. (YO-PRO-1+/PI2) 20.66 0.44

% Membrane damaged spermatozoa with lost o.a.m. (PNA-FITC2/PI+) 20.66 0.44

% Non-viable spermatozoa with low membrane lipid disorder (M5402/PI+) 0.63 0.40

2 11.49% GMFI E+/Total 20.90 0.80

% Viable spermatozoa with high intracellular superoxide levels (E+/YO-PRO-12) 20.86 0.73

% Viable spermatozoa with high intracellular peroxide levels (DCF+/PI2) 20.75 0.56

% Viable spermatozoa with high intracellular calcium levels (Fluo3-AM+/PI2) 0.71 0.51

3 9.70% GMFI DCF+/PI2 0.96 0.92

GMFI DCF+/Total 0.80 0.64

% LIN 0.77 0.59

% STR 0.62 0.38

4 5.24% GMFI Fluo3-AM+ 20.91 0.83

5 3.66% % WOB 20.89 0.79

Total 94.20%

Each cryotolerance index was calculated as follows:Cx, HT , 240 min~
xFT , HT , 240 min

xExt, HT , 240 min

|100.

(m.p.: membrane permeability; o.a.m.: outer acrosome membrane; GMFI: Geometric mean of fluorescence intensity; arbitrary units).
doi:10.1371/journal.pone.0090887.t003
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Correlation and Multiple Regression Analyses
Correlations between all the evaluated sperm parameters were

calculated using Pearson correlation. In addition, spots-intensity of

pSer levels obtained in mini-array protein and pSer:total HSP70

ratios determined in anti-HSP70 immunoprecipitation analyses

were correlated with regression factors from PCA using cryotoler-

ance indexes.

Finally, multiple regression analyses were conducted to deter-

mine the ability of all the parameters (x) evaluated before freeze-

thawing (i.e. all sperm parameters, spots intensity for each protein

obtained in mini-array protein analyses, and pSer:total HSP70

ratios from anti-HSP70 immunoprecipitation studies) to predict

the cryotolerance of a given ejaculate after a given HT. The

procedure used (the forward stepwise model) was the same

described by Yeste et al. [50] and consisted of optimising the

regression equation to increase the determination coefficient (R2).

The dependent variable (y) in all the cases was the regression factor

of the first component that resulted from PCA analyses with

cryotolerance indexes, as this component explained the highest

percentage of variance in each PCA. The significance level for

introducing each parameter in the multiple regression model was

0.10 and the significance level (a) for the model was 0.05.

Results

Effects of HT on Plasma Membrane Integrity (SYBR-14/PI
and PNA-FITC/PI)

No significant differences were observed in the plasma

membrane integrity (SYBR-14/PI) of extended spermatozoa

between both HTs (Ext 3 h vs. Ext 24 h; P.0.05) before freeze-

thawing. Cryopreservation, instead, significantly (P,0.01) reduced

the percentage of viable (SYBR-14+/PI2) spermatozoa (e.g.

extended for 3 h: 91.5%63.4% vs. FT 24 h: 53.1%62.4%; P,

0.001; means6SEM; see Figure 2). This decrease was significantly

higher when the HT was of 3 h than when it was of 24 h (FT 3 h:

45.3%61.9% vs. FT 24 h: 53.1%62.4%; P,0.05). Incubation of

the samples up to 240 min at 37uC also decreased the percentage

of SYBR-14+/PI2 spermatozoa after freeze-thawing (e.g. extend-

ed for 24 h: 55.5%62.3% vs. FT 24 h: 37.5%61.7%; P,0.05),

especially in the case of FT 3 h, whose reduction was again

significantly higher than that of FT 24 h (FT 3 h: 22.9%61.2% vs.

FT 24 h: 37.5%61.7%; P,0.05; see Figure 2).

As far as PNA-FITC/PI staining is concerned, no significant

differences between either HT were observed before freeze-

thawing (Figure 3). In contrast, the percentages of spermatozoa

with an intact plasma membrane (PNA-FITC2/PI2) were

significantly lower in FT spermatozoa than in extended semen

after 30 min and 240 min of incubation at 37uC, whereas PNA-

FITC+/PI+ spermatozoa were significantly higher in the former

(FT 3 h and FT 24 h) than in the latter (extended for 3 h and

extended for 24 h; See Table S1). On the other hand, FT

spermatozoa cryopreserved after a HT of 3 h presented a

significantly (P,0.05) higher percentage of PNA-FITC+/PI+

spermatozoa than that cryopreserved after a HT of 24 h (See

Table S1).

