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ABSTRACT

Magnetic cell sorting (MACS) using annexin V-conjugated
microbeads eliminates apoptotic spermatozoa based on the
externalization of phosphatidylserine residues. The procedure
delivers two sperm fractions: annexin V-negative (nonapoptotic)
and annexin V-positive (apoptotic). Our aim was to determine
whether the sperm fertilizing potential can be improved by
selecting a nonapoptotic fraction using MACS. Semen samples (n
¼ 35) were subjected to separation on a density gradient
followed by MACS. Extent of apoptosis was assessed by
measuring levels of activated caspase 3 using fluorescein-labeled
inhibitors of caspase, alterations in mitochondrial membrane
potential (MMP) using a lipophilic cationic dye, and DNA
fragmentation using terminal deoxynucleotidyl transferase-me-
diated fluorescein-dUTP nick end labeling assay. The sperm
fertilization potential was assessed using hamster oocyte
penetration assay and hamster oocyte-intracytoplasmic sperm
injection (ICSI). Annexin V-negative sperm displayed superior
quality in terms of high motility, low caspase 3 activation, MMP
integrity, and small extent of DNA fragmentation. Annexin V-
negative sperm demonstrated higher oocyte penetration capac-
ity but comparable sperm chromatin decondensation (SCD)
following ICSI. Conversely, the annexin V-positive sperm
presented with poor quality and fertilization potential. The
oocyte penetration rate was negatively correlated with apoptot-
ic marker expression, whereas SCD following ICSI was only
associated with apoptosis on sperm-damaged membranes. We
conclude that apoptosis appears to impact sperm-oocyte
penetration rate; however, it does not seem to affect early
stages of fertilization such as SCD in spermatozoa of healthy
donors. The selection of nonapoptotic sperm by MACS may be
used to enhance results of in vitro fertilization by increasing
sperm-oocyte penetration.

apoptosis, in vitro fertilization, sperm

INTRODUCTION

Apoptosis is an ongoing physiological phenomenon that
maintains the number of germ cells within the supportive
capacity of the Sertoli cells [1]. As opposed to somatic and
testicular germ cells, the presence and significance of apoptosis
in ejaculated spermatozoa remains elusive [2]. Although
ejaculated spermatozoa display several apoptosis-like charac-
teristics, as in somatic cells, these apoptosis-related features do
not necessarily indicate apoptosis death functions [3]. Never-
theless, apoptosis-like phenotype in ejaculated sperm has been
associated with the presence of abnormal spermatozoa in
semen [4–6]. The failure to eliminate these abnormal
spermatozoa during spermatogenesis—also termed ‘‘abortive
apoptosis’’—may be the reason for their presence in semen [4,
6].

Activation of caspases, disruption of mitochondrial mem-
brane potential (MMP), and increased DNA fragmentation are
some of the apoptotic features that have been identified in
ejaculated spermatozoa [3, 7–9]. Another apoptotic event
reported in human spermatozoa is the externalization of the
phospholipid phosphatidylserine (PS), which is normally
present on the inner leaflet of the sperm plasma membrane
[10, 11]. Annexin V is a phospholipid-binding protein that has
high affinity for PS and lacks the ability to pass through an
intact sperm membrane [12]. Therefore, binding of annexin V
to spermatozoa indicates that the membrane integrity has been
compromised [13].

Magnetic-activated cell sorting (MACS) using annexin V-
conjugated superparamagnetic microbeads can effectively
separate nonapoptotic spermatozoa from those with deteriorat-
ed plasma membranes based on the externalization of PS.
MACS separation of sperm yields two fractions: annexin V-
negative (intact membranes, nonapoptotic) and annexin V-
positive (externalized PS, apoptotic) [14, 15]. We have recently
established a sperm preparation protocol that combines MACS
with double-density centrifugation. This novel combination
provides spermatozoa of higher quality in terms of motility,
viability, and apoptosis indices compared with other conven-
tional sperm preparation methods [16]. The protocol can also
be used to improve cryosurvival rates following freezing and
thawing [17].

