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Annexin V Binding and Merocyanine Staining Fail to Detect
Human Sperm Capacitation
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ABSTRACT: The signaling pathways that characterize the process
of capacitation of human spermatozoa are still largely unknown.
Modifications in the lipid architecture of the sperm plasma mem-
brane have been described in spermatozoa from different species,
including translocation of phosphatidylserine (PS) from the inner to
the outer leaflet and increased phospholipid disorder in the mem-
brane. In human spermatozoa, however, results of PS exposure are
controversial. In the present study, we used flow cytometry to in-
vestigate both membrane PS exposure by Annexin V (Ann V) bind-
ing and lipid disorder by merocyanine 540 (M540) staining, in swim-
up–selected live spermatozoa after incubation in conditions leading
to capacitation. Our results indicate that neither probe is able to de-
tect capacitation-related membrane modifications. Investigation of
the nature of PS exposure and M540-positive live cells was then

carried out. We found that M540 stains elements devoid of nuclei
are present in seminal plasma. Live PS-exposing cells were mainly
represented by damaged spermatozoa as revealed by the occur-
rence of a negative correlation between PS exposure and normal
morphology and motility in unselected samples. The same cells were
also positive for M540. These results demonstrate that Ann V and
M540 binding in human sperm samples mainly detects cells with
early membrane degeneration as well as dead cells, which is in
agreement with findings obtained for somatic cells in which the two
probes recognize cells with a damaged membrane due to the apo-
ptotic process.
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Capacitation is an essential process that a spermato-
zoon must undergo in the female reproductive tract

to become able to fertilize an egg. As a consequence of
capacitation, sperm become responsive to stimuli that in-
duce the acrosome reaction and develop a particular pat-
tern of motility known as hyperactivation (Yanagimachi,
1994). Up to now, the molecular mechanisms underlying
capacitation have not been completely disclosed. Several
molecular modifications involved in the initiation of the
process have been identified, including cholesterol efflux
from the plasma membrane, increased membrane fluidity,
modulation in intracellular ion concentrations, increased
protein tyrosine phosphorylation, and hyperpolarization
of the plasma membrane (Yanagimachi, 1994; Baldi et al,
2000; Visconti et al, 2002), although the precise relation
between such modifications and the development of ca-
pacitation is not completely understood.

Capacitation can be achieved in vitro by incubating
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sperm in defined media. Two essential components of
these media are serum albumin and bicarbonate. Serum
albumin is believed to facilitate the efflux of cholesterol
from the sperm plasma membrane by acting as an accep-
tor for the lipid (Visconti et al, 2002), whereas entry of
the bicarbonate ion into spermatozoa has been shown to
be involved in the observed increase in intracellular pH
during capacitation (Zeng et al, 1996). In addition, bicar-
bonate appears to be involved in the activation of aden-
ylyl cyclase and in the consequent increase in intracellular
levels of cyclic adenosine monophosphate (cAMP) (Oka-
mura et al, 1985) and tyrosine phosphorylation of proteins
(Osheroff et al, 1999) that have been observed during
capacitation. In some mammalian species, it has been
shown that bicarbonate-induced cAMP increase provokes
the loss of the membrane asymmetry due to a transbilayer
scrambling of membrane phospholipids, resulting in an
increased lipid disorder in the membrane (Gadella and
Harrison, 2000; Fletsch et al, 2001; Rathi et al, 2001) and
external exposure of phosphatidylserine (PS) (Gadella
and Harrison, 2002). The increased disorder in the phos-
pholipid membrane package of capacitated viable sperm
has been detected by staining with the lipophilic dye mer-
ocyanine 540 (M540) (Gadella and Harrison, 2000;
Fletsch et al, 2001; Rathi et al, 2001), whereas the exter-
nal exposure of PS has been revealed by the Annexin V
(Ann V) binding assay in viable sperm (Gadella and Har-
rison, 2002).
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In human sperm, studies of PS translocation from the
inner to the outer leaflet of the membrane of viable cells
are conflicting. Our group and other groups reported ev-
idence that PS exposure in live sperm represents an early
sign of cellular damage (D’Cruz et al, 1998; Ramos et al,
2001; Muratori et al, 2003), whereas Barroso et al (2000)
reported that an increased level of Ann V binding is pres-
ent in the most motile fraction of the sperm populations,
and De Vries et al (2003) showed an increase in this pa-
rameter with capacitation, as it occurs in boar sperm
(Gadella and Harrison, 2002). More recently, Moustafa et
al (2004) demonstrated the occurrence of a strong corre-
lation between PS exposure and sperm DNA damage in
semen from infertile patients. It might be postulated that
both damaged and capacitated spermatozoa, which are
present in human ejaculates due to the great heterogeneity
of sperm population in this species, are characterized by
PS exposure on the surface, thus generating some con-
fusion in the interpretation of the results. Because M540
staining has been proven able to detect capacitated sperm
in some mammalian species (Gadella and Harrison, 2000;
Fletsch et al, 2001; Rathi et al, 2001), this probe could
be useful in discriminating among capacitated and dam-
aged human sperm, thus clarifying the nature of those
with membrane PS translocation. Therefore, in the present
study, we investigated whether staining with M540, cou-
pled to flow cytometry detection, is able to reveal capac-
itated human spermatozoa. In addition, using flow cytom-
etry, we investigated M540 staining and Ann V binding
in swim-up–selected viable sperm following incubation in
capacitating or noncapacitating medium. Moreover, the
amount of live PS-exposing sperm was evaluated in un-
selected sperm and correlated to morphology, motility,
and viability. Our results clearly show that capacitation
of human sperm is not associated with either PS mem-
brane exposure or M540 staining, and that PS exposure
is higher in sperm populations characterized by abnormal
morphology and reduced motility.

Methods

Chemicals
Human tubal fluid (HTF) medium, modified HTF (HTF/HEPES)
medium, and human serum albumin (HSA) were purchased from
Celbio (Milan, Italy). M540 and YOPRO-1 (Y1) were from Mo-
lecular Probes Europe BV (The Netherlands). PureSperm was
obtained from Nidacon (Gothenberg, Sweden). All reagents for
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) were from Amersham Pharmacia Biotech Italia
(Cologno Monzese, Italy). Reagents for protein measurement
were from Bio-Rad Laboratories (Hercules, Calif). Peroxidase-
conjugated PY20 antibody was obtained from Calbiochem (La
Jolla, Calif). Rat anti-AKAP3 FSP95 antibody was kindly pro-
vided by Prof John Herr (Charlottesville, Va). Antibody anti-

p42ERK was kindly provided by Prof M.J. Dunn (Medical Col-
lege of Wisconsin, Milwaukee, Wis). Testsimplets slides and the
BM enhanced-chemiluminescence system were purchased from
Roche Diagnostics (Milan, Italy). Polyvinyl alcohol (PVA),
polyvinylpyrrolidone (PVP), the conjugated anti-rat secondary
antibody, and the other chemicals was from Sigma Chemical
Company (Milan, Italy).

Sperm Media
Swim-up selection and incubation were carried out in HTF me-
dium supplemented with 10% HSA, from here on indicated as
CM (capacitating medium) or in HTF/HEPES medium (supple-
mented with 1 mg/mL PVA), from here on indicated as NCM
(noncapacitating medium). HTF medium and HTF/HEPES me-
dium have the same composition, except for NaHCO3 (respec-
tively, 24 and 4 mM) and HEPES (21 mM) contained only in
the latter. NCM (devoid of serum albumin and with low con-
centrations of NaHCO3) was used to exclude the occurrence of
capacitation in the sperm samples (Courmier et al, 1997; Choi
and Toyoda, 1998; De Vries et al, 2003).