Effects of HT on sperm membrane permeability (YO-PRO-
1/PI)

Figure 4 shows, as means6SEM, the percentages of viable

spermatozoa without changes in membrane permeability (YO-

PRO-12/PI2), whereas Table S2 also shows the percentages of

viable spermatozoa with early changes in membrane permeability

Figure 10. Mini-array analysis of the serine phosphorylation status of 30 sperm proteins after a HT of 3 h or 24 h. The mini-array
analysis and the distribution of the proteins analysed are described in Figure 1. The figure shows a representative image of two replicates coming
from two different sperm samples and is representative of twelve separate experiments. Arrows (R) mark HSP70.
doi:10.1371/journal.pone.0090887.g010
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(YO-PRO-1+/PI2), and those of non-viable spermatozoa (PI+).

Again, no significant differences were observed in sperm

membrane permeability of extended sperm between both HTs

before freeze-thawing. Freeze-thawing significantly decreased (P,

0.05) the percentages of viable spermatozoa without changes in

membrane permeability (Figure 4) and increased those of viable

spermatozoa with early changes in membrane permeability and

those of non-viable spermatozoa (Table S2). However, the extent

of these changes differed in FT spermatozoa between HTs.

Indeed, the decrease in viable spermatozoa without changes in

membrane permeability observed after a HT of 3 h was

significantly higher (P,0.05) than that observed after a HT of

24 h, both at 30 min and 240 min post-thawing (Figure 4).

Effects of HT on Membrane Lipid Disorder (M540/YO-
PRO-1)

As in the previously described parameters, no significant

differences were observed in membrane lipid disorder of extended

spermatozoa between either HT before freeze-thawing (Figure 5).

Freeze-thawing significantly increased (P,0.05) the percentages of

non-viable spermatozoa with a high membrane lipid disorder

(M540+/YO-PRO-1+) and decreased those of viable (M5402/YO-

PRO-12) and non-viable spermatozoa with a low lipid disorder

(M5402/YO-PRO-1+), after 30 min and 240 min post-thawing

(Figure 5; Table S3). Interestingly, the percentages of viable and

non-viable spermatozoa with a high lipid disorder after freeze-

thawing were significantly higher when the HT was of 3 h (FT

3 h) than when it was of 24 h (FT 24 h) (Table S3).

Table 4. Comparison of serine-phosphorylation levels in 30 different sperm proteins after assessment through mini-array analyses.

Proteins Holding time at 176C

3 h (arbitrary units) 24 h (arbitrary units)