The last decade has witnessed a rapidly increasing trend in
the application of assisted reproductive technology for the
treatment of infertile couples. Although the indications of
assisted reproductive techniques (ART) have expanded, a
defined pathophysiological diagnosis is often missed [18].
Moreover, current pregnancy and live birth success rates
remain unsatisfactory [19]. The inclusion of apoptotic sperm
during in vitro fertilization (IVF) may be one of the reasons for

1Supported by funds from the Cleveland Clinic Foundation (RPC7812),
the German Research Council (Deutsche Forschungsgemeinschaft,
DFG GL 199/4), and a Junior Research Grant from the Faculty of
Medicine, University of Leipzig (formel.1–54).
2Correspondence: Uwe Paasch, University of Leipzig, Department of
Dermatology, Training Center of the European Academy of Andrology,
Stephanstrasse 11, 04103 Leipzig, Germany. FAX: 49 341 9718649;
e-mail: uwe.paasch@medizin.uni-leipzig.de

Received: 12 August 2005.
First decision: 25 September 2005.
Accepted: 17 November 2005.
� 2006 by the Society for the Study of Reproduction, Inc.
ISSN: 0006-3363. http://www.biolreprod.org

530



these suboptimal rates [20, 21]. Similarly, there is likelihood
that some sperm selected for intracytoplasmic sperm injection
(ICSI), despite appearing normal, may contain fragmented
DNA, thus affecting the outcome of the procedure [22]. Thus,
it appears that the selection of nonapoptotic spermatozoa is one
of the prerequisites for achieving optimal conception rates
following ART. MACS using annexin V microbeads may yield
a sperm population that displays superior functional abilities
and in turn higher fertilization potential. In this study, we
investigated the possible effects of apoptosis and DNA damage
on the sperm function following MACS, using in vitro models
that test the sperm-oocyte penetration and chromatin decon-
densation upon oocyte entry. Our aim was to assess the
fertilization potential of annexin V-negative (nonapoptotic)
sperm to determine whether the use of MACS before ART
procedures can enhance success rates.

MATERIALS AND METHODS

Experimental Design

This study was approved by the Institution Review Boards of the Cleveland
Clinic Foundation and the Faculty of Medicine, University of Leipzig. Semen
samples were obtained from 35 healthy donors following a period of 3–5 days
of sexual abstinence. Semen analysis was performed according to World Health
Organization guidelines [23]. Samples with �20 3 106 spermatozoa/ml and at
least 50% progressive sperm motility were selected for the study.

Semen samples were prepared by double-density-gradient centrifugation
(PureCeption; SAGE BioPharma). Samples were loaded onto a 40% and 80%
discontinuous gradient and centrifuged at 300 3 g for 20 min at room
temperature (258C). The resulting 80% pellet was washed by centrifugation for
an additional 7 min and resuspended in human tubal fluid media (HTF; Irvine
Scientific).

One aliquot of the sperm suspension served as control, and the other aliquot
was subjected to MACS. Activated caspase 3 levels, integrity of the MMP, and
extent of DNA fragmentation were assessed as markers of apoptosis in the
annexin V-negative and -positive aliquots following MACS as well as in the
control aliquot. The extent of PS externalization in the annexin V-negative and
-positive aliquots was evaluated and served as a control for MACS separation.
The zona-free hamster oocyte penetration assay and the extent of sperm
chromatin decondensation (SCD) following hamster oocyte intracytoplasmic
injection were used as in vitro models to test the sperm fertilization potential
(Fig. 1).

Isolation of Spermatozoa with Deteriorated Membranes
by MACS

Spermatozoa were incubated with annexin V-conjugated microbeads
(Miltenyi Biotec) for 15 min at room temperature. One hundred microliters

of microbeads was used for each 10 million separated cells. The sperm/
microbeads suspension was loaded in a separation column containing iron
globes, which was fitted in a magnet (MiniMACS; Miltenyi Biotec). The
fraction composed of apoptotic spermatozoa was retained in the separation
column and labeled as annexin V-positive, whereas the fraction with intact
membranes that was eluted through the column was labeled as annexin V-
negative. The power of the magnetic field was measured as 0.5 T between the
poles of the magnet and up to 1.5 T within the iron globes of the column. After
the column was removed from the magnetic field, the retained fraction was
eluted using annexin V-binding buffer (Miltenyi Biotec).

