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ABSTRACT

Ejaculated ram spermatozoa, freed from seminal plasma by
a dextran/swim-up procedure and exposed to cold shock, were
incubated with ram seminal plasma proteins and analyzed by
fluorescence markers and scanning electron microscopy. Semi-
nal plasma proteins bound to the sperm plasma membrane mod-
ified the functional characteristics of damaged spermatozoa, re-
producing those of live cells. Scanning electron microscopy
showed that the dramatic structural damage induced by cooling
reverted after incubation with seminal plasma proteins. Assess-
ment of membrane integrity by fluorescence markers also indi-
cated a restoration of intact-membrane cells. This protein ad-
sorption is a concentration-dependent process that induces cell
surface restoration in relation to the amount of protein in the
incubation medium. Fractionation of ram seminal plasma pro-
teins by exclusion chromatography provided three fractions able
to reverse the cold shock effect. Scanning electron microscopy
also confirmed the high activity of one fraction, because ap-
proximately 50% of cold-shocked sperm plasma membrane sur-
face was restored to its original appearance after incubation.
Differences in composition between the three separated frac-
tions mainly resulted from one major band of approximately 20
kDa, which must be responsible for recovering the sperm mem-
brane permeability characteristic of a live cell.

sperm, stress

INTRODUCTION

Mammalian sperm have unusual plasma membranes
compared with those of somatic cells. After leaving the
testes, sperm ceases plasma membrane lipid and protein
synthesis. However, mammalian spermatozoa cannot fertil-
ize oocytes immediately after ejaculation. They acquire this
ability only after remaining for a certain period of time in
the female tract, through a process called capacitation. Only
fully capacitated sperm are competent to undergo the zona-
induced acrosome reaction.

Seminal plasma, a physiological secretion from multiple
glands of the male reproductive tract, is the natural medium
for maturation of the spermatozoa through hormonal, en-
zymatic, and surface-modifying events. The addition and
removal of a variety of proteins during epididymal matu-
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ration and at ejaculation play important roles in the capac-
itation of sperm and fertilization of the egg [1, 2].

Seminal plasma contains a variety of biochemical com-
ponents, some of which are relatively specific for the reg-
ulation of spermatozoa function. Seminal plasma compo-
sition has been thoroughly analyzed in several species [3,
4], but its role in sperm function remains largely a matter
of speculation. Reports on several species suggest that sem-
inal plasma contains factors that may influence sperm via-
bility. These results are generally based on the observation
that ejaculated spermatozoa die if the concentration of sem-
inal plasma in their environment is reduced by dilution or
washing [5]. Thus, seminal plasma was reported to be im-
portant for maintaining spermatozoa motility in bull [6] and
ram [7], for improving ram sperm viability [8, 9], and for
increasing the resistance of boar spermatozoa to cold shock
damage [10, 11]. Results of other studies have indicated
that seminal plasma has little effect on sperm motility or
susceptibility to cold shock in mammals [12, 13]. Con-
versely, detrimental effects of seminal plasma on sperm cell
motility [7, 14, 15], viability [5, 16–18], and survival after
freezing-thawing [19–21] have also been reported. These
contradictory results indicate that seminal plasma is a com-
plex mixture containing a wide variety of components that
affect the survival and motility of sperm. Differences in
seminal plasma protein profiles from bulls of different fer-
tility have been found [22–24].

The adsorption of large quantities of seminal plasma pro-
teins has been confirmed by Metz et al. [25] in boar sper-
matozoa, and surface changes of bull, ram, and boar sper-
matozoa by interactions with seminal plasma proteins have
also been described [26]. Likewise, we have already shown
that adsorption of seminal plasma proteins by ram sper-
matozoa previously exposed to detergent reverses the de-
tergent effect on sperm surface [27]. Recently, mammalian
spermatozoa have been reported to bind seminal vesicle
proteins [28], and mammalian sperm function has been ben-
eficially modified by exposure to a synthetic peptide [29].