AKT-1/AKT-2 100.060.0a 100.562.0a

CDK6 100.060.0a 99.861.9a

CYCLIN E 100.060.0a 108.663.2a

IRAK 100.060.0a 106.363.7a

PYK2/CAKb 100.060.0a 109.462.6a

CASPASE 9 100.060.0a 104.862.5a

c-kit 100.060.0a 105.362.0a

CYCLIN H 100.060.0a 104.262.3a

PI3 KINASE/p85 100.060.0a 109.863.4a

C-RAF-1 100.060.0a 103.064.1a

CDC25 100.060.0a 103.262.5a

ERK-1 100.060.0a 110.961.4a

PKC 100.060.0a 108.462.0a

RAS 100.060.0a 106.962.8a

CDC6 100.060.0a 110.362.4a

CLUSTERIN 100.060.0a 102.762.8a

ERK-2 100.060.0a 112.262.9a

PP1, PP2A, PP2B, PPX 100.060.0a 109.563.2a

TRK Total (A, B, C) 100.060.0a 120.863.4b

CDK1/CDC2 100.060.0a 120.762.1b

CLYCLIN A 100.060.0a 109.164.1a

GSK-3a 100.060.0a 125.660.9b

PTP1 (SH) 100.060.0a 107.562.5a

CDK2 100.060.0a 109.961.5a

CYCLIN B 100.060.0a 102.462.6a

HSP70 100.060.0a 150.265.1b

PTP1B 100.060.0a 112.662.9a

CDK4 100.060.0a 107.662.7a

CYCLIN D3 100.060.0a 105.265.5a

PTP2 (SH) 100.060.0a 107.561.9a

The values obtained for the HT of 3 h were transformed in order to obtain a basal arbitrary value of 100, from which the intensity values for the other samples (i.e. HT
24 h) were calculated. Results are given as mean 6 SEM, and different superscripts (a, b) mean significant differences (P,0.05) within rows (i.e. between the two holding
times) for each protein.
doi:10.1371/journal.pone.0090887.t004
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Effects of HT on Intracellular Calcium Levels (Fluo3-AM/
PI)

Figure 6 shows, as means6SEM, the percentage of viable

spermatozoa with low intracellular calcilum levels (Fluo3-

AM2/PI2 spermatozoa), whereas Table S4 shows the percentages

of viable and non-viable spermatozoa with high/low levels of

intracellular calcium and the geometric mean of Fluo3+. In a

similar fashion to the previously described parameters, no

significant differences were observed in sperm intracellular

calcium levels of extended spermatozoa between either HT before

freeze-thawing (Figure 6, Table S4). Both after 30 min and

240 min of incubation at 37uC, the geometric mean of Fluo3+

intensity was significantly lower in FT spermatozoa than in

extended semen. Freeze-thawing also decreased the percentages of

viable spermatozoa with low and high levels of intracellular

calcium (Fluo32/PI2 and Fluo3+/PI2) and increased those of

non-viable spermatozoa with low levels of intracellular calcium

(Fluo32/PI+), but the extent of these changes differed between

HTs. Indeed, the percentages of non-viable spermatozoa with low

levels of intracellular calcium were significantly higher (P,0.05) in

the sperm cryopreserved after a HT of 3 h than in that

cryopreserved after a HT of 24 h, both after 30 min and

240 min post-thawing (See Table S4).

Effects of HT on ROS Levels (H2DFCDA/PI and HE/YO-
PRO-1)

Figure 7 (mean6SEM) shows percentages of viable spermato-

zoa with high peroxide levels (DCF+/PI2) evaluated through

H2DFCDA/PI co-staining, before and after boar-sperm cryopres-

ervation. Other parameters evaluated by H2DFCDA/PI assay are

shown in Table S5. Both percentages of spermatozoa DCF+/PI2

(Figure 7) and the geometric mean of DCF+-intensity in viable

spermatozoa (Table S5) were significantly lower in FT than in

extended spermatozoa, although no significant differences be-

tween HTs were found either in FT or in extended spermatozoa

(Figure 7). In addition, the geometric mean of DCF+ in total

spermatozoa was significantly higher in FT (FT 3 h and FT 24 h)

than in extended spermatozoa (extended for 3 h and extended for

24 h), but no significant differences between HT were found

(Table S5).

As far as the superoxide levels are concerned (HE/YO-PRO-1

co-staining), boar-sperm cryopreservation did not affect either the

percentage of E+/YO-PRO-12 or the geometric mean of E+

intensity in total spermatozoa. In contrast, the geometric mean of

E+-intensity in the viable sperm population was significantly higher

in the extended rather than in the FT spermatozoa, but significant

differences were not observed between either HT (Table S6).

Effects of HT on the Amounts of Free Cysteine Residues
in Sperm Nucleoproteins

Before freeze-thawing, the levels of free cysteine radicals in

sperm nucleoproteins were similar in both HTs (Figure 8; i.e.

extended for 3 h: 3.0 nmol?mg protein2160.3 nmol?mg protein21

vs. extended for 24 h: 3.1 nmol?mg protein2160.3 nmol?mg

protein21 after 30 min of incubation at 37uC). In contrast, sperm

cryopreservation significantly increased (P,0.01) the levels of free

Figure 11. Representative Western-blots against HSP70 and
pSer in immunoprecipitation studies after a HT of 3 h or 24 h.
Three replicates coming from three different sperm samples are shown.
The figure is representative of twelve different sperm samples stored
either for 3 h or 24 h.
doi:10.1371/journal.pone.0090887.g011

Table 5. Pearson correlation coefficients between the extracted components from PCA with cryotolerances indexes (calculated
after incubation for 30 or 240 min at 37uC) and values from pSer levels in HSP70 obtained in mini-array analyses and in immuno-
precipitation against HSP70 assessment (pSer-HSP70:total HSP70 ratio) (*P,0.05).