Semen Sample Collection and Preparation
Semen samples were collected according to World Health Or-
ganization (1999) criteria from subjects undergoing routine se-
men analysis for couple infertility in the andrology laboratory
of the University of Florence. Samples with any detectable leu-
kocytes in the semen were excluded from the study. Detection
of leukocytes was performed by carefully determining their per-
centage on the total amount of round cells after smearing semen
onto prestained slides (Testsimplets).

Sperm morphology and motility were assessed by optical mi-
croscopy, according to World Health Organization criteria.
Sperm morphology was scored by determining the percentage of
normal and abnormal forms, after smearing semen onto pre-
stained slides (Testsimplets). Sperm motility was scored by de-
termining the percentage of progressive motile, nonprogressive
motile, and immotile spermatozoa. For experiments assessing
Ann V and M540 binding related to capacitation, only semen
samples from normozoospermic (World Health Organization,
1999) subjects were used. For the remaining experiments, semen
samples were randomly collected from normozoospermic, tera-
tozoospermic, asthenoteratozoospermic, and oligoasthenoterato-
zoospermic subjects (World Health Organization, 1999). Table 1
reports the mean values of sperm concentration, motility, mor-
phology, volume, and pH of the semen samples, and the age of
the subjects included in the study.

The swim-up–selection technique was used for all the exper-
iments assessing Ann V binding and M540 staining related to
capacitation. Swim-up selection was performed by layering 1
mL of CM or NCM on the top of an equal volume of semen
fluid. After 1 hour of incubation at 378C in 5% CO2 atmosphere,
900 mL of medium was carefully collected.

For experiments in which sperm samples were prepared by
gradient separation, semen samples were layered on 50%, 70%,
and 95% PureSperm fractions (prepared in HTF/HSA medium)
and centrifuged at 500 3 g for 30 minutes at 268C. The resulting
interfaces between seminal plasma and 50% (fraction 1), 50%
and 70% (fraction 2), 70% and 90% (fraction 3), and the 95%



799Muratori et al · Annexin V and M540 Binding in Human Sperm

Table 1. Semen parameters of subjects included in the study*

Parameters N (n 5 35) AT (n 5 25) T (n 5 14) OAT (n 5 18)

Sperm concentration (sperm/mL)
Total motility (%)
Progressive motility (%)
Normal Morphology (%)
Ejaculate volume
pH
Age

95.7 6 63.0
74.7 6 10.3
59.8 6 9.8
38.3 6 7.3
3.4 6 1.4
7.4 6 0.2

33.8 6 6.3

62.3 6 48.1
53.9 6 12.5
33.2 6 10.6
17.7 6 7.5
3.1 6 1.4
7.4 6 0.2

35.4 6 7.9

51.2 6 21.7
74.6 6 4.7
59.6 6 6.3
18.1 6 6.0
3.2 6 1.4
7.4 6 0.2

30.8 6 9.6

8.3 6 5.4
42.1 6 16.2
22.9 6 13.2
10.5 6 9.0
4.0 6 1.8
7.4 6 0.2

34.6 6 5.4

* Values are mean 6 SD. N indicates normozoospermic; AT, asthenoteratozoospermic; T, teratozoospermic; and OAT, oligoasthenozoospermic.

pellet (fraction 4) were collected and transferred to separate test
tubes. Then, each fraction was washed with an equal volume of
medium.

For experiments performed in unselected sperm, semen sam-
ples were washed twice with HTF medium.

Measurement of Intracellular Calcium Concentration
Intracellular calcium concentration ([Ca21]i) was evaluated with
a spectrofluorimetric method as previously described (Baldi et
al, 1991), with the exception that, in the present experiments,
we used a Perkin-Elmer (Foster City, Calif) LS50B instrument
equipped with a fast rotary filter shuttle for alternate 340- and
380-nm excitation (Luconi et al, 1999). Briefly, swim-up–se-
lected spermatozoa obtained as described above in CM or NCM
were loaded with 2 mM Fura-2/AM for 45 minutes at 378C. After
centrifugation, the pellet was resuspended in FM medium (125
mM NaCl, 10 mM KCl, 2.5 mM CaCl2, 0.25 mM MgCl2, 19
mM Na-lactate, 2.5 mM Na-pyruvate, 2 mM HEPES, 0.3% bo-
vine serum albumin [BSA] pH 7.5) and incubated for an addi-
tional 30 minutes. Fluorescence measurements were converted
to [Ca21]i by determining the maximal fluorescence (Fmax) with
0.01% digitonin followed by minimal fluorescence (Fmin) with
10 mM ethyleneglycotetraacetic acid pH 10. [Ca21]i was calcu-
lated according to the method described by Grynkiewicz et al
(1985) using the ratio 340:380 and assuming a dissociation con-
stant of Fura-2 for calcium of 224 nM. [Ca21]i was determined
both in basal condition and after stimulation with progesterone
(10 mM).

SDS-PAGE and Western Blot Analysis
After incubation in CM or NCM, sperm (about 5 3 106 cells)
were washed and resuspended in lysis buffer (20 mM Tris pH
7.4, 150 mM NaCl, 0.25% NP-40, 1 mM Na3VO4, 1 mM phen-
ylmethylsulfonyl fluoride [PMSF]) for total sperm extract. In
some experiments, sperm (about 30 3 106 cells) were processed
for preparation of sperm tail and head purified fractions (Luconi
et al, 2004). Briefly, after washing, spermatozoa were sonicated
at 8 bursts (3 3 10 seconds) in Na3VO4-containing phosphate-
buffered saline (PBS) on ice. After 500 3 g centrifugation for
5 minutes, the supernatant corresponding to tail fractions and the
pellet corresponding to head fractions were examined with a mi-
croscope and then extracted in lysis buffer (20 mM Tris pH 7.4,
150 mM NaCl, 0.25% NP-40, 1 mM Na3VO4, 1 mM PMSF).
After protein measurement (Comassie kit), the sperm extracts
containing approximately 20 mg of protein were diluted in an
equal volume of 23 Laemmli reducing sample buffer (62.5 mM

Tris pH 6.8, 10% glycerol, 2% SDS, 2.5% pyronin, and 200 mM
dithiothreitol), incubated at 958C for 5 minutes and loaded onto
8% polyacrylamide-bisacrylamide gels. After SDS-PAGE, pro-
teins were transferred to nitrocellulose (Sigma, St Louis, Mo).
Membranes were blocked for 2 hours, washed in TTBS (Tris-
buffered saline containing 0.1% Tween 20 pH 7.4), and incu-
bated overnight with primary antibodies. After blocking at room
temperature for 2 hours in 10% BM blocking buffer (Roche,
Milan) in TTBS solution, nitrocellulose membranes were washed
and then immunostained with peroxidase-conjugated antiphos-
photyrosine antibody (PY20-HRP, 1:1000). The antibody-reacted
proteins were revealed with an enhanced-chemiluminescence
system. For membrane reprobing, the nitrocellulose membranes
were washed for 30 minutes at 508C in stripping buffer (10 mM
Tris pH 6.8, 2% SDS, 100 mM b-mercaptoethanol) and reprobed
with anti-AKAP3 FSP95 antibody (1:3000) or anti-p42 ERK
(1:1000), followed by conjugated secondary antibody.

Staining With M540 in Live and Dead Sperm

Staining with M540 was performed in the same media used for
sperm preparation, except for the addition of PVA and PVP (0.5
mg/mL each; Fletsch et al, 2001; Rathi et al, 2001). Unless oth-
erwise stated (see ‘‘Results’’), M540 was used at the concentra-
tion of 0.27 mM. In most experiments, the cell-impermeable nu-
clear stain, Y1 (25 nM), was added to discriminate dead and live
cells (Fletsch et al, 2001; Rathi et al, 2001). Working aqueous
solutions (1003) of M540 and Y1 were prepared from corre-
sponding stock solutions in dimethylsulfoxide. To define the op-
timal incubation time for staining, spermatozoa were incubated
with the dye for increasing times. These experiments demon-
strated that 15 minutes of incubation was the shorter staining
time required for reaching a plateau of labeling (data not shown).
Incubation of spermatozoa (106) with the stains was carried on
in 500 mL of medium in the dark at 378C in a 5% CO2 atmo-
sphere for experiments assessing the state of sperm capacitation.