Ram spermatozoa are more sensitive to cold shock stress
than other species such as bull, rabbit, or human [19, 30,
31], which suggests that species-dependent differences may
exist with respect to cold-induced ultrastructural changes of
the plasma membrane. Thus, aggregation of particles in the
plasma membrane of ram spermatozoa on cooling to 58C
has been shown [30, 32], as has redistribution of intramem-
branous particles in the plasma membrane of both boar and
bull spermatozoa [33]. The reduced longevity and fertiliz-
ing ability of cryopreserved mammalian spermatozoa has
been suggested to result from their early capacitation state
[34–36]. The redistribution of some proteins occurs con-
comitant with, or only after, capacitation [37]. Some of the
proteins function to stabilize the membrane until the appro-
priate time.

In the present study, we investigate the hypothesis that
seminal plasma components could recover membrane in-
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tegrity of cold-shocked ram spermatozoa. The effect of in
vitro exposure to seminal plasma proteins on the cell via-
bility of cold-shocked ram spermatozoa was analyzed using
biochemical markers and electron microscopy. In addition,
proteins from ram seminal plasma were fractionated, and
their ability to recover membrane integrity of cold-shocked
sperm was examined.

MATERIALS AND METHODS

Preparation of Cell Samples

All the experiments were performed using fresh ram
spermatozoa. Semen was collected from eight mature Rasa
aragonesa rams by an artificial vagina. The rams were
maintained at the School of Veterinary Medicine under uni-
form nutritional conditions. Second ejaculates from four
rams were pooled and used for each assay to eliminate in-
dividual differences. Experiments were performed over
time, maintaining sires with an abstinence period of 2 days
on the basis of previous results [38].

A seminal plasma-free sperm population obtained by a
dextran/swim-up procedure [39] performed using a medium
without Ca2Cl and NaHCO3 [40] was used. For thermal
shock, approximately 2 3 109 cells obtained after the swim-
up process were incubated for 5 min at 258C, transferred
to 58C for 10 min, and then replaced at 258C for a further
5 min. An aliquot of approximately 1 3 106 cells was re-
covered, diluted to 0.5 ml with the swim-up medium, and
then incubated with seminal plasma proteins to assess their
effects.

Evaluation of Semen Samples

Sperm concentration was calculated in duplicate using a
Neubauer chamber (Marienfeld, Germany).

Cell viability (i.e., membrane integrity) was assessed by
fluorescent staining with carboxyfluorescein diacetate and
propidium iodide [41]. The cells were then examined under
a Nikon fluorescence microscope (Tokyo, Japan), and the
numbers of propidium iodide-negative (i.e., membrane-in-
tact) spermatozoa and propidium iodide-positive (i.e., mem-
brane-damaged) spermatozoa per 100 cells were estimated
and recorded. At least 200 cells were counted in duplicate
for each sample. Results are expressed as the percentage of
membrane-intact spermatozoa 6 SD.

Obtainment of Seminal Plasma and Proteins

Seminal plasma was obtained by spinning 1 ml of semen
at 12 000 3 g for 5 min in a microfuge at 48C. The super-
natant was centrifuged again, and 400 ml of undiluted sem-
inal plasma were removed and, after filtering through a
0.22-mm membrane, kept at 2208C.

Seminal plasma proteins were obtained by filtering the
whole seminal plasma through Microsep microconcentra-
tors (Filtron Tech, Northborough, MA) of a 3-kDa molec-
ular weight cut-off, spinning for 6 h at 3 000 3 g at 48C.
The obtained sample concentrate was diluted with five vol-
umes of a medium containing 0.25 M sucrose, 0.1 mM
EGTA, 4 mM sodium phosphate (pH 7.5), 10% (v/v) of
103 buffer stock Hepes (50 mM glucose, 100 mM Hepes,
20 mM KOH) and then centrifuged again, after which the
seminal plasma proteins were recovered and stored at
2208C. Protein concentration was assessed according to the
method described by Bradford [42].

Seminal plasma lipoproteins were obtained by NaBr
density-gradient ultracentrifugation according to the meth-

od described by Kelley and Kruski [43]. After exhaustive
dialysis with the same medium described earlier, protein
concentration was estimated using the bicinchoninic acid
protein assay reagent according to the supplier’s instruc-
tions (Pierce, Rockford, IL).

