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Abstract Phosphatidylserine membrane translocation
(PST) is considered to be a marker of apoptosis; however,
numerous studies have reported on its role in processes not
related to cell death. The purpose of the study was to inves-
tigate: (1) what is the impact of PST on the motility of sper-
matozoa, and (2) does the swim-up isolation involve the
percentage of cells presenting PST? Semen of 28 normozoo-
spermic men (WHO criteria) was analyzed. High motility
spermatozoa were isolated by the swim-up technique. The
percentage of spermatozoa with PST in neat semen and after
swim-up isolation was assessed with Annexin-V labeled with
fluorescein, using flow cytometry technique. The spermato-
zoas’ motility was measured with a computer-assisted anal-
ysis system. The kinetic subpopulations of spermatozoa were
identified with dedicated software and analyzed regarding
PST. Vital spermatozoa with PST demonstrated progressive
movement. The motion analysis system revealed a very strong
positive correlation between the percentage of vital sperma-
tozoa with PST and the percentage of spermatozoa belonging
to the slow subpopulation (r = 0.83; p < 0.05), as well as a
very strong negative correlation between the percentage of
vital spermatozoa with PST and the percentage of spermato-
zoa belonging to the rapid subpopulation (r = —0.86;
p < 0.05). After the swim-up isolation, the percentage of vital
spermatozoa presenting PST significantly decreased
(24 £ 2.1% vs. 5.2 £ 2.4%; p < 0.05). Spermatozoa with
PST present progressive movement; however, their motility is
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decreased. Isolation of spermatozoa with the swim-up tech-
nique eliminates the cells with PST.
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Introduction

Asymmetry of the arrangement of phospholipids throughout
the lipid bilayer is a distinctive feature of biological mem-
branes. Phospholipids containing choline such as phospha-
tidylcholine and sphingomyelin are present in the outer layer
of the plasma membrane. Aminophospholipids such as
phosphatidylethanolamine (PE) and phosphatydilserine (PS)
are placed in the inner part [1-3]. Asymmetry of the
arrangement of phospholipids within the membrane is not
absolute except for phosphatidylserine which is controlled
by fippase activity [4, 5]. The process of phosphatidylserine
membrane translocation (PST) consists of translocation from
the inner to the outer membrane leaflet and is recognized to
be an important biological event within the cell.

PST occurs in apoptotic cells [6]. It is suggested that
decrease of fippase activity can be found in cells which
were given the apoptotic signal. It is assumed that
increased intracellular Ca*™ concentration inhibits fippase
activity while inducing scramblase activity [7]. It is sup-
posed that PS exposed on the cell surface is an element of
the “eat me” signal, which is sent to macrophages; how-
ever, the exact nature of the signal causing migration of
macrophages to the apoptotic cells localization remains
unclear. It is supposed that binding of PS with the PS
receptor localized on phagocytes does not directly result in
phagocytosis but represents a tickling signal that stimulates
tethering of an apoptotic cell [8, 9].
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Several studies have shown that PST can take place not
only during apoptosis but also at various stages of cell
differentiation [10-12]. Van den Eijnde et al. [13] reported
that differentiating myoblasts demonstrated superficial PS
expression. The authors postulated that superficial expres-
sion of fusiogenic lipids (PS and PE) might be necessary
for the fusion process leading to formation of polynuclear
muscular fibers. PS externalization also concerns mem-
brane lipid rafts of developing and mature lymphocytes B
[14]. PS externalization was identified at some stages of
erythropoiesis as an important element of the blood-clot-
ting process cascade [15-17]. Superficial PS expression
was found in erythrocytes of patients diagnosed with
thalassemia [18, 19], chronic renal failure [20] and sickle-
cell anemia [21]. It has also been described in aging
erythrocytes; thus, it could be a signal for eliminating aging
or abnormal cells [22-24].

The cell membrane of human spermatozoa, as well as
the one of the somatic cells, show outer—inner asymmetry
of the lipid bilayer. The topography of the spermatozoon
cell membrane comprises five main domains which differ
regarding the occurrence of PST [25, 26]. Present data do
not clearly explain the circumstances under which PST
occurs in spermatozoa or what are the biological effects of
this process. It is suggested that PST can be considered an
exponent of changes in the spermatozoa cell membrane
that occur during capacitation and acrosome reaction or
during elimination of pathological spermatozoa.