In each experiment, two sperm suspensions were prepared for
instrumental setting and data analysis: 1) by omitting both M540
and Y1 staining (nonspecific fluorescence sample), and 2) by
omitting only the M540 staining (sample for compensation, see
below). Y1 green fluorescence and M540 red fluorescence were
revealed by using, respectively, an FL-1 (515–555 nm wave-
length band) and an FL-2 (563–607 nm wavelength band) de-
tector of a FACScan flow cytometer (Becton Dickinson, Moun-
tain View, Calif) equipped with a 15 mW argon-ion laser for
excitation. Fluorescence compensation was set by acquiring
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sperm labeled with only Y1. For each sample, 10 000 events
were recorded within the characteristic flame-shaped region in
the forward light scatter/side light scatter (FSC/SSC) dot plot
corresponding to sperm population (Muratori et al, 2000, 2003).
Percentages of subpopulations were determined after gating out
debris, as previously reported (Muratori et al, 2000, 2003).

For observation by fluorescence microscopy, double-stained
sperm were smeared on slides and examined using a fluores-
cence microscope (type 307-148002; Leitz, Wetzlar, Germany)
equipped with E4 and N2.1 filters (Leica, Milan, Italy) by an oil
immersion 1003 magnification objective.

Staining With Methylene Blue and Cresyl Violet Acetate
Ten microliters of semen were smeared onto prestained Testsim-
plets slides. After 15 minutes, slides were observed under a light
microscope with an oil immersion 1003 magnification objective.

Binding of Annexin V in Live and Dead Sperm
Sperm (106 cells) were suspended in 250 mL of the medium used
for cell preparation, supplemented with CaCl2 up to 2.5 mM.
Then, Annexin-V-FLUOS (Ann V-F, Annexin V conjugated to
fluorescein, supplied at the 2003 concentration by Roche Mo-
lecular Biochemicals [Milan, Italy]) was added, and samples
were incubated for 20 minutes in the dark at 378C (in a 5% CO2

atmosphere in experiments to asses the state of sperm capacita-
tion). After centrifugation (250 3 g, 10 minutes), sperm were
resuspended in 500 mL of the above medium, stained with 10
mL of propidium iodide (PI, 30 mg/mL in PBS), and acquired
by flow cytometry after a further 5 minutes at 378C. For each
experimental set, two sperm suspensions were prepared for in-
strumental setting and data analysis: 1) by omitting both Ann V-
F and PI staining (nonspecific fluorescence sample), and 2) by
omitting only the PI staining (sample for compensation, see be-
low). Ann V-F green fluorescence and PI red fluorescence were
revealed by using FL-1 and FL-2 detectors, respectively. Fluo-
rescence compensation was set by acquiring sperm labeled with
only Ann V-F. For each sample, 10 000 events were recorded
within the characteristic flame-shaped region in the FSC/SSC dot
plot corresponding to sperm population (Muratori et al, 2000,
2003). Percentages of subpopulations were determined after gat-
ing out debris, as previously reported (Muratori et al, 2000,
2003).

Double Staining With Annexin V-F and M540 in Human
Sperm
Swim-up–selected or unselected sperm were first stained with
Ann V-F as described above. After the 20-minute incubation,
sperm were suspended in HTF/HEPES medium containing 2.5
mM CaCl2, PVP 0.5 mg/mL, and PVA 0.5 mg/mL. Then, M540
0.27 mM was added, and samples were incubated for 15 minutes
at 378C. Data analysis was performed within the region contain-
ing the population of interest in the FSC/SSC dot plot (see ‘‘Re-
sults’’).

Statistical Analysis
Data were analyzed with Microcal Origin software, 6.1 version
(MicroCal Software Inc, Northampton, Mass). Unless otherwise
stated, results are shown as the mean 6 SE. Analysis of variance

and the Student’s t test were used to assess statistically signifi-
cant differences between the investigated parameters. Correlation
tests were performed by linear regression analysis.

Results

Staining With M540 in Human Sperm
In order to define the optimal concentration of M540 to
stain human sperm, swim-up–selected and unselected
sperm from the same semen samples were labeled with
increasing concentrations (0.027, 0.27, 1.35, and 2.7 mM)
of the fluorochrome. After gating the characteristic flame-
shaped region corresponding to human sperm (Figure
1A), we found that the lowest concentration able to sharp-
ly separate less fluorescent (M540dim) from brighter
(M540br) cells was 0.27 mM both in selected and in un-
selected sperm (Figure 1B, upper panels: selected sperm;
lower panels: unselected sperm). At this concentration,
the histogram of the M540dim cells overlapped the fluo-
rescence of the unstained sample (nonspecific fluores-
cence, open histogram in Figure 1B). Higher concentra-
tions of the dye were also able to discriminate between
M540dim and M540br cells and yielded the same percent-
ages of M540br sperm (Figure 1B), determining a shift of
both populations to higher intensities of fluorescence.
Hence, we concluded that the different concentrations of
the probe yielded equivalent results.

In order to discriminate between live and dead sper-
matozoa within the M540-positive sperm population,
M540 (0.27 mM) staining was coupled to Y1 (25 nM)
labeling (Fletsch et al, 2001; Rathi et al, 2001). Figure
1C shows the dot plots corresponding to selected (upper
panel) and unselected (lower panel) sperm. In selected
sperm, all the cells stained by M540 were also positive
for Y1, and thus were considered dead. On the contrary,
a percentage of M5401/Y12 events was present in unse-
lected sperm populations.

The presence of staining with M540 in unselected but
not in selected live sperm was surprising and suggested
that the M5401/Y12 population is not selected by swim-
up. Because it has been reported that M540 binds to mam-
malian capacitated sperm (Gadella and Harrison, 2000;
Fletsch et al, 2001; Rathi et al, 2001), we reasoned that
the lack of M540 staining in swim-up–selected sperm
could be due to their being not fully capacitated, as stain-
ing was performed immediately after swim-up. To test
this hypothesis, we determined the percentage of M5401/
Y12 events in sperm after a total of 3 hours of incubation
(1 hour for swim-up selection plus 2 additional hours) in
CM or in NCM. Although it has been shown previously
by our group that such a procedure supports sperm ca-
pacitation (Baldi et al, 1991, 1993; Luconi et al, 1996,
1998a,b), actual induction of capacitation during incuba-
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Figure 1. (A) FSC/SSC dot plot showing the flame-shaped region (R1) containing sperm. (B) M540 fluorescence histograms of human sperm stained
with increasing concentrations of the fluorochrome (upper panels, swim-up selected sperm; lower panels, unselected sperm). In each panel, M1
indicates the region including the M540br (brighter) cells. M540dim (less fluorescent) cells are all the events out of such regions. Percentage of M540br

cells in the different conditions are indicated in each panel. The histogram corresponding to the nonspecific fluorescence is also shown (open
histogram). A typical experiment out of 3 similar is shown. (C) Double staining of human sperm with M540 (0.27 mM) and Y1 (upper panel, swim-up–
selected sperm; lower panel, unselected sperm). LL indicates lower left quadrant: M5402/Y12 (live, M540 unstained population); UL indicates upper
left quadrant: M5401/Y12 (live, M540 stained population); UR indicates upper right quadrant: M5401/Y11 (dead, M540 stained population); and LR
indicates lower right quadrant.