Scanning Electron Microscopy

Cell suspensions (2 3 106) were fixed in Karnovsky fix-
ative for 1 h at room temperature and then centrifuged at
600 3 g for 1 min. The pellet was washed twice in 1.5%
sucrose in 0.1 M phosphate buffer (pH 7.4) for 45 min at
room temperature. Samples were then placed on Isopore
filters (0.2-mm diameter) (Millipore Corp., Bedford, MA)
and dehydrated in ascending concentrations of ethanol
twice for 5 min in each of 50%, 70%, 96%, and 100%
alcohol. Subsequently, samples were critical-point dried
(Jeol 50/60 Hz) and coated with gold palladium (100–200
nm, 90 sec, 20 mA). Specimens were observed and pho-
tographed using an Hitachi 4100 FE scanning electron mi-
croscope (Hitachi Instruments Inc., San Jose, CA). In each
instance, approximately 100 cells were observed and scored
as membrane-intact or membrane-damaged spermatozoa.

SDS-PAGE Analysis

Analysis with SDS-PAGE was performed in a gradient
(4%–22%) of polyacrylamide gel according to the method
described by Laemmli [44] using a mini protean II vertical
slab gel electrophoresis apparatus (Bio-Rad, Hercules, CA).
The samples containing 15 mg of proteins were diluted 4:1
v/v with the sample buffer (25% glycerol, 2% SDS, 0.027
M Tris-HCl [pH 6.8], 5% 2-mercaptoethanol, 0.018%
EDTA, and 0.1% bromophenol blue) and heated for 5 min
at 958C. Electrophoresis was performed for 4 h and 30 min
at 55 V at room temperature. A mixture of prestained mo-
lecular weights ranging from 6.5 to 205 kDa (Sigma, St.
Louis, MO) was used as a standard. Gels were stained with
0.025% Coomassie R (Serva, Heidelberg, Germany). Den-
sitometric analysis of the stained gel was performed using
Gel Doc 1000 (Bio-Rad) with Molecular Analyst software
(Bio-Rad).

Sephacryl-100 HR Chromatography

Forty milligrams of seminal plasma proteins were loaded
(0.1 ml/min) on a 1.6- 3 90-cm Sephacryl-100 high reso-
lution column (XK 16/100 Pharmacia-Biotech, Uppsala,
Sweden) and equilibrated at 48C in 0.005 M phosphate buff-
er (pH 8) containing 0.2 M NaCl. The column was then
washed at 0.1 ml/min with 120 ml of equilibration buffer.
Fractions (1 ml) were collected at the same flow rate. During
purification, protein concentration in each fraction was esti-
mated by monitoring the absorbance at 280 nm. Pooled frac-
tions were thoroughly dialyzed against distilled water con-
taining 0.1% sodium azide and kept frozen (dried) until use.

Assessment of Seminal Plasma Protein Effect

Whole seminal plasma proteins and dried fractions iso-
lated from Sephacryl-100 chromatography were diluted
with the swim-up medium [40]. Protein concentration was
determined according to the method described by Bradford
[42]. Different protein amounts between 0.1 to 2.5 mg were
added to 1 3 106 cold-shocked spermatozoa and incubated
at 208C for 1 h. Results are expressed as the percentage of
reversion of cold shock effect in the sample containing
plasma proteins with respect to the control sample (i.e.,
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FIG. 1. Scanning electron microscopy of ram spermatozoa. A) Obtained by swim-up. B) Subjected to cold shock. C) Subjected to cold shock and
incubated with 0.7 mg of seminal plasma proteins. D) Subjected to cold shock and incubated with 0.7 mg of fraction 6 proteins. Magnification 313 000.

assessing the percentage of membrane-intact spermatozoa
[propidium iodide-negative]). The relation between total re-
covered cells (evaluated as the difference between cell vi-
ability after 1 h of incubation with and without proteins)
and total theoretically recoverable cell (evaluated as the dif-
ference between cell viability in the swim-up obtained sam-
ple and the cold-shocked sample after 1 h of incubation)
was used to express results, or

[(Vp 2 Vc )/(Vs 2 Vc )] 3 10060 60 60

where Vp is the protein-added, cold-shocked sample via-
bility; Vc is the cold-shocked sample viability; Vs is the
swim-up sample viability; and 60 indicates the incubation
time (min) after addition of the proteins.