Detection of Activated Caspase 3

Levels of activated caspase 3 were detected in spermatozoa using
fluorescein-labeled inhibitor of caspase (FLICA), which is cell-permeable
and noncytotoxic and which binds covalently to active caspase 3 [24]. The
inhibitor was used with the appropriate controls according to the kit instructions
provided by the manufacturer (Carboxyfluorescein FLICA; Immunochemistry
Technologies). A 150-fold stock solution of the inhibitor was prepared in
dimethyl sulfoxide and further diluted in PBS to yield a 30-fold working
solution. All test aliquots and controls (with 100 ll PBS) were incubated at
378C for 1 h with 10 ll of the working solution and subsequently washed twice
with the rinse buffer.

Evaluation of Mitochondrial Membrane Potential

A lipophilic cationic dye (5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimi-
dazolyl carbocyanine chloride) was used to detect intact MMP in spermatozoa
(ApoAlert Mitosensor Kit; Clontech). Spermatozoa with intact mitochondria
excite an intense red fluorescence because of the formation of the dye
aggregates, whereas the monomer dye fluoresces green in the presence of
sperm with a disrupted mitochondrial membrane. The kit was used according to
the instructions of the manufacturer. Briefly, all aliquots were incubated at 378C
for 20 min in 1 lg of the lipophilic cation diluted in 1 ml PBS. Negative
controls were processed identically for each fraction except that the stain was
replaced with 10 ll PBS.

Evaluation of DNA Fragmentation

Sperm DNA strand breaks were evaluated using a TUNEL assay kit (Apo-
Direct; Chemicon) as established earlier [25]. Briefly, spermatozoa were
washed twice in PBS, resuspended in 1% paraformaldehyde (Electron
Microscopy Sciences) at a concentration of 1–2 3 106 sperm/ml, and placed
on ice for 30–60 min. These spermatozoa were again washed by centrifugation
at 300 3 g for 5 min and resuspended in 70% ice-cold ethanol.

Following a second wash in PBS to remove ethanol, sperm pellets were
resuspended in 50 ll of the staining solution for 60 min at 378C. The staining
solution contained terminal deoxytransferase (TdT) enzyme, TdT reaction
buffer, fluorescein tagged deoxyuridine triphosphate nucleotides, and distilled
water. All cells were further washed in rinse buffer, resuspended in 0.5 ml of
propidium iodide/RNase solution, and incubated for 30 min in the dark at room
temperature. Somatic cells were used without (negative control) and after
induction of apoptosis (positive control) for each run according to the
manufacturer’s instructions. An additional sperm negative control was
processed identically for each fraction except that the TdT enzyme was
replaced with an equal volume of PBS.

Phosphatidylserine Externalization

Externalization of PS was examined using a monoclonal mouse anti-human
PS antibody, clone 1H6 (Upstate Cell Signaling Solutions). Spermatozoa were
incubated with the PS antibody at a final concentration of 0.5 lg/ml in PBS
containing 2% bovine serum albumin (PBSB) for 20 min on ice, followed by
addition of 150 ll PBSB and centrifugation at 300 3 g for 5 min at 208C. After
the supernatant was discarded, each sperm pellet was incubated with 50 ll of
secondary antibody (goat anti-mouse IgG, fluorescein conjugate; Upstate Cell
Signaling Solutions) on ice for 20 min and protected from direct light. A second
washing step in PBSB (300 3 g for 5 min at 208C) was performed to remove
excess antibody that was not bound to the spermatozoal surface. For assessment
by flow cytometry, sperm pellets were diluted in 400 ll PBSB.

Flow Cytometry Analysis

The extent of activated caspase 3, intact MMP, externalized PS, and sperm
DNA damage were evaluated by flow cytometric analyses. All fluorescence
signals of labeled spermatozoa were analyzed by the flow cytometer FACScan

FIG. 1. Overall experimental design showing the different steps
performed in our study. DGC, Double density gradient centrifugation;
CP 3, activated caspase 3; EPS, externalized phosphatidylserine.
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(Becton Dickinson). A minimum of 10 000 spermatozoa was examined for each
assay at a flow rate of ,100 cells/sec. The sperm population was gated using
908 and forward-angle light scatter to exclude debris and aggregates. The
excitation wavelength was 488 nm supplied by an argon laser at 15 mW. Green
fluorescence (480–530 nm) was measured in the FL-1 channel and red
fluorescence (580–630 nm) in the FL-2 channel. The percentage of positive
cells and the mean fluorescence was calculated on a 1023-channel scale using
the flow cytometer software Expo32 ADC (Coulter).