tion in CM in the present experiments was verified by
two different procedures: 1) by measuring the basal level
of [Ca21]i and the increase in the same parameter in re-
sponse to progesterone (Baldi et al, 1991; Garcia and
Meizel, 1999); and 2) by determining, by Western blot
analysis, tyrosine phosphorylation in total sperm lysates
and lysates from tail and head preparations. Indeed, it has
been shown that an increase in tyrosine phosphorylation
occurs during sperm capacitation (Luconi et al, 1995,
1996), in particular in flagellar proteins, such as the an-
tigen A-kinase anchoring proteins AKAP3 and AKAP4
(Mandal et al, 1999; Bajpai and Doncel 2003; Ficarro et
al, 2003). Results of these experiments are reported in
Figure 2. As expected, the progesterone-stimulated [Ca21]i

increase was much higher in swim-up–selected sperma-
tozoa prepared and incubated in CM compared to those
prepared and incubated in NCM (Figure 2A) (Baldi et al,
1991; Garcia and Meizel, 1999). Furthermore, results of
Western blot analysis of tyrosine phosphorylated proteins
performed in total sperm lysates incubated in CM dem-
onstrated an increased phosphorylation compared to
sperm incubated in NCM (Figure 2B, left panel). In ad-
dition, Western blot analysis of tyrosine phosphorylation
in purified tail and head fractions from swim-up–selected
sperm incubated in the two different conditions demon-
strated that the increase in tyrosine phosphorylated pro-
teins in CM is mainly localized in the tails (Figure 2C,
left panel). Stripping and reprobing of the two membranes
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Figure 2. Effect of sperm incubation in capacitating (CM) and noncapacitating (NCM) medium on intracellular calcium and tyrosine phosphorylation of
sperm proteins. (A) Basal and progesterone-stimulated [Ca21]i levels in swim-up–selected sperm incubated for 3 hours (1 hour for swim-up selection
followed by a 2-hour incubation) in CM (black trace) or in NCM (gray trace). A typical experiment out of 3 with similar results is shown. The arrow
indicates the addition of progesterone (10 mM). (B) and (C) Western blot analysis of total (B), tail and head extracts (C) from swim-up–selected sperm
incubated for 3 hours (1 hour for swim-up selection followed by a 2-hour incubation) in CM or NCM. Equal amounts of sperm protein extracts (20 mg)
were subjected to 8% SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was first blotted with PY20-HRP antibody to reveal
tyrosine phosphorylated proteins (left panels) and, after stripping, reprobed with FSP95 antibody to reveal AKAP3 in order to show equal loading of
the lanes (right panels). Molecular weight markers (kDa) are indicated in the middle (panel B) or on the left (panel C) of the blots. Representative of
3 similar experiments. (D) Double staining with M540 and Y1 of swim-up spermatozoa incubated for 3 hours in NCM (left panel) or in CM (right panel).
A typical experiment out of 9 with similar results is shown.

using an antibody directed against the fibrous sheath
AKAP 3 (Mandal et al, 1999) demonstrated equal loading
of the lanes in total sperm lysates and in tail preparations
(Figure 2B and C, right panels). Because AKAP3 is much
less expressed in head fractions (Mandal et al, 1999), the
blot in Figure 2C was stripped and reprobed using anti-

p42 ERK (Luconi et al, 1998a,b), which demonstrated
equal loading of the two lanes (NCM and CM) in head
fractions (not shown). In pilot experiments (n 5 3) to test
M540 staining in Y12 capacitated and noncapacitated
sperm, we used M540 at the concentrations of 0.27 and
2.7 mM. Again, the only difference between the two con-
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Figure 3. (A, B) Micrographs of unselected sperm obtained by fluores-
cence microscopy after double staining with M540 and Y1. (A) shows
the red fluorescence (M540 staining) and (B) the green fluorescence (Y1
staining) from the same field. Note the round red elements in (A) (thin
arrows) are not stained with Y1, while sperm (thick arrows) exhibit both
colors of fluorescence (A and B). (C) Micrographs of two different fields
obtained by light microscopy, after smearing unselected sperm on pres-
tained Testsimplets slides. Note the presence of round elements appar-
ently lacking a nucleus (black arrows). (D) Double staining with M540
and Y1 of unselected sperm before (left panel) and after (right panel)
induction of cell permeabilization by treatment with digitonin 200 mg/mL.
Note the passage of lower left quadrant events (viable cells) of the left
panel to the upper right quadrant of the right panel (dead cells), while
the events of upper left quadrant remain in the same position. Results
of 1 out of 4 similar experiments are shown.

centrations was a shift toward the higher values of the
M540 fluorescence (data not shown). Thus, the remaining
experiments of M540 staining were performed at the con-
centration of 0.27 mM. Figure 2D shows M540/Y1 dot
plots corresponding to the capacitated and noncapacitated
selected sperm. The percentage of M5401/Y12 elements
is very low in both samples and does not show any dif-
ference in the two experimental conditions (respectively,
CM: 1.1% 6 0.2% versus NCM: 1.8% 6 0.4%; n 5 9;
P . .05; Figure 2D). A small percentage of Y1-positive
cells (upper right quadrants) is present in both conditions
(8.6% 6 1.0%, and 14.0% 6 1.8%, respectively, in CM
and NCM media), probably due to the staining procedure,
because motility immediately after swim-up was .90%
in all the samples. To further characterize M5401/Y12 el-
ements, we used unselected samples, in which their con-
centration is higher. First, we investigated the morphology
of these elements by double staining unselected sperm
with M540 and Y1 and observing them under a fluores-
cence microscope. Using appropriate filters for M540 and
Y1 fluorescence, we found that M5401/Y12 elements,
showing only red fluorescence (Figure 3A, indicated by
thin arrows), are characterized by a round shape with var-
iable dimensions, including those similar to sperm heads
(as expected by their inclusion in the gate established in
the FSC/SSC dot plot) and do not show any morpholog-
ical sign of spermatozoa (Figure 3A). On the contrary,
the M540-positive spermatozoa are also positive for YI
(Figure 3A and B, indicated by thick arrows), as expected
on the basis of the results shown in Figure 1C (lower dot
plot). To verify the presence of these elements with sim-
ilar size as a sperm head in seminal fluid, the latter was
smeared on Testsimplets slides and observed via micros-
copy. Round elements are indeed present in seminal fluid
(Figure 3C). These elements apparently lack methylene
blue labeling, suggesting an absence of nuclei. It is thus
possible that the lack of staining with Y1 in M5401 ele-
ments (Figure 3A and B) could be due to the absence of
nuclei rather than to cell viability. To confirm this pos-
sibility, unselected sperm were stained with M540 and Y1
before and after induction of cell permeabilization by
treatment with digitonin 200 mg/mL. As shown in Figure
3D, the percentage of M5401/Y12 elements (upper left
quadrants) does not change after this treatment (10.6% 6
3.6% vs 11.3% 6 2.6%; n 5 4; P . .05), whereas all
M5402/Y12 elements (lower left quadrant, left panel) be-
come M5401/Y11 (upper right quadrant, right panel), in-
dicating that the treatment has effectively determined the
permeabilization of the cells, allowing staining of their
nuclei. We conclude that M5401/Y12 elements lack a nu-
cleus. In the remaining part of the paper, we term ‘‘M540
bodies’’ the M5401/Y12 elements. By using fluorescence
microscopy M540 bodies were never detected in swim-
up–selected spermatozoa, suggesting that a very low per-

centage of M540 staining detected in the upper left quad-
rants of Figure 1C (upper panel) and Figure 2D is due to
a nonspecific signal.