RESULTS

Scanning Electron Microscopy-Detected Restoration of
Cold-Shocked Sperm Plasma Membrane by Adsorption of
Seminal Plasma Proteins

The cold-shock treatment strongly affected the swim-up
sperm sample quality, lowering cell viability from 67.2%
6 3.2% to 26% 6 10% (n 5 4). Scanning electron mi-

croscopy clearly showed the dramatic structural damage in-
duced by the cold shock. Figure 1 is representative of con-
trol and cold-shocked ram sperm populations. This damage
partially reverted after incubation with whole seminal plas-
ma proteins. When 1 3 106 cells were incubated with 1.4
mg of seminal plasma proteins, approximately 65% of dam-
aged spermatozoa showed the sperm plasma membrane sur-
face restored to its original appearance (Fig. 1C).

These results are in agreement with those for membrane
integrity obtained by fluorescence markers, because the
26% 6 2.2% viability value obtained after the cold shock
increased to 58.1% 6 7.7% after protein incubation.

The proportion of cells with restored surface character-
istics was in relation to the concentration of proteins in the
incubation medium (Fig. 2). A recovering percentage of
83% of membrane-intact cells was achieved after incubat-
ing 1 3 106 cells with 1.4 mg of seminal plasma proteins.
A saturating effect is appreciated between 1.5 and 2.5 mg,
because the slope is less pronounced than that in the first
part of the curve.

Fractionation of Seminal Plasma Proteins
To establish baseline information about patterns of ram

seminal plasma proteins, SDS-PAGE analysis was per-
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FIG. 2. Survival of cold-shocked ram spermatozoa following addition of
seminal plasma proteins after 60 min of incubation. An aliquot of 0.5 ml
containing 1 3 106 cells was incubated with different amount of proteins.
The recovering percentage of propidium iodide-negative spermatozoa as-
sessed as (Vp60 2 Vc60)/(Vs 2 Vc60) 3 100, where Vs is the swim-up
sample viability; Vc is the cold-shocked, control sample viability; Vp is
the protein-added, cold-shocked sample viability, and 60 is the incuba-
tion time (min) after addition of proteins. Data are shown as mean 6 SD
of four experiments.

FIG. 3. Coomassie brilliant blue-stained protein bands in ram seminal
plasma separated by SDS-PAGE. Each lane was loaded with 15 mg of
protein. Lane 1: molecular weight markers; lane 2: whole ram seminal
plasma; lane 3: seminal plasma lipoproteins; lanes 4, 5, and 6: fraction
3, 6, and 7, respectively, obtained from chromatography on Sephacryl-
100 HR.

TABLE 1. Effect of the addition of seminal plasma lipoproteins.a

Incubation

0.7 mg

Control Lipoproteins

1.4 mg

Control Lipoproteins

0 minutes
1 hour

30.66 6 4.98
27 6 7.48

33 6 6.97
26.66 6 5.24

32 6 3.25
25 6 5.20

31 6 4.16
24 6 6.31

a Mean values 6 SD of intact-membrane spermatozoa (%), n 5 3.

formed. Approximately 20 seminal plasma polypeptide
fractions were visualized in whole seminal plasma (Fig. 3,
lane 2) ranged in molecular weight from less than 12 to
nearly 200 kDa. The most prominent bands were those less
than 70 kDa.

To investigate which kind of seminal plasma proteins
were responsible for the reversion effect, different purifi-
cation strategies were performed. Seminal plasma lipopro-
teins are not involved in the recovering effect, because the
addition of lipoproteins isolated from ram seminal plasma
(Fig. 3, lane 3) were unable to reverse the cold-shock-in-
duced damage (Table 1). Likewise, neither cationic nor an-
ionic exchange chromatography, using fast protein liquid
chromatography, was efficient to successfully separate the
active proteins (data not shown). Elution profiles of exclu-
sion chromatography on Sephacryl-100 HR revealed that
despite seminal plasma polypeptides having a strong ten-
dency to associate between them, eight main fractions were
separated (Fig. 4). Fractions 1, 6, 7, and 8 account for 70%
of the total seminal plasma proteins.

