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ABSTRACT Caspases are central components in the apoptosis signaling cascade. The family of
cysteine proteases transduces and enhances the apoptosis signal, and activation of effector cas-
pases results in controlled cellular degradation. Although initially the presence of caspases in sper-
matozoa was controversially discussed in recent years, many studies demonstrated their activation
in male germ cells. Activated apoptosis signaling results in decreased fertilizing capacity of the
sperm. This review presents the current knowledge on the role of caspases in human sperm. Tech-
niques of caspase monitoring are highlighted. With regard to the high impact of caspases on the
sperm fertilizing potential, physiological and pathological settings of caspase activation and inacti-
vation are discussed. Finally, the effects of depletion of caspase-positive sperm are shown with vari-
ous standard and molecular sperm preparation methods. Microsc. Res. Tech. 00:000–000,
2009. VVC 2009 Wiley-Liss, Inc.

INTRODUCTION

Male infertility is the sole or contributing factor in
almost half of the couples failing to conceive (Sharlip
et al., 2002). Semen analysis including the assessment
of sperm concentration, motility, and percentage nor-
mal forms is the standard procedure for evaluating the
male fertility potential (World Health Organization,
1999). Although the conventional analysis gives consid-
erable information, it does not provide information
about impaired subcellular processes in human sperm,
and defined pathophysiological diagnosis of male infer-
tility is often missed. In recent years, many studies
have investigated the presence and significance of pro-
grammed cell death (apoptosis) in spermatozoa, which
may be partially responsible for the low fertilization
and implantation rates seen with assisted reproductive
techniques (Oehninger et al., 2003). Caspases (CP, cys-
teinyl-aspartate-specific proteases) are the main trans-
ducers and effectors of the apoptosis signal leading to
programmed cell death. They comprise a family of cys-
teine proteases that cleave proteins after aspartic acid
residues. In somatic cells, their activation leads to
characteristic morphological changes of the cell such as
shrinkage, chromatin condensation, DNA fragmenta-
tion, and plasma membrane blebbing.

The objective of this review is to present the current
knowledge on presence and functional relevance of cas-
pase activation in human sperm. In addition, we
review various techniques of caspase detection in
human sperm. The potential impact of caspase activa-
tion on sperm fertilizing capacity is highlighted and
standard and molecular-based sperm preparation tech-
niques are examined with regard to their potential to
deplete caspase-positive sperm.

THE CASPASE SYSTEM

Caspases were first described in the nematode C. ele-
gans. The cell death abnormal protein 3 (ced-3) gene

was demonstrated to encode a cysteine protease similar
to the human interleukin-1b-converting enzyme which
was later renamed to caspase-1 (Thornberry et al.,
1992). To date, 14 caspases have been identified. They
can be classified on the basis of their known major
functions into two subfamilies, pro-apoptotic and pro-
inflammatory subfamilies. Caspase-2, -3, -6, -7, -8, -9,
-10 are known to be predominantly involved in media-
ting apoptosis signal transduction, whereas pro-inflam-
matory caspases (caspase-1, -4, -5, -11, -12) regulate
cytokine maturation during inflammation. However,
the activation of ‘‘pro-inflammatory’’ caspases can
induce apoptosis and pro-apoptotic caspases can be
involved in inflammation-related signaling. Moreover,
caspases also play roles in other cellular processes not
fitting in these categories (Kumar, 2004), among them
cellular proliferation, differentiation and migration.
Although the role of caspases in these processes is not
fully investigated, studies proved, e.g., the essential
role of caspase-8 activation for proliferation of immune
cells (T, B and natural killer cells). Caspases are
involved in the terminal differentiation of a variety of
cell types, including enucleation processes such as lens
cell differentiation, erythrocyte and platelet formation
and the terminal differentiation of keratinocytes. Tran-
sient activation of caspase-3 mediates differentiation of
long-lived cell types, such as skeletal muscle, osteo-
blasts and neurons. Cell migration has been shown to
be severely hampered in caspase-8-deficient mouse em-
bryonic fibroblasts. How caspase activity is restrained
and guided to influence differentiation without induc-
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ing cell death awaits future studies (Li and Yuan,
2008).

Alternatively, caspases can be classified according to
the lengths of their prodomains, which also corre-
sponds to their positions in the apoptosis signaling cas-
cade. Initiator caspases (caspase-1, -2, -4, -5, -8, -9, -10,
-11, -12) possess long prodomains that contain one of
the two characteristic protein-protein interaction
motifs: the death effector domain (DED) or the caspase
recruitment domain (CARD). They interact with the
upstream adapter molecules and activate effector cas-
pases. Effector caspases (caspase-3, -6, -7) contain
short prodomains and execute the apoptosis signal by
cleaving a variety of cellular substrates (Cryns and
Yuan, 1998). A complete overview on caspase classifica-
tion is given in Figure 1.