To separate M540 bodies from the whole semen, we
performed centrifugation on discontinuous density gra-
dient of human semen and stained sperm migrating in the
different fractions with M540 and Y1. We found that the
percentage of M540 bodies (Figure 4A, upper left quad-
rants) decreased from fraction 1 to fraction 4. The mean
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Figure 4. (A) Double staining with M540 and Y1 of spermatozoa collected from fractions 1 (Fr1), 2 (Fr2), 3 (Fr3), and 4 (Fr4) (see ‘‘Materials and
Methods’’) of discontinuous density gradient. LL indicates lower left quadrant; UL, upper left quadrant; UR, upper right quadrant; and LR, lower right
quadrant. (B) Mean values of percentages of ‘‘M540 bodies’’ in fractions 1, 2, 3, and 4. *P , .05; n 5 7, paired t test vs Fr4.

values for percentages of M540 bodies in each fraction,
as calculated from 7 experiments, is shown in Figure 4B.

The presence of elements (termed ‘‘apototic bodies’’)
resembling the bodies resulting from apoptosis of somatic
cells, with similar characteristics to M540 bodies ob-
served in the present study, has been described previously
in semen from subfertile men (Baccetti et al, 1996; Gan-
dini et al, 2000). They are considered the terminal stages
of the apoptotic process in the testis (Gandini et al, 2000)
and may be extruded during secretion of spermatozoa.
Because germ cell apoptosis appears to be higher in sub-
fertile men (Baccetti et al, 1996; Sakkas et al, 1999a), we
tested whether the percentage of M540 bodies was dif-
ferent in pathological conditions of seminal fluid. As
shown in Figure 5, the percentage of M540 bodies is
much higher in semen samples from oligoasthenoterato-
zoospermic subjects compared to normozoospermic sub-
jects (P , .01). A slight, though significant, increase in
M540 bodies is also present in teratozoospermic (P , .05)

and asthenoteratozoospermic (P , .05) subjects compared
to normozoospermic subjects. We found, interestingly, a
significant, negative correlation between the percentage
of M540 bodies in semen and both sperm concentration
(r 5 2.49; SD 5 44.4; P , .01; n 5 29) and normal
morphology (r 5 2.54; SD 5 10.2; P , .01; n 5 29).

Binding of Annexin V in Viable Human Sperm
As mentioned above, the meaning of PS exposure on the
surface of human sperm is not completely understood. To
evaluate whether PS exposure (as measured by Ann V
binding) is associated with development of capacitation
in human sperm, we stained swim-up–selected sperm si-
multaneously with Ann V-F and PI (the latter stain is used
to discriminate between live and dead cells) after 3 hours
of incubation (1 hour for swim-up selection plus 2 addi-
tional hours) in CM or in NCM. Induction of capacitation
in our incubation conditions was verified as described
above by determining, by Western blot analysis, tyrosine
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Figure 5. Percentages of ‘‘M540 bodies’’ on total sperm population in
unselected sperm samples from normozoospermic (N, n 5 7), asthen-
oteratozoospermic (AT, n 5 10), teratozoospermic (T, n 5 5), and oli-
goasthenoteratozoospermic (OAT, n 5 7) subjects. *P , .05, **P , .01.
Independent t test. Mean values of the percentage of ‘‘M540 bodies’’ in
each group are indicated by the bar symbol.

phosphorylation in the total extracts and in the extracts
of tail and head preparations from sperm (see Figure 2B
and C). As shown in Figure 6, the percentage of live Ann
V1 sperm (lower right quadrants) does not show any in-
crease in CM with respect to NCM (5.1% 6 1.7% vs
7.5% 6 1.6%; n 5 6; P . .05). Most of the viable cells
are Ann V2 (Figure 6A, lower left quadrants). A small
percentage of PI-positive cells (upper right quadrants) is
present in both conditions (12.5% 6 2.3% and 18.7% 6
3.7%, respectively in CM and NCM media), probably due
to the staining procedure, because motility immediately
after swim-up was .90% in all the samples.

To better clarify the nature of Ann V1 viable sperm,
Ann V binding was determined in swim-up–selected and
the corresponding unselected sperm. We found that the
percentage of Ann V1/PI2 as well as of Ann V1/PI1sperm
is much greater in unselected than in corresponding
swim-up–selected sperm (Figure 6B). Because unselected
samples are characterized by a poorer motility, morphol-
ogy, and viability with respect to swim-up–selected
sperm, we tested whether Ann V binding correlated with

these sperm parameters in 15 unselected samples. We
found a strong correlation between Ann V binding in live
sperm, and both sperm morphology and sperm motility
(total and progressive motility, Table 2). No statistically
significant correlation was found with viability, although
there was a tendency toward a negative relation between
the two parameters (Table 2).

Direct Comparison Between M540 and Ann V-F Staining
in Human Sperm
To verify whether viable Ann V1 sperm bind M540, we
performed double staining with M540 and Ann V-F in
swim-up–selected sperm (not containing M540 bodies)
showing live PS-exposing sperm, as ascertained by dou-
ble staining with Ann V-F and PI (Figure 7A, left dot
plot). After staining with M540, (Figure 7A, right dot
plot), all the Ann V1 spermatozoa (viable and not viable)
were also stained by M540 (as demonstrated by their lo-
cation in the upper right quadrant), indicating that Ann
V1/PI2 spermatozoa can bind M540. The finding that a
fraction of swim-up–selected live sperm (Ann V1/PI2)
binds M540 is in apparent contrast with experiments per-
formed in swim-up–selected sperm using Y1 as tool to
discriminate viable sperm. Indeed, in these experiments
(see Figure 2), no live, Y1-negative swim-up–selected
sperm appear to bind M540. In addition, by fluorescence
microscopy evaluation, we have not been able to detect
any M5401/Y12 sperm (not shown, see Figure 3A). To
verify whether a difference in the percentage of positive
cells occurs by using the two stains, we simultaneously
labeled the same samples with PI and Y1. We found that
higher percentages of positive sperm were always detect-
ed by Y1 (not shown), possibly explaining the discrep-
ancy described above. This finding is not surprising, be-
cause it has been reported that Y1 is able to detect so-
matic apoptotic cells after exclusion of dead cells (Idzio-
rek et al, 1995).

To investigate whether M540 bodies bind Ann V, we
used unselected sperm from patients with oligoastheno-
zoospermia in whom a high percentage of M540 bodies
is present (Figure 7B left, upper dot plot). After staining
with Ann V-F and M540, the percentage of elements pos-
itive only for M540 in the upper left quadrants does not
change (Figure 7B, upper dot plots; n 5 5; P . .05). In
addition, the percentage of the Ann V1 population does
not change with respect to that determined by double
staining with Ann V-F and PI in the same sample (Figure
7B, right dot plots, upper right plus upper left quadrants;
n 5 5; P . .05). In the insert in Figure 7B, micrographs
from these sample obtained after observation by fluores-
cence microscopy are reported. As shown, M540 bodies
(left panels, thin arrows) emit only red fluorescence
(M540 labeling), whereas sperm (left and right panels,
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Figure 6. (A) Double staining with Ann V-F and PI of swim-up spermatozoa incubated for 3 hours (1 hour for swim-up selection followed by a 2-hour
incubation) in NCM (left panel) or in CM (right panel). A typical experiment out of 6 similar is shown. LL indicates lower left quadrant (Ann V2/PI2, live
sperm); LR, lower right quadrant (Ann V1/PI2, live PS exposing sperm); UR, upper right quadrant (Ann V1/PI1, dead sperm); and UL, upper left
quadrant. (B) Mean values of percentages of Ann V1/PI2 sperm and Ann V1/PI1 in swim-up selected sperm and in their corresponding unselected
samples. *P , .05; **P , .01; n 5 6, paired t test, selected vs unselected.