Cold-Shocked Sperm Recovered Membrane Integrity after
Incubation with Protein Fractions

Assessment of membrane integrity by fluorescence
markers revealed that among the eight obtained fractions,
only three (fractions 3, 6, and 7) could reverse the cold-
shock effect on ram spermatozoa (Table 2). Although SDS-
PAGE analysis still displayed several polypeptides in the

three fractions (Fig. 3, lanes 4, 5, and 6), the prominent
band in fraction 6 of approximately 20 kDa is much slighter
in fraction 3 and 7.

Fraction 6 had the greatest reversion capacity, because a
recovery of 70% was achieved after incubation with this
fraction. In contrast, recoveries of 22% and 33% were
achieved after addition of fractions 3 and 7, respectively
(Fig. 5).

Scanning Electron Microscopy Detected Restoration of
Sperm Plasma Membrane After Incubation with Fraction 6

Scanning electron microscopy also showed that incuba-
tion with fraction 6 reversed the structural damage induced
by the cold shock (Fig. 1D), restoring the original appear-
ance of the sperm plasma membrane surface. After incu-
bating 1 3 106 cells with 0.7 mg of fraction 6 protein,
approximately 50% of damaged spermatozoa showed re-
paired surface. These results are in agreement with those
for membrane integrity obtained by fluorescence markers.
Thus, a swim-up-obtained sample viability of 70% 6 0.2%
decreased to 17.6% 6 1.2% after the cold shock and in-
creased to 54.3% 6 3.0% (n 5 3) after incubation with 0.7
mg of fraction 6 proteins.

DISCUSSION

The present study supports our previous observations
[27, 45, 46] that acquisition of seminal plasma proteins by
adsorption to the sperm cell surface modifies the functional
characteristics of damaged spermatozoa, reproducing that
of live cells.

Several studies have provided direct evidence that spe-
cific components of seminal plasma are adsorbed onto the
surface of ejaculated sperm [25, 29, 33, 47, 48]. It has been
suggested that these sperm-coating components have an im-
portant function in the process of capacitation and/or sperm
transport [49], and that removal of some of these compo-
nents in the female genital tract is a prerequisite for fertil-
ization [48]. In addition, the need for some of these ad-
sorbed proteins not only to acquire the fertilizing capacity
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FIG. 4. Elution profile of exclusion chromatography on Sephacryl-100 HR ram seminal plasma proteins. Forty milligrams of proteins were loaded, and
fractions of 1 ml were collected. The numbers correspond to the protein fractions depicted in Table 2.

FIG. 5. Recovering percentages of propidium iodide-negative sperma-
tozoa. An aliquot of 0.5 ml, containing 1 3 106 cells, was incubated with
0.7 mg of seminal plasma proteins (SPP) or proteins from fraction 3 (F3),
6 (F6), or 7 (F7) isolated by chromatography on Sephacryl-100 HR. Re-
covery (%) was assessed as (Vp60 2 Vc60)/(Vs 2 Vc60) 3 100, where Vs is
the swim-up sample viability; Vc is the cold-shocked, control sample vi-
ability; Vp is the protein-added, cold-shocked sample viability, and 60 is
the incubation time (min) after addition of proteins. Data are shown as
mean 6 SD (n 5 3).

TABLE 2. Reversion of cold-shock effect on ram spermatozoa.a

Frac-
tionb Vs Vc0 Vp0 Vc60 Vp60

3
6
7

68.3 6 2.3
70.0 6 0.2
70.6 6 0.4

19 6 6.4
17.3 6 1.2
13.3 6 3.0

31.6 6 9.6
32.3 6 4.4
23.0 6 3.5

18.6 6 5.5
17.6 6 1.2
18.3 6 0.4

35.3 6 8.0
54.3 6 3.0
33.3 6 4.0

a Mean values 6 SD (n 5 3).
b Active fractions of seminal plasma proteins obtained following exclusion
chromatography on Sephacryl-100 HR. Subscripts (0 or 60) indicate in-
cubation time after addition of proteins. Vs, Swim-up sample viability;Vc,
cold-shocked sample viability; Vp, cold-shocked sample viability after ad-
dition of proteins.

but also to maintain cell viability has already been reported
[50]. Some of the proteins function to stabilize the mem-
brane until the appropriate time, whereas others ultimately
contribute to membrane loss (i.e., to exocytosis). Thus, it
is critically important that capacitation and the acrosome
reaction occur in a temporal-spatial framework that is con-
ducive to and facilitative of fertilization.