Like most proteases, caspases are synthesized as
inactive zymogens containing a prodomain, a 20 kD
large subunit and a 10 kD small subunit. Activation of
the zymogens by proteolytic cleavages separates the
large and small subunits and removes the prodomain,
followed by association of the large and small subunits
and formation of a heterodimer (Thornberry and Laz-
ebnik, 1998). The catalytic center is located in the
20 kD subunit. Caspases recognize at least four contig-
uous amino acids in their substrates and cleave after
the C-terminal residue, usually an aspartic residue
(Fuentes-Prior and Salvesen, 2004).

Although the majority of caspases are situated
within the cytoplasm, some members can be found in
association to the mitochondria (CP-2, -3 and -9) or at
the Golgi apparatus (CP-12) (Nicholson, 1999). The
most important ‘‘initiator’’ caspases are caspase-8 for
receptor-mediated (type I) apoptosis, caspase-9 for mi-
tochondria-related (type II) apoptosis, and at the endo-
plasmic reticulum caspase-12 for type III apoptosis.
Once the caspase cascade is initiated, not only autopro-

teolytic activation of caspases occurs after facilitated
oligomerization to enhance the pro-apoptotic signal.
There is also a caspase cross talk leading to activation
of other caspases. The majority of proteolytic cleavage
events that manifest the apoptotic phenotype are medi-
ated by ‘‘effector’’ caspases, such as caspase-3 and cas-
pase-7, which become fully activated after endoproteol-
ysis by upstream ‘‘initiator’’ caspases. Caspase-3 is the
most important effector caspase. Its activation hall-
marks the point of no return in apoptosis signaling
(Earnshaw et al., 1999).

METHODOLOGY FOR ANALYSIS OF CASPASES
IN HUMAN SPERM

Fluorimetric Assays: Flow Cytometry
and Fluorescence Microscopy

The detection of activated caspases in living sperma-
tozoa can be performed using fluorescence labeled
inhibitors of caspases (FLICATM). It allows investigat-
ing caspase activation in semen samples with regard to
the single cell. The FLICATM reagent is comprised of 3
segments—it includes a green (FAM 5 carboxyfluores-
cein) fluorescent label; an amino acid peptide inhibitor
sequence targeted by the active caspase; and a fluoro-
methylketone group (FMK), which acts as a leaving
group and forms a covalent bond with the active
enzyme (Ekert et al., 1999). Table 1 gives an overview
on the current available caspase inhibitors based on
this principle.

Fluorescence labeled inhibitors of caspases are cell
permeable and noncytotoxic. Active caspases will form
a covalent bond with the reagent and retain the fluo-
rescent signal within the cell. Any unbound inhibitor
leaves the sperm (Vaux and Korsmeyer, 1999). In so-
matic cells various studies proved the association of
fluorescence labeled caspase inhibitors with other pa-
rameters of apoptosis signaling, e.g., the disruption of

Fig. 1. Caspase classification based on structure and function of the proteases. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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the transmembrane mitochondrial potential, the exter-
nalization of phosphatidylserine (EPS) and the DNA
fragmentation rate (Amstad et al., 2001; Bedner et al.,
2000; Pozarowski et al., 2003; Smolewski et al., 2001).

Inhibition of caspase activation by specific inhibitors
does not result in diminished FLICA fluorescence
(Amstad et al., 2001). This indicates a rather complex
binding of caspase inhibitors to the active center of cas-
pases (Pozarowski et al., 2003). However, the same
study proves the high specificity of FLICA for detection
of caspase activation and recommends the use of fluo-
rescence labeled inhibitors of caspases in context of ap-
optosis signal transduction (Pozarowski et al., 2003).