Zona-Free Hamster Oocyte Penetration Assay

The assay was performed as described by Johnson et al. [26] with slight
modifications to mimic the human IVF procedure. Sperm aliquots used for the
evaluation of sperm penetration assay were subjected to capacitating conditions
(incubation in HTF media containing 3% bovine serum albumin for 3.5 h at
378C and 5% carbon dioxide). Frozen-thawed hamster oocytes (Embryotech)
were briefly exposed to acidified Tyrode’s media (Irvine Scientific) to remove
the zona pellucida and in turn their species specificity. The zona-free hamster
oocytes were placed in 50-ll sperm droplets (concentration adjusted to 3–5 3

106 sperm/ml), overlaid with mineral oil (Sigma) and incubated for 3 h at 378C,
5% CO

2
. A total of 20 oocytes (five oocytes per sperm droplet) was used for

each of the three experiment aliquots. Following incubation, oocytes were
washed in PBS þ 10% BSA to remove the excess sperm attached to their
surface and examined by 403 phase-contrast microscopy (BH2-PC; Olympus).
The presence of decondensed nucleus with an attached tail was taken to
represent a positive penetration. The number of oocytes scored for each of the
three experiment aliquots ranged from 15 to 20 depending on the number of
oocytes damaged during the assay. Results were evaluated as the percentage of
oocytes penetrated by sperm (SPA) and the average number of sperm
penetrated per oocytes (sperm capacitation index [SCI]).

Intracytoplasmic Sperm Injection

Micromanipulation was carried out under a 4003 inverted microscope
(Nikon) using Hoffman optics. The microscope was equipped with two
hydraulic micromanipulators (M0-102M) and two microinjectors (IM-4 and
IM-6; Narishige Co. Ltd.).

ICSI was carried out as described by Palermo et al. [27]. In brief, 1 ll of
sperm suspension was diluted with 4 ll of 7% polyvinyl pyrolidone (Irvine
Scientific) and placed in the center of an injection dish. Each frozen-thawed
hamster oocyte (Embryotech) was placed in 5 ll of HTF media þ 10% BSA
surrounding the central drop containing the sperm suspension and covered with
mineral oil. A total of 10 oocytes was injected for each of the three experiment
aliquots. The selected sperm was aspirated into the injector micropipette and
introduced through the zona into the ooplasm. The micropipette was then
slowly withdrawn and the injected oocytes were kept at 378C, 5% CO

2
for 18–

22 h.
To evaluate the occurrence of SCD, oocytes were fixed by incubation in 2%

formaldehyde þ 0.02% triton-X (Bio-Rad) for 30 min at 378C. Following
incubation, oocytes were washed in PBS þ 10% BSA and stained with Hoechst
33258 (10 lg/ml; Sigma) for 45 min at 378C. Washing was repeated to remove
the excess stain and oocytes were mounted on glass slide using Slow Fade
mounting medium (Molecular Probes) [28]. Images were collected using a
Leica AOBS SP2 confocal microscope (Leica Microsystems) using the 351-nm
line of an argon laser for excitation. Emitted light between 400 and 500 nm was
collected using a 633 lens, and the Z-series was collected using a step size of
0.4 lm. The number of oocytes scored for each of the three experiment aliquots
ranged from 5 to 10 depending on the number of oocytes damaged during the
assay.

Statistical Analysis

One-way ANOVA with repeated measures was used to compare various
parameters among the three experiment aliquots. Pairwise Pearson correlation
coefficients were used to study the association between different parameters.
The common correlation coefficient, which can be regarded as a measure of the
average correlation across treatment groups, was calculated when necessary
from a weighted average of the Fisher Z transformations of the aliquot-specific
correlations. All tests were two-tailed, and significance was indicated by P ,

0.05. The statistical analysis was done using SAS, version 9.0 (SAS Institute).

RESULTS

Semen Sample Evaluation

The mean sperm concentration and percentage motility in
the raw ejaculates were 93.4 6 76.6 3 106/ml and 57.3 6
9.4%. Following separation on a double-density gradient, the
sperm recovery rate was 55.2 6 24.0%, resulting in an average
sperm concentration of 83.8 6 57.6 3 106/ml and an average
motility of 73.9 6 8.7%. The sperm motility values were
significantly higher in the annexin V-negative fraction
following MACS compared to the annexin V-positive fraction
(P , 0.001) as well as controls (P¼ 0.007). On the other hand,
the annexin V-positive sperm presented with significantly
lower motility compared to the controls (P , 0.001, Table 1).