HSP70 (miniarray values)
pSer-HSP70:total HSP70 ratio
(immunoprecipitation)

30 min Regression factor for Component 1 0.77* 0.74*

Regression factor for Component 2 20.33 20.29

Regression factor for Component 3 20.02 20.08

Regression factor for Component 4 20.05 20.08

Regression factor for Component 5 0.16 0.15

240 min Regression factor for Component 1 0.75* 0.76*

Regression factor for Component 2 0.35 0.31

Regression factor for Component 3 0.06 20.08

Regression factor for Component 4 20.04 0.10

Regression factor for Component 5 20.08 0.04

doi:10.1371/journal.pone.0090887.t005
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cysteine radicals, as compared to extended semen. This increase

was significantly higher when the HT was 3 h rather than when it

was 24 h after both 30 min and 240 min post-thawing (e.g. FT

3 h: 9.5 nmol?mg protein2160.8 nmol?mg protein21 vs. FT 24 h:

6.3 nmol?mg protein2160.5 nmol?mg protein21, after 30 min of

thawing).

Effects of HT on Sperm DNA Fragmentation
Figure 9 shows the percentage of spermatozoa with fragmented

DNA as means6SEM. No significant differences between HTs

were observed in the percentages of spermatozoa with fragmented

DNA before freeze-thawing (e.g. extended for 3 h: 1.3%60.2%;

extended for 24 h: 1.4%60.2%; P.0.05 after incubation at 37uC
for 30 min). Percentages of spermatozoa with fragmented DNA in

extended semen did not differ (P.0.05) from those obtained in FT

spermatozoa cryopreserved after a HT of 24 h at 30 min post-

thawing (FT 24 h: 1.8%60.2%). Conversely, the percentages of

spermatozoa with fragmented DNA in FT spermatozoa cryopre-

served after a HT of 3 h (FT 3 h: 3.2%60.4%) were significantly

higher (P,0.05) than those observed in the other cases (i.e. Ext

3 h, Ext 24 h, FT 24 h) at 30 min post-thawing.

After 240 min post-thawing, the percentages of spermatozoa

with fragmented DNA in FT spermatozoa (FT 3 h and FT 24 h)

were significantly higher (P,0.05) than those observed in extended

semen (Ext 3 h: 2.0%60.3%, and Ext 24 h: 2.1%60.3%). Again,

the percentages of spermatozoa with fragmented DNA in FT

spermatozoa cryopreserved after a shorter HT were significantly

higher than those cryopreserved after a longer HT (FT 3 h:

9.4%60.8% vs. FT 24 h: 6.2%60.6%; P,0.05).

Effects of HT on Sperm Motility
Cryopreservation significantly decreased (P,0.05) in all cases

(extended vs. FT) the percentages of total and progressive motile

spermatozoa and VCL and VAP (Table 1). This reduction was

observed both after 30 min and 240 min post-thawing. On the

other hand, and after 240 min post-thawing, FT spermatozoa

cryopreserved at a HT of 24 h presented significantly (P,0.05)

higher values of %TMOT, %PMOT, VCL and VAP than FT

spermatozoa cryopreserved at a HT of 3 h.

Cryotolerance Indexes and Principal Component
Analyses

Principal component analyses using cryotolerance indexes are

shown in Tables 2 and 3. In the case of cryotolerance indexes

calculated after 30 min of incubation at 37uC (Table 2), a total of

five components were extracted and the explained variance was

91.23%. The first component explained a variance of 59.49%, and

included the most important cryotolerance indexes describing

sperm integrity and survival (i.e. viable spermatozoa with no

alterations in membrane permeability, %TMOT, %PMOT, levels

of free cysteine radicals in sperm nucleoproteins…). In contrast,

cryotolerances indexes of peroxides and superoxide levels were

included in the other four components.