The purpose of the study was to investigate the impact
of PST on the motility of the spermatozoa. The following
issues were addressed: (1) is there a relationship between
PST and the spermatozoa’s motility, and (2) does the
swim-up isolation involve the percentage of cells present-
ing PST?

Materials and methods
Selection criteria

Human semen from 28 normozoospermic men was
obtained. Semen analysis was performed according to the
World Health Organization guidelines. Unprocessed (neat)
semen samples were washed in phosphate-buffered saline
(PBS). Spermatozoa with high motility were isolated by the
swim-up technique (WHO 1999) [27].

Plasma membrane translocation of phosphatidylserine
assay

The translocation of PS from the inner to the outer leaflet of
the plasma membrane was detected using annexin V
(An-V) marked with fluorescein (An-V-FLUOS) (cat.

1828681; Roche, Germany). To differentiate between the
vital and the dead cells propidium iodide (PI) (cat. P4170;
Sigma-Aldrich, USA) was used. Spermatozoa resuspended
in PBS were prepared according to the manufacturer’s
instructions for cell suspension.

Microscopic observation were made under a confocal
microscope (LSM 510; Zeiss, Germany). The fluorescence
signals of labeled spermatozoa were analyzed by flow
cytometer FACSCalibur (Becton-Dickinson, USA). For
each experiment, 10,000 spermatozoa were examined. The
fluorescence of An-V-FLUOS and PI was excitated by
argon laser (488 nm) and emission of An-V-FLUOS was
measured in the FL1 channel (515-545 nm), while the red
fluorescence of PI was detected in the FL3 channel
(>650 nm). All data were collected and analyzed using
CellQuest Pro software (v.5.2.1) (Becton—-Dickinson). For
each experiment, density dot plots were drawn.

Analysis of spermatozoa motility parameters

Spermatozoa motility analysis was performed using a
computer-assisted spermatozoa analysis system. Ten pl of
spermatozoa suspension was spotted on a Cell Vision
chamber slide, which gives the permanent thickness of the
specimen. The picture registration was conducted with a
frequency of 60 frames per second using a PixelLink
camera. The motility of a minimum 10 different fields of
the microscopic specimen was registered for each case, so
that the number of analyzed spermatozoa could not be
lower than 700 cells. Acquisition time was 2.08 s. The
analyzed area was of 640 x 470 pm in size, at 0.86 points
of resolving power. Trajectory motility analysis was per-
formed with the use of “C-Ruch” software [28]. All
measurements were made in a constant, controlled tem-
perature of 24°C. The following spermatozoa motility
parameters were analyzed: (1) velocity straight linear
(VSL), (2) cross-beat frequency (CBF), (3) lateral head
displacement (LHD) and (4) homogeneity of progressive
movement velocity (HPMV).

To highlight motile subpopulations from the examined
sperm population, the “C-Ruch” computer program was
used. The selection rule used in this program is based on
adjusting the VSL value distribution by means of multiple
normal distribution. Each distribution is characterized by
the mean VSL value of the subpopulation, standard VSL
deviation and the percentage of spermatozoa belonging to
each subpopulation. The number of the subpopulation was
not given a priori and resulted from the quality of adjust-
ment towards the real distribution. The number of sub-
populations and their values regarding VSL were
calculated. Other motility parameters were calculated using
projection weighted by probability of belonging to the
subpopulation.
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Statistical analysis

Evaluation was performed by nonparametric tests (Wilco-
xon rank-sum test, Spearman correlation). Calculations
were performed using Statistica 7.0 (StatSoft). p < 0.05
was considered significant.

Results

Microscopic and flow cytometric analysis distinguished
four fractions of spermatozoa: (1) AnV ™ /PI™ (vital sperm
cells without membrane PST), (2) AnV'/PI~ (vital cells
with membrane PST), (3) AnV /PI" (dead cells without
membrane PST) and (4) AnV*YPI" (dead cells with
membrane PST).

The midpiece was the most frequent site of PST in vital
spermatozoa. Spermatozoa with PST in the midpiece
demonstrated the ability for progressive movement
(Fig. 1). Spermatozoa with PST in both midpiece and the
acrosomal region lost the ability for progressive movement.
The ability of slow progressive movement was also noticed

in single spermatozoa with PST located in the midpiece
and in accumulation of PI in the nucleus.