Table 2. Linear regression analysis of the relationship between the
percentage of Ann V binding in live sperm in whole semen*

Parameter Mean 6 SD

Number
of

Samples

Correla-
tion Coef-
ficient (r )

Prob-
ability
(#)

Normal morphology
Total motility (%)
Progressive motility
Necrosis (%)

25.5 6 12.8
66.4 6 13.7
51.7 6 18.2
44.6 6 12.7

15
15
15
15

2.65
2.62
2.65

.42

.01

.05

.01

.09

* Mean 6 SD 5 10.7 6 5.5; range, 4%–24.9%.

thick arrows) emit both red and green fluorescence (M540
and Ann V-F labeling).

Discussion

Sperm capacitation is a poorly understood phenomenon.
A limit in the progress of knowledge in this field can

partially be attributed to the lack of an objective method
suitable to measure a large number of cells. Recently, in
mammalian sperm, it has been shown that the increased
disorder in phospholipid membrane package, which oc-
curs during capacitation, can be detected by M540, a li-
pophilic molecule sensitive to changes in the membrane
architecture (Aussel et al, 1993; Mower et al, 1994). In-
deed, in boar (Gadella and Harrison 2000) and stallion
(Rathi et al, 2001) sperm, M540 fluorochrome was able
to detect such a modification in viable spermatozoa. We
reasoned that, if M540 is also able to detect capacitation-
related membrane modifications in human spermatozoa,
then it could be used as a tool to investigate the nature
of spermatozoa exposing PS in the membrane, as conflict-
ing results have been reported regarding the nature of
these cells (D’Cruz et al, 1998; Barroso et al, 2000; Ra-
mos et al, 2001; De Vries et al, 2003; Muratori et al,
2003).

In the present study, we show that staining of live
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Figure 7. (A) Swim-up selected spermatozoa from the same sample, double-stained with Ann V-F and PI (left panel) and with M540 and Ann V-F
(right panel). (B) Unselected spermatozoa from the same sample, double-stained with M540 and Y1 (left dot plot), M540 and Ann V-F (upper right
dot plot) and with Ann V-F and PI (right lower dot plot). Values of percentages of events in upper left quadrants of M540/Y1 and M540/Ann V-F dot
plots are indicated on the top. Values of the percentages of events in upper right and lower right quadrants (total Ann V-positive cells) of M540/Ann
V and Ann V/PI dot plots are indicated on the right. LL indicates lower left quadrant; UL, upper left quadrant; UR, upper right quadrant; and LR, lower
right quadrant. Insert: micrographs of unselected sperm obtained by fluorescence microscopy after double staining with M540 and Ann V-F. Left
panels show the red fluorescence (M540 staining) of both sperm (thick arrows) and M540 bodies (thin arrows). Right panels show the green fluores-
cence (Ann V-F staining) of sperm (thick arrows) from the same field.

sperm with M540 is not a suitable technique for revealing
and investigating capacitation in human spermatozoa. By
using Y1 to reveal viable spermatozoa, we found virtually
no staining with this dye after swim-up selection and sub-
sequent incubation in CM. On the contrary, within the
Y1-negative sperm in unselected samples, a variable
amount of M5401 elements, disappearing after swim-up
selection, was observed. Investigation of the morphology
of these elements revealed that they are not sperm, and
further studies demonstrated that they are: 1) surrounded

by a membrane, packaged or organized differently from
normal cell membranes (or both), because they are la-
beled by M540; 2) round shaped, as observed via light
microscopy; 3) devoid of a nucleus, as observed after
staining in Testsimplets slides and by the failure of the
nuclear probe Y1 to label these elements after the loss of
membrane integrity induced by treatment with digitonin;
and 4) exhibit variable dimensions, including those sim-
ilar to sperm heads and thus included in the region in the
FSC/SSC dot plot characteristic of human spermatozoa
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(Muratori et al, 2000, 2003). The heterogeneousness in
size as well as in density is also suggested by the finding
that these elements migrated differently after centrifuga-
tion in density gradient. We termed these elements
‘‘M540 bodies.’’

‘‘M540 bodies’’ resembled apoptotic bodies observed
by electron microscopy in human semen as round and
variably dimensioned bodies, often devoid of nuclei (Bac-
cetti et al, 1996; Gandini et al, 2000). Apoptotic bodies
are the terminal stages of the apoptotic process in the
testis and may be extruded during secretion of sperma-
tozoa. On the other hand, an abortive apoptosis has been
hypothesized as a process that stems in the testis, fails to
complete, and to delete apoptotic germ cells and their
residues, which appear in the human ejaculates of sub-
fertile patients (Sakkas et al, 1999b). In recent years, de-
tection of apoptotic features in human ejaculates from
subfertile patients (Sakkas et al, 1999a, 2002), as well as
apoptotic-like ultra structures (Baccetti et al, 1996) have
been considered signs of abortive apoptosis. Because the
fluorochrome M540 is able to detect membrane modifi-
cations occurring during apoptosis in several types of so-
matic cells (Laakko et al, 2002), it is reasonable that it
may bind apoptotic bodies in semen, as demonstrated in
the present study for ‘‘M540 bodies.’’ The finding that
the percentage of these bodies is higher in semen from
men with oligoasthenozoospermia, which is in agreement
with the higher expression of the apoptosis-related FAS
receptor in the same group of patients (Sakkas et al,
1999a), further substantiates our hypothesis that M540
bodies may represent apoptotic bodies. It may be argued
that if M540 bodies are apoptotic bodies, then they should
be also labeled with Ann V-F, due to PS exposure on the
surface as a consequence of the apoptotic process. How-
ever, double staining of sperm populations with M540 and
Ann V-F demonstrated that this is not the case (Figure 7).
The failure to expose PS on the surface in these bodies
might, however, explain why these elements escape
phagocytosis. Indeed, PS exposure is one of the main sig-
nals for recognition of somatic apoptotic cells and their
removal by phagocytes (Williamson and Schlegel, 2002).
A human disorder, in which a defect in lipid scrambling
determines failure to expose a sufficient amount of PS,
has been described (Bevers et al, 1999; Williamson and
Schlegel, 2002).

Although apoptotic bodies are the semen components
most resembling M540 bodies, we cannot exclude that
the latter could represent different semen elements. In or-
der to definitively assess the actual nature of M540 bod-
ies, further investigations are necessary.

The second part of the present study investigated the
occurrence of viable Ann V1 spermatozoa in capacitated
and noncapacitated samples. As for M540 binding, these
results are in contrast with observations in sperm of other

mammalian species, in which capacitation is accompanied
by both external exposure of PS (Gadella and Harrison,
2002) and M540 binding (Gadella and Harrison, 2000;
Fletsch et al, 2001; Rathi et al, 2001). We conclude that,
at difference with sperm capacitation in some mammalian
species, human sperm capacitation is not accompanied by
changes in the membrane architecture that can be detected
by M540 staining as well as by Ann V binding. On the
other hand, species-specific differences in sperm capaci-
tation have been documented (Baldi et al, 2000; Harrison,
2003). While the role of albumin in capacitation-induced
changes in sperm membrane as a sink for cholesterol ef-
flux has been well-defined for many species (Visconti et
al, 2002), the role of bicarbonate is less clear when com-
paring spermatozoa from different species. In particular,
it is not clear at which levels bicarbonate acts, in the
pathway of signaling of capacitation. In pig sperm, it has
been reported that, via activation of adenylate cyclase, the
ion promotes changes in the membrane, including exter-
nal exposure of PS and phosphatidylcoline, which in turn,
facilitates the efflux of cholesterol by albumin (Flesch et
al, 2001). On the contrary, in human and mouse sperm,
the action of bicarbonate seems to be located at a down-
stream level with respect to the action of albumin in pro-
moting activation of protein phosphorylation (Osheroff et
al, 1999) as well as functional capacitation (Visconti et
al, 1999). Hence, it is possible that the observed changes
in the architecture of the sperm membrane (detectable
with M540 and including PS translocation) do not occur
in human sperm or do not precisely overlap those of other
mammalian species. However, we cannot exclude that 3
hours of incubation of human sperm in CM, even if it is
sufficient to induce both responsiveness to progesterone
and an increase in phosphorylation, is not enough to pro-
voke the membrane changes detectable with Ann V bind-
ing and M540 staining, which is at variance with other
mammalian species.