In a similar fashion to the last case, five components were also

obtained from PCA with cryotolerance indexes evaluated after

240 min of thawing at 37uC (Table 3). The total explained

variance was of 94.20% and, again, the first component

represented more than a half of total variance (64.11%) and

included the most significant crytolerance indexes describing

sperm integrity and survival.

Mini-array Analyses of Serine-phosphorylation Levels of
30 Proteins Involved in the Overall Regulation of Boar-
sperm Function

Figure 10 and Table 4 show the changes in pSer levels of 30

different proteins after both HTs (3 h and 24 h). Storing sperm

samples for a longer HT (24 h) resulted in a significant increase

(P,0.05) increase in the phosphorylation levels of serine residues

in HSP70, TRK(A, B and C), CDK1/CDC2 and GSK-3a, when

compared with the phosphorylation levels of serine residues after a

shorter HT (3 h). Notwithstanding, from these four proteins, the

highest increase was seen in HSP70, which increased pSer levels

from 100.060.0 arbitrary units (3 h) to 150.265.1 arbitrary units

(24 h).

Specific Immunopreciptation Analysis of pSer Changes of
HSP70 during HT

The specific immunoprecipitation analysis confirmed that pSer

of HSP70 was specifically and significantly higher (P,0.05) when

the HT was of 24 h than when it was of 3 h (Figure 11). Indeed,

the ratio between serine phosphorylated HSP70 and total content

of HSP70 protein (pSer-HSP70:total HSP70) was significantly

Table 6. Regression equations between regression component 1 of PCA with cryotolerance indexes (y) and sperm parameters
evaluated before freeze-thawing.

Regression equation R2 R P value model

30 min

Lineal y = 4.61x22.46 0.56 0.75 ,0.05

Logarithmic y = 2.34ln(x)+1.60 0.55 0.74 ,0.05

Inverse y = 21.19/x+2.42 0.56 0.75 ,0.05

Quadratic y = 27.74x2+11.57x20.57 0.59 0.77 ,0.05

240 min

Lineal y = 4.76x22.54 0.58 0.76 ,0.01

Logarithmic y = 2.46ln(x)+1.65 0.58 0.76 ,0.01

Inverse y = 21.23/x+2.51 0.59 0.77 ,0.01

Quadratic y = 21.65x2+5.99x20.97 0.58 0.76 ,0.05

From all the dependent variables submitted to the model, only the pSer-HSP70:total HSP70 ratio (x) was included, whereas the others were left out.
doi:10.1371/journal.pone.0090887.t006
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higher (P,0.05) after a HT of 24 h (0.6860.05) than after a HT of

3 h (0.3560.03).

Multiple Regression Analyses between pSer in HSP70 and
Cryotolerance Indexes

Table 5 shows Pearson correlation coefficients between

extracted components from PCA with cryotolerances indexes

(calculated after incubation for 30 or 240 min at 37uC) and values

from pSer levels in HSP70 obtained in mini-array analyses and in

immuno-precipitation against HSP70 assessment (pSer-HSP70:to-

tal HSP70 ratio). Whereas the first components from PCA

obtained from cryotolerance indexes, both at 30 and 240 min of

incubation at 37uC, were positively and significantly correlated

with pSer levels in HSP70 obtained in mini-array analyses and

pSer-HSP70:total HSP70 ratios observed after immunoprecipita-

tion, no significant correlation was seen for the other four

components.

Given that the relevance of the first component in sperm

cryotolerance, such component was used in regression equations as

an independent variable, whereas dependent variables submitted

to the stepwise forward model were all the sperm parameters (not

cryotolerance indexes but raw sperm parameters) evaluated before

freeze-thawing. As dependent variable, spots intensity for each

protein obtained in mini-array protein analyses and pSer-

HSP70:total HSP70 ratio were also included and results are

shown in Table 6. From all the dependent variables submitted to

the model, only the pSer-HSP70:total HSP70 ratio was included,

whereas the others were left out. In all the cases, up to four models

were run and all included the same dependent variable. Thus,

predicting sperm cryotolerance before freeze-thawing resulted to

be possible when considering the pSer-HSP70:total HSP70 ratios

but not the other sperm parameters.