In order to estimate the dependence between sperma-
tozoa motility and PST, the percentages of spermatozoa
demonstrating PST and presenting a chosen value of
motility parameters, namely the VSL, CBF, LHD and
HPMV, were evaluated. Because of significant heteroge-
neity of progressive movement velocity of spermatozoa
(Table 1), various motility subpopulations were distin-
guished in each semen sample. According to the VSL value
for each aliquot of neat semen, three kinetic fractions of
sperm were observed: slow, moderate and rapid (Table 1).
For each semen, the percentage of spermatozoa in each
kinetic fraction was assessed.

A very strong positive correlation (r = 0.83; p < 0.05)
was found between the percentage of AnV*'/PI~ sperma-
tozoa in neat semen and the percentage of slow sperm
fraction, while a very strong negative correlation was found
between the percentage of rapid spermatozoa fraction and
the percentage of AnV'/PI” spermatozoa (r = —0.86;
p < 0.05) (Fig. 2). There was no significant correlation the
between percentage of vital spermatozoa with PST and the

Fig. 1 A sequence of confocal microscopy images showing moving spermatozoa with phosphatidylserine translocation in the midpiece;

annexin-V fluorescein isothiocyanate staining
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Table 1 Chosen values of spermatozoa motility parameters from exemplary neat semen

VSL, CBF, LHD, HPMV values for all spermatozoa

n Mean Minimum Maximum Standard deviation

VSL (pm/s) 772 19.95 2.94 37.98 9.00
CBF (Hz) 772 3.56 0.52 26.93 3.64
LHD (pm) 772 1.66 0.24 3.76 0.88
HPMV (um) 772 2.11 0.31 11.88 1.40

VSL, CBF, LHD, HPMYV values of separated spermatozoa kinetic subpopulations

(%) VSL (um/s) CBF (Hz) LHD (pm) HPMV (um)
Slow fraction 31.2 65+ 1.3 42 + 4.7 04+ 0.1 09 +13
Medium fraction 19.6 11.6 £22 45+£28 0.6 £0.2 1.3 +£21
Rapid fraction 49.2 22.7£9.8 32+ 1.6 1.7+ 0.8 1.9 £09

VSL Velocity straight linear, CBF cross-beat frequency, LHD lateral head displacement, HPMV homogeneity of progressive movement velocity
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Fig. 2 Correlation between the percentage of vital spermatozoa with PST and the percentage of spermatozoa belonging to the slow fraction
(a) and to the rapid fraction (b) in neat semen for 28 normozoospermic men

percentage of moderate VSL spermatozoa kinetic fraction
(p > 0.05).

Flow cytometry analysis demonstrated that, in the swim-
up fraction, the amount of vital spermatozoa with PST was
significantly reduced comparing to neat semen: 2.4 + 2.1
versus 5.2 + 2.4%, p < 0.05 (Table 2). The distribution of
spermatozoa fractions in neat semen and after swim-up
selection in an exemplary normozoospermic semen is
presented in Fig. 3.

Discussion

Our observations indicate that spermatozoa with PST
within the midpiece reveal the ability for progressive

Table 2 Percentage of spermatozoa with phosphatidylserine mem-
brane translocation in neat semen versus the percentage in the swim-
up isolation fraction for 28 normozoospermic men

Type of spermatozoa Neat semen Swim-up fraction p
Mean £ SD (%) Mean = SD (%)

An-V~/PI~ 64.4 + 12.0 91.7 + 6.0 <0.05
An-V*/PI~ 52424 24 +2.1 <0.05
An-V*/PTt 21.8 £ 125 35+1.2 <0.05
An-V~/PI*" 8.5+ 4.5 27 +£08 <0.05

SD Standard deviation

movement. On the other hand, a significant reduction of
percentage of vital spermatozoa with PST in the fraction
isolated with the use of swim-up was observed. These
findings demonstrate that spermatozoa with PST preserve
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Fig. 3 Flow cytometric analysis of spermatozoa with PST (annexin-
V-FLUO staining) with their vitality taken into consideration as well
(PI staining) in neat semen (a) and after swim-up selection (b) in
exemplary semen of normozoospermic man. On the density plot, the
cells are identified as follows: upper left quadrant (UL) cells binding

the ability of progressive movement; however, their
motility parameters decrease. Negative correlation between
the percentage of the rapid spermatozoa subpopulation and
the percentage of spermatozoa with PST supports that
hypothesis.