Activated Caspase 3, MMP, and DNA Fragmentation

Overall, a significantly large difference was seen between
the three aliquots in caspase 3 activation, MMP, and DNA
fragmentation (P , 0.001, P , 0.001, and P , 0.001,
respectively). The extent of spermatozoa displaying activated
caspase 3 was significantly lower in the annexin V-negative
fraction in comparison to the annexin V-positive fraction (P ,
0.001) as well as the controls (P , 0.001). The integrity of the
mitochondrial membrane potential was more preserved in the
annexin V-negative fraction (P , 0.001 vs. annexin V-positive
fraction; P , 0.001 vs. controls). Results of the TUNEL assay
revealed that the percentage of sperm with fragmented DNA
was significantly lower in the annexin V-negative fraction (P
, 0.001 vs. annexin V-positive fraction; P ¼ 0.007 vs.
controls). The annexin V-positive fraction had higher caspase 3
activation and DNA fragmentation and lower MMP integrity
compared with the controls (P , 0.001, P ¼ 0.002, and P ,
0.001, respectively; Table 1). The externalization of PS was
significantly lower in the annexin V-negative fraction com-
pared to the annexin V-positive fraction following MACS
separation (3.4 6 1.7% vs. 54.9 6 18.1 %, P , 0.001; Fig. 2).

Caspase 3 activation was significantly and negatively
correlated with MMP and sperm motility. Both MMP and
sperm motility showed a significant positive correlation. On the
other hand, the percentage of spermatozoa with fragmented

TABLE 1. Results of sperm motility and apoptotic markers in annexin V-negative and -positive sperm and controls.

Motility
(% motile)a

(n ¼ 35)

Caspase 3
(% activated)a

(n ¼ 35)

MMP
(% intact)a

(n ¼ 35)

TUNEL
(% DNA damaged)a

(n ¼ 19)

Annexin V-negative fraction (aliquot A) 78.1 6 11.3 8.8 6 5.9 88.6 6 7.8 9.7 6 10.6
Annexin V-positive fraction (aliquot B) 12.0 6 9.8 70.5 6 18.8 30.0 6 16.5 21.0 6 13.6
Control (aliquot C) 74.8 6 9.4 15.2 6 10.5 78.0 6 15.1 14.4 6 13.2
P valueb

A vs. B ,0.001 ,0.001 ,0.001 ,0.001
A vs. C 0.007 ,0.001 ,0.001 0.007
B vs. C ,0.001 ,0.001 ,0.001 0.002

a Results are expressed as mean 6 SD.
b P , 0.05 was considered significant using one-way ANOVA with repeated measures.
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DNA showed a weak positive correlation with caspase 3
activation and a negative correlation with sperm motility but
not with MMP (Table 2).

Models for Evaluating Sperm Fertilization Potential

Following the sperm penetration assay, a significantly
higher percentage of penetrated oocytes were detected in the
annexin V-negative fraction compared to the annexin V-
positive sperm (P , 0.001) as well as the controls (P¼ 0.001).
Similarly, SCI values were significantly higher in the annexin
V-negative fraction compared to the annexin V-positive sperm
(P , 0.001) and the controls (P , 0.04; Table 3). The annexin
V-positive spermatozoa had lower percentage of penetrated

oocytes and SCI values when compared with the controls (P ,
0.001 and P ¼ 0.01, respectively).

The percentage of penetrated oocytes had a significant
negative correlation with caspase 3 activation (r¼�0.61, P ,
0.001) and significant positive correlations with MMP and
sperm motility (r¼ 0.67 and r¼ 0.70, P , 0.001) in samples
for which the sperm penetration assay was performed (n¼ 16).
To a lesser extent, SCI values had a significant negative
correlation with caspase 3 activation (r ¼�0.44, P , 0.001)
and significant positive correlations with MMP and sperm
motility (r ¼ 0.48 and r ¼ 0.52, P , 0.001).