Discussion

Our results confirm that HT for 24 h has an improving effect on

boar-sperm cryotolerance. In addition, we have also shown that

this improving effect is concomitant with changes in pSer levels of

proteins like HSP70. This change suggests that the improving

action of HT could be related to post-transcriptional changes in

the activity of the anti-stress molecular mechanisms launched by

boar spermatozoa during freeze-thawing, taking into account that

spermatozoa are not able to up/downregulate their gene

expression. In this way, covalent post-translation protein-modifi-

cation mechanisms like protein phospho/dephosphorylation

[9,11] will be one of the most important post-translational

mechanisms involved in the modulation of these anti-stress

mechanisms.

In the present study, boar-sperm cryopreservation has been

utilised as a model for inducing stressful conditions [1]. However,

this application required a previous approach in order to better

learn the effects of HT on the success of sperm cryopreservation.

Thus, the absence of significant differences between HTs in any of

the sperm functional parameters before starting the cryopreserva-

tion (i.e. in extended semen) is noteworthy. In contrast, the

existence of differences between HTs after freeze-thawing

indicates that during this storage period boar spermatozoa

increase their cryotolerance. These conclusions are only partially

supported by the existing literature, since there are only a few

reports regarding the HT effects on boar-sperm post-thaw quality

and their results are controversial [5–7]. In addition, these effects

have mainly been reported so far on the basis of post-thaw sperm

viability and motility assessments, without evaluating other

relevant parameters such as the stability of the sperm nucleus or

intracellular ROS levels. Against this background, the present

work clearly demonstrates that a HT of 24 h prior to sperm

cryopreservation deteriorates the post-thawed sperm cell less than

does a HT of 3 h.

In the case of the sperm-nucleus structural integrity, our results

indicate for the first time that the extent of damages that freeze-

thawing infringes upon the boar-sperm nucleus depends on the

HT period. It is worth mentioning that previous studies of our

group have observed that freeze-thawing increases the number of

disrupted disulphide bonds in boar-sperm nucleoproteins [34],

[45]. Despite the mechanism which underlies the rupture of these

disulphide bonds still remaining unknown, these alterations might

affect the sperm’s fertilising ability [51–52]. In fact, protamines,

the most abundant proteins in a sperm nucleus [53], condense the

chromatin, protect DNA from nucleases and other damaging

agents, and remove transcription factors and proteins to help reset

the imprinting code in the fertilised oocyte [54]. In addition,

protamines are cysteine-rich proteins that establish disulphide

bonds between them. This, in turn, stabilises protein conformation

[55], so that any alteration that disrupts disulfide bonds can

negatively affect the protamine functions. Regarding DNA

fragmentation, it is not observed immediately after thawing, but

mainly after 240 min [34], and in pigs it has a much lower

incidence than in other species such as human and horse [51],

[56]. In the present work, levels of sperm DNA fragmentation in

FT spermatozoa are higher when the HT is of 3 h than when it is

of 24 h. This agrees with our data regarding the levels of free

cysteine residues in sperm nucleoproteins (FT spermatozoa) that

are higher when the HT is of 3 h than when it is of 24 h. Thus, it

seems reasonable to hypothesise that a longer contact of sperm

with seminal plasma factors during HT [2–3] triggers a sperm

response that leads to the protection of the sperm nucleus against

freeze-thawing.

Apart from the protective effects on the boar-sperm nucleus, the

benefits of a longer HT in FT spermatozoa have also been

observed in sperm membrane integrity (assessed by SYBR-14/PI

and PNA-FITC/PI assays), permeability (assessed through YO-

PRO-1/PI), and lipid disorder (assessed through M540/YO-

PRO-1). Our results match with those obtained by Eriksson et al.

[6], who found that post-thaw sperm viability was significantly

higher when HT was longer (of 10 h or 20 h) than when it was

shorter (3 h), and with those reported by Kotzias-Bandeira et al.