Paasch et al. [29] noticed a significant decrease of per-
centage of spermatozoa with the ability for progressive
movement and a decrease of the VSL and VCL values,
when using the annexin-V-conjugated magnetic balls
method. However, other reports do not confirm any rela-
tionship between PST and the motility of spermatozoa.
Perticarari et al. [30] did not observe any correlation
between the percentage of spermatozoa with PST and the
percentage of spermatozoa able to move progressively.
Those authors suspect that some spermatozoa with PST are
able to move, while others are not. Perticarari et al. suggest
that at early stages of the apoptosis process, considering
PST as an apoptosis index, the motility of spermatozoa can
remain unchanged.

This study demonstrated that spermatozoa with PST in
the midpiece showed an ability for progressive movement,
while those with PST in both the midpiece and the apical
region lost that ability. Barroso et al. [31] reported that the
decrease of motility parameters of spermatozoa with PST is
connected with a decrease of mitochondrial potential. It
seems that changes of motility parameters and PST can be
connected with a decrease of the adenosine triphosphate
(ATP) level in spermatozoa. Only spermatozoa with mid-
piece PST showed the ability for progressive movement.
Therefore, it seems that mechanisms affecting membrane
PST in the midpiece and the mechanisms of motility
parameters decrease are not directly connected. It can be

@ Springer

only PI, upper right quadrant (UR) cells binding both annexin-V and
PI, lower left quadrant (LL) unstained cells, lower right quadrant (LR)
cells binding only annexin-V. FLI-H fluorescence channel
515-545 nm, FL3-H fluorescence channel >650 nm

assumed that the maintenance the ability of the tail to
move, apart from the mitochondrial potential decrease, is
connected to ATP gained in glycolysis. The flagellum is a
long (ca. 50 pm in humans) and thin (ca. 0.5 pm in
diameter) structure [32]. Mitochondria, which generate
most of the cell ATP supply in the oxidative phosphory-
lation process, are accumulated in the proximal region of
the tail. The question arises whether ATP diffusion from
mitochondria to the distal parts of the tail is fast enough to
accommodate motility needs. Data show that glycolytic
enzymes present in spermatozoa are localized just in the
main part of the tail and some of them are connected with
fibrous areola [32]. Until now, four enzymes from that
group (specific for spermatozoa) have been identified:
hexokinasel (HK1), Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDHS), aldolase A isoform (ALDOA) and
lactate dehydrogenase (LDHA) [33, 34]. The essential role
of glycolytic transformations in spermatozoa motility has
been shown in observations on mice with GAPDHS nocaut.
In that case, the mice spermatozoa lost the ability for
progressive movement [32]. Moreover, the presence of a
unique carrier protein, sperm flagellar energy -carrier
(SFEC, AAC4), has been discovered in fibrous areola
isolated from human spermatozoa. The structure of the
carrier is similar to the ADP/ATP exchanger that is present
in mitochondria [35]. It is not obvious whether the SFEC
occurring in the main part of the tail/flagellum is an ATP
carrier or its reservoir. There is a possibility that SFEC has
its regions of protein—protein interactions with specific
enzymes of the glycolytic pathway. It is suggested that
SFEC’s direct interaction with glycolytic enzymes can
catalyze ATP formation [35]. It seems to be the
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spermatozoa’s mechanism of adaptation to decreased
oxygen pressure which can occur during spermatozoa
movement. Gaining ATP in glycolysis provides the energy
essential for that activity. It seems that the described
mechanism can explain observations made in this study.
Our research showed the ability for progressive movement
of those spermatozoa in spite of them losing membrane
integrity.

Our data do not show definitely whether the decrease of
spermatozoa motility parameters is an indicator of apop-
totic changes that occur in cells. If spermatozoa PST was
an indicator of cell functioning disturbances, a worsening
of the spermatozoa motility parameters would be the nat-
ural way of eliminating defective cells from those able to
fertilize. In such a case, a significant decrease of the per-
centage of vital spermatozoa with PST after swim-up
selection indicates that this method may be applicable in
preparing semen for artificial fertilization.
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