A sample of SCD following ICSI is presented in Figure 3.
Both annexin V-negative sperm and controls showed a higher
percentage of SCD following ICSI compared to the annexin V-

FIG. 2. Results of flow cytometric analyses. The X-axis of each histogram depicts the intensity of fluorescence in either the green spectrum (FITC-FL1)
channel for the analysis of caspase 3, TUNEL and externalized phosphatidylserine (EPS), or in the red spectrum (rhodamine-FL2) channel. The Y-axis
depicts the frequency in terms of the number of cells.
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positive sperm (P¼ 0.02 and P¼ 0.01, respectively). However,
SCD rates were identical in the annexin V-negative sperm and
controls (P¼ 0.98; Table 3). In samples evaluated by hamster
ICSI (n ¼ 19), the SCD had a weak negative correlation with
caspase 3 activation (r ¼�0.31, P ¼ 0.01) and weak positive
correlations with MMP and sperm motility (r¼ 0.29, P¼ 0.03,
and r¼ 0.31, P¼ 0.02, respectively). No significant correlation
was found between the percentage of DNA-fragmented sperm
and the percentage of spermatozoa showing chromatin
decondensation following ICSI (r ¼ 0.05, P ¼ 0.57).

DISCUSSION

Effect of MACS on Sperm Quality

The increase in ART applications with concurrent low
success rates has intensified the need to develop an ideal sperm
preparation technique. Novel approaches such as electropho-
retic separation and magnetic cell separation have demonstrat-
ed encouraging results for the isolation of spermatozoa with
superior quality [16, 29]. Among other available procedures,
density gradient centrifugation has become a standard for
sperm preparation [30]. Although the technique has been
reported to provide spermatozoa with higher MMP and DNA
integrity [31, 32], its mode of action does not include the
identification of apoptotic markers in spermatozoa. On the
other hand, MACS using annexin V-conjugated microbeads
specifically targets spermatozoa with deteriorated membranes
that display externalized PS as a manifestation of apoptosis [13,
15]. Therefore, MACS acts on the sperm molecular level, as
opposed to routine sperm preparation techniques that rely

solely on sperm density and motility. In this context, MACS
may be considered a unique molecular preparation technique
that complements conventional sperm preparation protocols.

In the current experiment, the recovery rate of motile sperm
following density-gradient centrifugation was relatively high
because of the nature of our study population, which consisted
of men with normal semen parameters. Nevertheless, the
percentage of motile sperm was further significantly increased
following MACS separation, as noted in the annexin V-
negative fraction. This clearly indicates that sperm motility can
still be improved by integrating MACS as a part of the sperm
preparation protocol, which is in agreement with our earlier
studies [16, 17]. The enhancement of sperm motility following
MACS separation is not surprising because functional assays of
sperm plasma membrane integrity are good indicators of sperm
quality [13]. Moreover, sperm motility has been negatively
correlated with several apoptotic indices, such as caspase 3
activation [3, 9] and PS externalization [5, 11].

Impact of MACS on Apoptosis Markers

The annexin V-negative fraction separated by MACS
displayed the lowest percentage of capsase 3 activation as
well as the highest mitochondrial membrane integrity.
Conversely, the annexin V-positive fraction demonstrated the
highest expression levels of these apoptotic markers. MACS
coupled with annexin V microbeads has been repeatedly shown
to efficiently isolate apoptotic spermatozoa [14, 33–36].
Because PS externalization is considered an apoptotic event,
other features of apoptosis would be expected to manifest
concomitantly. In our earlier study, MACS separation resulted
in the depletion of spermatozoa with activated caspases [34].
Moreover, mitochondrial changes typical of apoptosis coin-
cided with PS externalization and annexin V binding [2]. The
strong correlation detected in the present study between PS
externalization, caspase 3 activation, and MMP further
supports this observation.

Alterations in the sperm phospholipid bilayer are not always
considered manifestations of cell death but may be a part of the
normal sperm physiology. During sperm capacitation, protein
kinases have been identified as mediators for signaling
pathways that lead to externalization of PS and phosphatidyl-
ethanolamine (PE) [37–39]. However, species-specific differ-
ences in sperm capacitation as well as different methodologies
for capacitation induction restricted the validation of these
findings [40]. In our study, the significantly reduced sperm
motility in the annexin V-positive fraction is an indicator that
annexin V binding is more associated with cell death rather
than sperm capacitation.