[5], who concluded that a longer HT resulted in a higher

acrosome integrity after freeze-thawing. In contrast, Guthrie and

Welch [7] did not find significant differences between the same

two HTs performed in this study (i.e. 3 h and 24 h) either in sperm

plasma membrane integrity or in sperm motility. However, there

are two aspects that we must take into account when comparing

our results with those obtained by the other authors. First, Kotzias-

Bandeira et al. [5], Eriksson et al. [6] and Guthrie and Welch [7]

evaluated the differences between HTs within 30 min post-

thawing, while in our study we have evaluated the spermatozoa

not only after 30 min, but also after 240 min post-thawing, and

the highest difference between both HTs has mainly been seen

after 240 min rather than after 30 min. Second, all of these

previous reports only evaluated plasma membrane integrity and

motility of spermatozoa, whereas this study has also evaluated HT

effects on the sperm nucleus, membrane permeability and lipid

disorder. Finally, and even though freeze-thawing slightly increas-

es the percentages of viable spermatozoa with high levels of H2O2

without affecting O2
2N levels, HT has no effect on ROS generated

during cryopreservation. These results are not surprising in boar

sperm. We must remember that, whereas with species such as

horse [57], bull [58] and dog [59], sperm cryopreservation

Cryotolerance and HSP70 in Boar Sperm
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increases ROS levels, the production of ROS linked to cryopres-

ervation is lower in pig and has a lesser impact [34], [43], [60–61],

minimising thus the role of ROS as deleterious agents in boar-

sperm cryopreservation.

As indicated above, our results indicate that the higher

cryotolerance linked to a HT of 24 h is concomitant with specific

changes in pSer levels of several structural sperm proteins.

Specifically, mini-array analyses suggest an increase in pSer levels

in four proteins, namely HSP70, GSK3, total TRK and CDK1/

CDC2. These results suggest that, at least in part, seminal plasma

factors and/or other factors present in extended semen confer

higher cryotolerance during HT and act through serine-phos-

phorylation of some proteins that are involved in stress, such as

HSP70. In this sense, we must remember that the presence of

seminal factors in extended semen may confer higher resistance to

cold shock [3]. This obviously does not preclude the existence of

other mechanisms related to the phosphorylation of other residues,

such as tyrosines or threonines, and/or phosphorylation/dephos-

phorylation of other proteins different from the 30 studied in this

work. However, the putative effects of HT on pSer of GSK3, total

TRK and CDC2/CDK1 are at this moment only hypothetical.

This is due to two facts. The first one is that pSer changes observed

in mini-arrays were of a much lower intensity than those observed

in HSP70. The second fact is that we have not confirmed the

specificity of the obtained results by performing further experi-

ments involving specific immunoprecipitation and subsequent

pSer analyses of the specifically immunoprecipitated GSK3, total

TRK and CDC2/CDK1. For this reason, further research is

warranted to better elucidate the role that the observed changes in

pSer of GSK3, total TRK and CDC2/CDK1 plays on boar-

sperm cryotolerance.

The interpretation of results regarding HSP70 is different from

that of those from GSK3, total TRK and CDC2/CDK1. First,

HSP70 presents the highest differences between both HTs.

Second, our immunoprecipitation approach confirms the speci-

ficity of the anti-HSP70 antibody used in mini-array analyses,

since the specific antibody immunoprecipitated a protein with the

recorded molecular weight of HSP70. Furthermore, immunopre-

cipitation analyses have confirmed that differences between levels

of phosphorylated serines observed between HTs are due to the

phosphorylation of these residues for a longer HT rather than to

alterations in HSP70 content. Taking this into consideration, the

pSer levels observed after a HT of 24 h are half high as those

observed after a HT of 3 h. Here, we must also point out that

although immunoprecipitation yield/effectiveness leads that not all

the samples have the same quantity of HSP70, the relevant aspect

is the amount of HSP70 that is serine-phosphorylated, and this is

rightly assessed through pSer-HSP70:total HSP70 ratio. Finally, it

is worth noting that we have correlated sperm cryotolerance

(Component 1 from PCA) with pSer-HSP70:total HSP70 ratios,

and that the pSer-HSP70:total HSP70 ratio has been the only

parameter included in regression analyses as being able to predict

boar-sperm cryotolerance before freeze-thawing. Related to this, it

is important to keep in mind that, in the case of Component 1,

factor loadings (aij) from cryotolerance indexes were positive in

those categories including fully intact spermatozoa (i.e. %SYBR-

14+/PI2 spermatozoa, %YO-PRO-12/PI2 spermatozoa, …) but

negative in those categories of non-viable/damaged spermatozoa

(e.g. %SYBR-14+/PI+ spermatozoa, %YO-PRO-1+/PI+ sperma-

tozoa, %YO-PRO-1+/PI2 spermatozoa).