It must be mentioned that in a recent report, De Vries
et al (2003), using a method similar to ours and a similar
time of capacitation, demonstrated that PS exposure ac-
companies capacitation in human spermatozoa. External
exposure of PS during capacitation in human sperm has
also been hypothesized by Barroso et al (2000), who
found a higher, but not significant, percentage of Ann V
binding in the most motile fraction of sperm population.
Later on, the same group (Schuffner et al, 2002) showed
that a short incubation of Percoll-selected sperm (from
both fertile and subfertile patients) in a noncapacitating
medium (similar to the NCM of the present study) deter-
mined a time-related increase in Ann V binding. Such an
increase was much lower in the presence of HSA (0.3%–
3%) and was significantly associated with a decline in
motility in the same samples (Schuffner et al, 2002).
Moreover, Weng et al (2002) found higher PS exposure
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in the low-motility fractions of human sperm. In a pre-
vious study (Muratori et al, 2003), we show that the basal
amount of Ann V1/PI2 in swim-up–selected sperm is
highly predictive of the development of death and DNA
fragmentation during in vitro incubation, speculating that
these sperm may be considered cells in an early phase of
cellular deterioration. The finding that the percentage of
Ann V1/PI2 sperm is lower in selected than in unselected
sperm, in which it is negatively correlated with normal
morphology (present study and Shen et al, 2002) and mo-
tility (present study), together with the demonstration of
concomitant binding with a probe able to detect apoptotic
somatic cells (Laakko et al, 2002) such as M540, is con-
sistent with our previous hypothesis (Muratori et al,
2003). The hypothesis that PS-exposing human sperma-
tozoa represents damaged or immature cells has been pos-
tulated by other authors (Amzar et al, 2002; Shen et al,
2002; Schuffner et al, 2002; Weng et al, 2002; Moustafa
et al, 2004). In addition, induction of PS exposure by
sperm have been obtained after exposure to several cy-
totoxic conditions (D’Cruz et al, 1998; Glander and
Schaller, 1999; Ramos et al, 2001). At present, we do not
have an explanation for the different results obtained by
us and those of De Vries et al (2003). It is possible that
methodological differences are responsible for the differ-
ent results, although in partial agreement with our results,
Schuffner et al (2002) reported that PS exposure during
in vitro incubation of selected human spermatozoa is
higher in a medium devoid of albumin, concluding that
albumin has a protective role against deterioration of
sperm in vitro.

In conclusion, the present study shows that both M540
and Ann V fails to detect capacitation-related membrane
changes in human sperm, suggesting that such changes
do not precisely overlap those observed in other mam-
malian species. In addition, our study shows strong evi-
dence that exposure of PS in human sperm is character-
istic of damaged cells.

Acknowledgments
The authors are grateful to Dr E. Filimberti and Dr S. Degl’Innocenti of
the Andrology Clinic of Florence for their expert assistance in evaluating
semen characteristics following staining with Testsimplets slides. We
thank Professor J. Herr (Department of Cell Biology, University of Vir-
ginia, Charlottesville, Va) for kindly providing anti-AKAP3 FSP95 anti-
body.

References
Anzar M, He L, Buhr MM, Kroetsch TG, Pauls KP. Sperm apoptosis in

fresh and cryopreserved bull semen detected by flow cytometry and
its relationship with fertility. Biol Reprod. 2002;66:354–360.

Aussel C, Bernard G, Breittmayer JP, Pelassy C, Zoccola D, Bernard A.
Monoclonal antibodies directed against the E2 protein (MIC2 gene

product) induce exposure of phosphatidylserine at the thymocyte cell
surface. Biochemistry. 1993;32:10096–10101.

Baccetti B, Collodel G, Piomboni P. Apoptosis in human ejaculated sperm
cells (notulae seminologicae 9). J Submicrosc Cytol Pathol. 1996;28:
587–596.

Bajpai M, Doncel GF. Involvement of tyrosine kinase and cAMP-depen-
dent kinase cross-talk in the regulation of human sperm motility. Re-
production. 2003;126:183–195.

Baldi E, Casano R, Falsetti C, Krausz C, Maggi M, Forti G. Intracellular
calcium accumulation and responsiveness to progesterone in capaci-
tating human spermatozoa. J Androl. 1991;12:323–330.

Baldi E, Falsetti C, Krausz C, Gervasi G, Carloni V, Casano R, Forti G.
Stimulation of platelet-activating factor synthesis by progesterone and
A23187 in human spermatozoa. Biochem J. 1993;292:209–216.

Baldi E, Luconi M, Bonaccorsi L, Muratori M, Forti G. Intracellular
events and signaling pathways involved in sperm acquisition of fer-
tilizing capacity and acrosome reaction. Front Biosci. 2000;5:E110–
E123.

Barroso G, Morshedi M, Oehninger S. Analysis of DNA fragmentation,
plasma membrane translocation of phosphatidylserine and oxidative
stress in human spermatozoa. Hum Reprod. 2000;15:1338–1344.

Bevers EM, Comfurius P, Dekkers DW, Zwaal RF. Lipid translocation
across the plasma membrane of mammalian cells. Biochim Biophys
Acta. 1999;1439:317–330.

Choi YH, Toyoda Y. Cyclodextrin removes cholesterol from mouse sperm
and induces capacitation in a protein-free medium. Biol Reprod. 1998;
59:1328–1333.

Cormier N, Sirard MA, Bailey JL. Premature capacitation of bovine sper-
matozoa is initiated by cryopreservation. J Androl. 1997;18:461–468.

D’Cruz OJ, Ghosh P, Uckun FM. Spermicidal activity of metallocene
complexes containing vanadium(IV) in humans. Biol Reprod. 1998;
58:1515–1526.

De Vries KJ, Wiedmer T, Sims PJ, Gadella BM. Caspase independent
exposure of aminophospholipids and tyrosine phosphorylation in bi-
carbonate responsive human sperm cells. Biol Reprod. 2003;68:2122–
2134.

Ficarro S, Chertihin O, Westbrook VA, et al. Phosphoproteome analysis
of capacitated human spermatozoa. J Biol Chem. 2003;278:11579–
11589.

Flesch FM, Brouwers JF, Nievelstein PF, Verkleij AJ, van Golde LM,
Colenbrander B, Gadella BM. Bicarbonate stimulated phospholipid
scrambling induces cholesterol redistribution and enables cholesterol
depletion in the sperm plasma membrane. J Cell Sci. 2001;114:3543–
3555.

Gadella BM, Harrison RAP. The capacitating agent bicarbonate induces
protein kinase A-dependent changes in phospholipid transbilayer be-
havior in the plasma membrane. Development. 2000;127:2407–2420.

Gadella BM, Harrison RAP. Capacitation induces cyclic adenosine 39,59-
monophosphate-dependent, but apoptosis-unrelated, exposure of ami-
nophospholipids at the apical head plasma membrane of boar sperm
cells. Biol Reprod. 2002;67:340–350.

Gandini L, Lombardo F, Paoli D, Caponecchia L, Familiari G, Verlengia
C, Dondero F, Lenzi A. Study of apoptotic DNA fragmentation in
human spermatozoa. Hum Reprod. 2000;15:830–839.

Garcia MA, Meizel S. Progesterone-mediated calcium influx and acro-
some reaction of human spermatozoa: pharmacological investigation
of T-type calcium channels. Biol Reprod. 1999;60:102–109.