Results of biochemical studies of cold shock on mam-
malian spermatozoa have demonstrated that proteins and
lipids are released during the treatment and that morpho-
logical damage occurs, especially to the acrosome and plas-
ma membrane [19, 51, 52].

Results of the present study indicate that the primary
lesion associated with cold-shock damage is the plasma
membrane, accounting for considerable morphological al-
terations. In addition, important changes in membrane per-
meability also result from the injury. The hypothesis that
seminal plasma components could improve the viability
(i.e., membrane integrity) of cold-shocked ram spermatozoa
was tested. The adsorption of proteins isolated from semi-
nal plasma reverts this damage, as confirmed by the results
of electron microscopy and chemical analysis, possibly by
occupying sites on the plasma membrane surface. The re-
sults obtained with increasing amounts of seminal plasma
proteins also support this suggestion. Thus, the increase in
the percentage of membrane-intact spermatozoa resulted
from the acquisition of greater adsorbed seminal plasma
proteins. This protein adsorption would repair damage
caused by the cold shock, restoring the impermeability of
the plasma membrane to propidium iodide.

The effect of cooling on sperm membrane has been thor-
oughly studied, and postcooling spermatozoa are suggested
to have the features of premature capacitation [8, 35].
Moreover, a high percentage of capacitated sperm has been
determined after cooling mouse spermatozoa at 48C [34].
Capacitation involves the removal of cholesterol and plas-
ma membrane-bound coating proteins, which results in
membrane destabilization as well as increased membrane
fluidity and permeability, with alterations in the mobility of
integral proteins [37, 53, 54]. Seminal plasma can suppress
capacitation [55–57] and decapacitate previously capacitat-
ed spermatozoa [58]. Cross [57] further established that
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seminal plasma can prevent or reverse the development of
acrosomal responsiveness in human spermatozoa, and that
the main role of seminal plasma may be to maintain the
spermatozoa in a decapacitated state. That adsorption of
seminal plasma proteins reverts the cooling effect sustains
these data. Proteins from seminal plasma adsorbed onto the
capacitated spermatozoa surface would revert them to a de-
capacitated state.

To investigate further which kind of seminal plasma pro-
teins were responsible for the reversion effect, several frac-
tionation processes were performed. Although lipoproteins
have been described as being involved in sperm capacita-
tion by interacting with sperm proteins [59–61] and egg
yolk lipoproteins are the active substances that can protect
sperm membranes from cooling injury [62, 63], our results
indicate that lipoproteins isolated from ram seminal plasma
cannot reverse the effect of cold shock on ram spermatozoa.
Nevertheless, by exclusion chromatography, we separated
three seminal plasma protein fractions that could recover
the sperm membrane permeability characteristic of a live
cell. The results of this study clearly show that a higher
proportion of spermatozoa possessed intact membrane after
incubation with each of these three fractions. The higher
activity of fraction 6 was also confirmed by scanning elec-
tron microscopy, which showed approximately 50% of
damaged cells with the restored, original appearance of the
sperm plasma membrane surface. Differences observed in
composition between the three isolated fractions mainly re-
sult from one major band of approximately 20 kDa, which
accounts for more than 40% of the total proteins in fraction
6; however, this band is much less prominent in the two
other fractions. That fraction 6 showed the highest activity
suggests this major band must be responsible for the de-
scribed reversion capacity.

The observation, both in this study and by partition in
an aqueous two-phase system [46], that the adsorption of
seminal plasma proteins to cold-shocked spermatozoa re-
stores membrane permeability, together with the ultrastruc-
tural findings, indicates that membrane integrity is largely
recovered. The exact components of seminal plasma that
are responsible for the effects observed are yet to be iden-
tified, but this work presents convincing evidence that sem-
inal plasma is important in determining the quality of ejac-
ulated spermatozoa. The study of seminal plasma compo-
nent effects on spermatozoa could help in the formulation
of better diluents for preserving spermatozoa during freez-
ing or storage at 48C, room temperature, or even body tem-
perature. If the protective effect of ram seminal plasma pro-
teins can be promoted at insemination by changing the
spermatozoa to a suitable medium, such a procedure may
allow storage of spermatozoa for extended periods and im-
provement of cryopreservation methods for ram semen.
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