The involvement of HSP70 in the modulation of cryotolerance

is not surprising if we take into account that heat-shock proteins

have been found in mammalian spermatozoa [17], [62–63].

Specifically, HSP70 is a chaperone protein involved in maintain-

ing proper protein conformation [64]. This protein changes its

distribution patterns during capacitation and acrosome reaction

[65] and is involved in spermatogenesis, fertilisation and post-

fertilisation events [66–68]. Up to now, studies relating HSP70

and sperm quality have been focused on the amounts of this

protein and its correlation with sperm quality parameters, heat-

stress response and thermotolerance of freshly ejaculated rather

than FT spermatozoa [23], [66], [69]. However, the main finding

of our work is that the involvement of this protein in boar-sperm

cryotolerance seems to occur, at least in part, via signal

transduction pathways that involve phosphorylation-related mech-

anisms, as confirmed by our immunoprecipitation studies and in a

similar fashion to that observed in osmotic stress response of rhesus

macaque sperm [17]. Nevertheless, the mechanism/s by which

HSP70 could exert its protective role against cryopreservation is

not clear. Thus, Bohring et al. [70] suggested that HSP70 is hardly

been involved in a stress response because spermatozoa have

highly condensed chromatin and, in this way, sperm cells are

unable to develop a stress response. These authors proposed,

instead, that HSP70 might mediate protein folding and the process

of translocation across the sperm membrane. However, in our

study we have seen that sperm samples stored for a longer HT

present higher levels of serine phosphorylation than those stored

for a shorter HT. This does not discard the hypothesis that HSP70

intervenes in protein folding, but it does emphasise the possibility

that HSP70 also mediates stress response in sperm by activation/

inactivation through serine-phosphorylation. Finally, another

aspect that remains to be elucidated regards the mechanism by

which a protein that, so far, has mainly been found at the

equatorial region of boar spermatozoa [68] increases the sperm

cryotolerance after serine phosphorylation.

To the best of our knowledge this is the first study

demonstrating that a key post-translation mechanism of protein

regulation such as phospho/dephosphorylation is involved in

sperm cryotolerance. Indeed, previous reports have demonstrated

that cryotolerance is related to the content of some proteins

involved in stress response, such as HSP90AA1 [71], but no one

has previously demonstrated that not only the content but also the

phosphorylation status of serine residues is relevant for sperm

cryotolerance, as PCA and multiple regression analyses have

shown. This suggests that spermatozoa present some regulation

mechanism that modulates sperm physiology during storage at

17uC and confers, among other changes, higher resistance to

stressful procedures such as cold-shock and osmotic stress during

sperm cryopreservation.

In conclusion, in the present report we have observed, in

agreement with other studies [34], [45], [52], that freeze-thawing

of boar spermatozoa impairs their plasma membrane, motility,

and destabilises their nucleoprotein structure by disrupting

disulphide bonds. However, the extent of this deterioration

depends on the duration of the previous HT, in a concomitant

manner with changes in pSer levels of some sperm proteins like

HSP70. For this reason, we hypothesise that seminal plasma or

other factors present in extended semen trigger a signal

transduction pathway during the HT period that involves serine-

phosphorylation of proteins like HSP70, and this increase, in turn,

is involved in the HT-related increase of boar-sperm cryotoler-

ance. Finally, these results open the door to further investigations

centred in the study of post-translational protein modifications that

may underlie sperm cryotolerance in mammalian species.
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semen; FT: frozen-thawed spermatozoa).
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DCF+/PI2; GMFI (FL1) DCF+/PI2 (Viable spermatozoa with

high H2O2); GMFI (FL1) DCF+ (total spermatozoa); % Sperma-

tozoa E+/YO-PRO-12; GMFI (FL3) E+/YO-PRO-12 (Viable
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