Glander HJ, Schaller J. Binding of annexin V to plasma membranes of
human spermatozoa: a rapid assay for detection of membrane changes
after cryostorage. Mol Hum Reprod. 1999;5:109–115.

Grynkiewicz G, Poenie M, Tsien RY. A new generation of Ca21 indi-
cators with greatly improved fluorescence properties. J Biol Chem.
1985;260:3440–3450.

Harrison R. Cyclic AMP signalling during mammalian sperm capacita-



810 Journal of Andrology · September/October 2004

tion—still largely terra incognita. Reprod Domest Anim. 2003;38:
102–110.

Idziorek T, Estaquier J, De Bels F, Ameisen JC. YOPRO-1 permits cy-
tofluorometric analysis of programmed cell death (apoptosis) without
interfering with cell viability. J Immunol Methods. 1995;185:249–
258.

Laakko T, King L, Fraker P. Versatility of merocyanine 540 for the flow
cytometric detection of apoptosis in human and murine cells. J Im-
munol Methods. 2002;261:129–139.

Luconi M, Barni T, Vannelli GB, et al. Extracellular signal-regulated ki-
nases modulate capacitation of human spermatozoa. Biol Reprod.
1998a;58:1476–1489.

Luconi M, Bonaccorsi L, Krausz C, Gervasi G, Forti G, Baldi E. Stim-
ulation of protein tyrosine phosphorylation by platelet-activating fac-
tor and progesterone in human spermatozoa. Mol Cell Endocrinol.
1995;108:35–42.

Luconi M, Carloni V, Marra F, Ferruzzi P, Forti G. Baldi E. Increased
phosphorylation of AKAP by inhibition of phosphatidylinositol 3-
kinase enhances human sperm motility through tail recruitment of
protein kinase A. J Cell Sci. 2004;117(Pt 7):1235–1246.

Luconi M, Krausz C, Barni T, Vannelli GB, Forti G, Baldi E. Progester-
one stimulates p42 extracellular signal-regulated kinase (p42erk) in
human spermatozoa. Mol Hum Reprod. 1998b;4:251–258.

Luconi M, Krausz C, Forti G, Baldi E. Extracellular calcium negatively
modulates tyrosine phosphorylation and tyrosine kinase activity dur-
ing capacitation of human spermatozoa. Biol Reprod. 1996;55:207–
216.

Luconi M, Muratori M, Forti G, Baldi E. Identification and characteriza-
tion of a novel functional estrogen receptor on human sperm mem-
brane that interferes with progesterone effects. J Clin Endocrinol Me-
tab. 1999;84:1670–1678.

Mandal A, Naaby-Hansen S, Wolkowicz MJ, et al. FSP95, a testis-spe-
cific 95-kilodalton fibrous sheath antigen that undergoes tyrosine
phosphorylation in capacitated human spermatozoa. Biol Reprod.
1999;61:1184–1197.

Moustafa MH, Sharma RK, Thornton J, Mascha E, Abdel-Hafez MA,
Thomas AJ, Agarwal A. Relationship between ROS production, ap-
optosis and DNA denaturation in spermatozoa from patients examined
for infertility. Hum Reprod. 2004;19:129–138.

Mower DA Jr, Peckham DW, Illera VA, Fishbaugh JK, Stunz LL, Ashman
RF. Decreased membrane phospholipid packing and decreased cell
size precede DNA cleavage in mature mouse B cell apoptosis. J Im-
munol. 1994;152:4832–4842.

Muratori M, Maggi M, Spinelli S, Filimberti E, Forti G, Baldi E. Spon-
taneous DNA fragmentation in swim-up selected human spermatozoa
during long term incubation. J Androl. 2003;24:253–262.

Muratori M, Piomboni P, Baldi E, et al. Functional and ultrastructural
features of DNA-fragmented human sperm. J Androl. 2000;21:903–
912.

Okamura N, Tajima Y, Soejima A, Masuda H, Sugita Y. Sodium bicar-
bonate in seminal plasma stimulates the motility of mammalian sper-

matozoa through direct activation of adenylate cyclase. J Biol Chem.
1985;260:9699–9705.

Osheroff JE, Visconti PE, Valenzuela JP, Travis AJ, Alvarez J, Kopf GS.
Regulation of human sperm capacitation by a cholesterol efflux-stim-
ulated signal transduction pathway leading to protein kinase A-me-
diated up-regulation of protein tyrosine phosphorylation. Mol Hum
Reprod. 1999;5:1017–1026.

Ramos L, Wetzels AM. Low rates of DNA fragmentation in selected
motile human spermatozoa assessed by the TUNEL assay. Hum Re-
prod. 2001;16:1703–1707.

Rathi R, Colenbrander B, Bevers MM, Gadella BM. Evaluation of in
vitro capacitation of stallion spermatozoa. Biol Reprod. 2001;65:462–
470.

Sakkas D, Mariethoz E, Manicardi G, Bizzaro D, Bianchi PG, Bianchi
U. Origin of DNA damage in ejaculated human spermatozoa. Rev
Reprod. 1999b;4:31–37.

Sakkas D, Mariethoz E, St John JC. Abnormal sperm parameters in hu-
mans are indicative of an abortive apoptotic mechanism linked to the
Fas-mediated pathway. Exp Cell Res. 1999a;251:350–355.

Sakkas D, Moffatt O, Manicardi GC, Mariethoz E, Tarozzi N, Bizzaro
D. Nature of DNA damage in ejaculated human spermatozoa and the
possible involvement of apoptosis. Biol Reprod. 2002;66:1061–1067.

Schuffner A, Morshedi M, Vaamonde D, Duran EH, Oehninger S. Effect
of different incubation conditions on phosphatidylserine externaliza-
tion and motion parameters of purified fractions of highly motile hu-
man spermatozoa. J Androl. 2002;23:194–201.

Shen HM, Dai J, Chia SE, Lim A, Ong CN. Detection of apoptotic al-
terations in sperm in subfertile patients and their correlations with
sperm quality. Hum Reprod. 2002;17:1266–1273.

Visconti PE, Ning X-P, Fornés MW, Alvarez JG, Stein P, Connors SA,
Kopf GS. Cholesterol efflux-mediated signal transduction in mam-
malian sperm: cholesterol release signals an increase in protein tyro-
sine phosphorylation during mouse sperm capacitation. Dev Biol.
1999;214:429–443.

Visconti PE, Westbrook VA, Chertihin O, Demarco I, Sleight S, Diekman
AB. Novel signaling pathways involved in sperm acquisition of fer-
tilizing capacity. J Reprod Immunol. 2002;53:133–150.

Weng SL, Taylor SL, Morshedi M, Schuffner A, Duran EH, Beebe S,
Oehninger S. Caspase activity and apoptotic markers in ejaculated
human sperm. Mol Hum Reprod. 2002;8:984–991.

Williamson P, Schlegel RA. Transbilayer phospholipid movement and the
clearance of apoptotic cells. Biochim Biophys Acta. 2002;1585:53–63.

World Health Organization. WHO Laboratory Manual for the Examina-
tion of Human Semen and Sperm-Cervical Mucus Interactions. 4th
ed. Cambridge, United Kingdom: Cambridge University Press; 1999.

Yanagimachi R. Mammalian Fertilization. In: Knobil E, Neill JD, eds.
The Physiology of Reproduction. New York: Raven Press; 1994:189–
317.

Zeng Y, Oberdorf JA, Florman HM. pH regulation in mouse sperm: iden-
tification of Na(1)-, Cl(2)-, and HCO3(2)-dependent and arylami-
nobenzoate-dependent regulatory mechanisms and characterization of
their roles in sperm capacitation. Dev Biol. 1996;173:510–520.