TABLE 2. Sperm motility and markers of apoptosis showing the
correlation and the significance (in parentheses) with each other.a

Motility
(n ¼ 35)

Caspase 3
(n ¼ 35)

MMP
(n ¼ 35)

TUNELb

(n ¼ 19)

Motility
(n ¼ 35)

1.00 �0.58
(,0.001)

0.54
(,0.001)

�0.55
(,0.001)

Caspase 3
(n ¼ 35)

1.00 �0.54
(,0.001)

0.37
(,0.008)

MMP
(n ¼ 35)

1.00 �0.21
(0.144)

TUNEL
(n ¼ 19)

1.00

a The average correlations are derived from the weighted averages of the
Fisher Z transformations of the group specific Pearson correlations;
P , 0.05 is considered significantly different from zero using a Wald test.
b The correlation between TUNEL and others were based on the 19
samples available to both measures.

TABLE 3. In vitro models showing the impact of magnetic cell separation on sperm fertilization potential of various sperm fractions using SPA and SCD
following ICSI.

SPA
(n ¼ 16)

SCD
(n ¼ 19)

Oocytes penetrated (%)a Sperm capacitation indexa Decondensed sperm (%)a

Annexin V-negative fraction (aliquot A) 44.5 6 12.6 1.8 6 0.3 34.2 6 13.7
Annexin V-positive fraction (aliquot B) 20.8 6 5.3 1.3 6 0.4 24.6 6 13.0
Control (aliquot C) 33.8 6 6.9 1.5 6 0.6 34.0 6 13.0
P valueb

A vs. B ,0.001 ,0.001 0.02
A vs. C 0.001 0.04 0.98
B vs. C ,0.001 0.01 0.01

a Results are expressed as mean 6 SD.
b P , 0.05 was considered significant using one-way analysis of variance with repeated measures.
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We compared PS externalization between the annexin V-
negative and -positive fractions separated by MACS as an
internal control measure to assess the efficiency of MACS
separation. The technique appears to be adequate because the
number of PS-positive sperm was lower in the annexin V-
negative fraction than in the annexin V-positive fraction.
Minimal PS externalization was noted in the annexin V-
negative fraction, whereas a considerable number of sperma-
tozoa that stained negative for PS were found in the annexin V-
positive fraction. The absence of PS externalization in some
spermatozoa in the annexin V-positive fraction may be because
beads have already blocked the PS binding sites. In addition,
annexin V can also bind to other enzymes such as protein
kinases, and phospholipids such as PE, despite high affinity for
PS [41, 42].

Defective chromatin packaging and failure of replacement
of histones with protamines during spermiogenesis, along with
oxidative stress, have been linked to DNA damage in male
germ cells [43, 44]. Alternatively, DNA fragmentation in
ejaculated human spermatozoa may be one of the character-
istics of programmed cell death [7, 43, 44]. In the present
study, annexin V-negative sperm following MACS had the
lowest incidence of DNA fragmentation. However, the extent
of this fragmentation did not correlate with the percentage of
motile spermatozoa or other markers of apoptosis. This may be
attributed to the fact that DNA integrity is an independent
measure of sperm quality that is not necessarily associated with
other sperm parameters [45]. Moreover, markers of apoptosis
do not always occur at the same time [3, 4]. Another possible
explanation would be that TUNEL assessment for DNA
damage correlates better with necrotic rather than apoptotic
sperm [46].

Models for Sperm Fertilization Potential

Although there is an established consensus on the
implication of apoptosis in male infertility, the exact
mechanisms of its involvement remain to be elucidated [47].
In our study, we used in vitro models to assess whether the
selection of nonapoptotic spermatozoa may be used as a
strategy to enhance ART outcomes. The hamster oocyte
penetration assay has been well standardized to measure the
ability of the acrosome-reacted spermatozoa to fuse with the
vitelline membrane of the oocyte and initiate nuclear
decondensation [26]. On the other hand, human SCD following
the hamster oocyte ICSI provides a method to test the sperm
fertilizing capacity and can be used as a measure for training
and proficiency testing [48, 49]. The preliminary data
generated from these two models may justify the future
validation and application of MACS in human clinical ART.

In the present study, annexin V-negative sperm had the
highest SPA and SCI, followed by the controls, and annexin V-
positive sperm demonstrated the weakest penetration ability.
The low expression of apoptotic markers in the annexin V-
negative fraction indicates that the increased oocyte penetration
is associated with and may be caused by decreased incidence of
sperm apoptosis. Moreover, the increased oocyte penetration
potential was directly correlated with expression of apoptotic
markers (the lower the better), which further supports that
apoptosis plays a role in preventing sperm oocyte penetration.
A previous report has documented the correlation between
zona-free hamster egg penetration and annexin V staining [50].
This correlation supports our separation method, which is
based on annexin V-conjugated microbeads.

FIG. 3. Sperm chromatin decondensation
following hamster oocyte-human sperm
intracytoplasmic injection. A and B show
condensed sperm chromatin (dotted arrow),
and C and D show decondensed sperm
chromatin (solid arrow). A and C are cross-
sectional views; B and D are 3-D views with
908 angle rotation around the Z-axis. PB,
Polar body; ON, oocyte nucleus. Original
magnification 363.
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In general, SCD rates following ICSI were lower than those
found in published reports [49, 51, 52]. This may be attributed
to the use of cryopreserved hamster oocytes, which are of
lower quality than fresh oocytes, in our experiment. Although
annexin V-negative sperm had higher SCD following ICSI,
these values were comparable to the controls. This may be
attributed to the design of the experiment, in which semen
samples from healthy donors were used. The weak correlation
of caspase 3 activation and MMP, as well as the lack of
correlation of DNA damage with the results of SCD, may
indicate a weak impact of apoptosis on early fertilization stages
of healthy donor sperm. Therefore, it is evident that apoptosis
and DNA damage do not directly affect the sperm fertilization
rate following ICSI. This finding is in accordance with other
studies that reported a lack of association between sperm DNA
integrity and fertilization rates in clinical IVF programs [53–
55]. However, this may not hold true for later stages of the
fertilization process such as embryo development, blastocyst
development rate, or clinical pregnancy rates [20, 56, 57]. The
assessment of embryonic development was not possible in the
present study because of the limitation of our animal model.

Significant gene expression in human embryos is observed
after the 4-cell stage [58–60]. Thus, disorders of the paternal
genome such as sperm DNA fragmentation are not expected to
directly affect the rate of pronucleus formation, which
represents the fertilization rate. Nevertheless, other functional
abnormalities could be concurrently present in the DNA
damaged sperm and may be the reason for the decreased
fertilization rate. For instance, the annexin V-positive fraction
in the present study had the lowest percentage of motile
spermatozoa in addition to the highest incidence of deregulated
apoptosis. Therefore, the significantly decreased SCD follow-
ing ICSI in this fraction may be attributed to the decrease in
motility as well as deregulated apoptosis. In a study by Lopes
et al. [61], abnormal sperm with low motility had an increased
incidence of DNA fragmentation, which correlated with low
fertilization rates following ICSI.

Our results indicate that MACS separation enhances the
sperm-oocyte penetration potential; therefore, it may be of
potential benefit during ART procedures such as intrauterine
insemination (IUI) or IVF. On the other hand, MACS does not
seem to be a useful measure for enhancing early fertilization
following ICSI. Whether or not it will affect the results of later
fertilization stages requires further study, which was not
possible because of the limitation of our animal model. Our
findings are in agreement with multiple published reports that
document the association of apoptosis and DNA damage with
the fertilization rates following IUI and IVF but not with ICSI
[22, 62, 63]. The discrepancy may be because of the technical
nature of ICSI that plays an important role in minimizing the
impact of sperm preparation methods. During ICSI, a motile
and, as far as possible, morphologically normal sperm is
selected for injection [62]. Therefore, there is an increased
chance of using a sperm with intact DNA. On the other hand,
during IVF, a larger number of spermatozoa are incubated with
the oocyte, and a natural selection process takes place to
control sperm penetration.

In conclusion, apoptosis appears to have a negative impact
on sperm-oocyte penetration. Subsequently, the separation of a
nonapoptotic fraction using MACS further improves the sperm
quality and oocyte penetration capacity. Based on these
conclusions, including an additional step of sperm preparation
involving the isolation of apoptotic sperm using MACS may
significantly enhance the outcome of some assisted reproduc-
tive techniques such as IUI or IVF. Although our data support
the association of apoptosis with DNA fragmentation in human

spermatozoa, both phenomena do not seem to impact early
stages of fertilization such as SCD. Therefore, MACS can be
used to isolate spermatozoa with compromised genomic
integrity, but whether or not it will have the ability to increase
fertilization rates following ICSI requires further investigation
in a clinical ART program.
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