The detection of activated caspases by application of
FLICA’s can be performed either with fluorescence mi-
croscopy (Fig. 2) or using flow cytometry in spermato-
zoa (Brugnon et al., in press-a). Fluorescence labeled
inhibitors of caspases are commercially available from
various companies (e.g., Immunochemistry Technolo-
gies, Bloomington, MN; Clontech Laboratories, Palo
Alto, CA; Calbiochem, San Diego, CA). The application
is similar and easy to perform. In brief, a 150-fold stock
solution of the lyophilisized inhibitor is prepared in di-
methyl sulfoxide (DMSO). It is further diluted in phos-
phate buffered saline (PBS) to make a 30-fold working
solution. The prepared sperm aliquots are incubated at
378C for 20 min with 10 lL of the working solution,
washed with the rinse buffer provided with the kit
(alternatively PBS) and analyzed. Human neutrophils

(5 3 106 cells) treated with 1 mM cycloheximide for 6 h
can be used as positive controls for induction of apopto-
sis (Cohen et al., 1992). The negative controls are proc-
essed identically, except that the stain was replaced
with 10 lL PBS.

The commercially available assays are easy to per-
form in a reasonable time frame. Although immediate
analysis of the fluorescence signals is recommended,
stability analyses revealed, that it is possible to evalu-
ate activation of caspase-3 up to 10 days after staining
of human sperm (Grunewald et al., 2008a).

All of the investigated caspases could be detected
within neat and cryopreserved semen samples. The
active enzymes were localized predominantly in the
postacrosmal region (CP-8, -1 and -3) (Marchetti et al.,
2004; Paasch et al., 2004a) or in the midpiece (Almeida
et al., 2005). In contrast the mitochondrial initiator
caspase was located only in the midpiece (CP-9). The
second finding serves as an internal quality control for
the specificity of enzyme detection with fluorimetric
assays (Paasch et al., 2004a).

Colorimetric Assays

Colorimetric assays for detection of activated cas-
pases are based on the same principle as the fluores-
cence labeled inhibitors of caspases (Table 1). Only the
labeling is different, a chromophore is coupled to the
caspase inhibitor and becomes fluorescent upon cleav-
age by the active protease. Most often p-nitroaniline is
used as chromophore (CaspACETM Assay System,
Promega, Madison, WI) and produces a yellow color
that is monitored by a spectrophotometer at 405 nm.
Among others further manufacturers are MBL Inter-
national (Woburn, MA), R&D Systems (Minneapolis,
MN) or Calbiochem (San Diego, CA). The spectrophoto-
metric evaluation however does not allow the investi-
gation of single cells and although the method probably
is suitable, in ejaculated spermatozoa no data on colori-
metric caspase detection are currently published.

Western Blot: Adaption of Protocols
for Spermatozoa

Western blotting allows the detailed analysis of cas-
pase pro-forms as well as inactivated and activated cas-
pase forms. Caspase-1, -3, -7, -8, -9, and -12 could be
demonstrated in human sperm by immunoblot studies
(Paasch et al., 2005; Taylor et al., 2004; Wang et al.,
2003; Wuendrich et al., 2006). However, due to the
small cytoplasmic compartment the detection of cas-
pases in human sperm might be quite difficult. One
study denied the presence of caspase-3 in human
sperm due to negative western blot results (De Vries

TABLE 1. Overview on available Caspase inhibitors

Caspase Substrate
Peptide inhibitor sequence

Carboxyfluorescein analog of:

Pan-Caspase FAM-VAD-FMK benzyloxycarbonyl-valylalanylaspartic acid fluoromethyl ketone
Caspase-1 FAM-YVAD-FMK benzyloxycarbonyl-tyrosylvalylalanylaspartic acid fluoromethyl ketone
Caspase-2 FAM-VDVAD-FMK benzyloxycarbonyl-valylaspartylvalylalanylaspartic acid fluoromethyl ketone
Caspase-3&7 FAM-DEVD-FMK benzyloxycarbonyl-aspartylglutamylvalylaspartic acid fluoromethyl ketone
Caspase-6 FAM-VEID-FMK benzyloxycarbonyl-valylglutamylisoleucylaspartic acid fluoromethyl ketone
Caspase-8 FAM-LETD-FMK benzyloxycarbonyl-leucylglutamylthreonylaspartic acid fluoromethyl ketone
Caspase-9 FAM-LEHD-FMK benzyloxycarbonyl-leucylglutamylhistidylaspartic acid fluoromethyl ketone
Caspase-10 FAM-AEVD-FMK benzyloxycarbonyl-alylglutamylvalylaspartic acid fluoromethyl ketone

Fig. 2. Image of fluorescence microscopy of activated caspase-3 in
human sperm. The active enzyme is detected by a fluorimetric assay
(Caspase-3 FLICATM).
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et al., 2003). As a consequence, the externalization of
phosphatidylserine was misinterpreted as not caspase-
dependant and not associated with apoptosis in sperm.
The standard western blot protocols need to be adapted
for investigation of human sperm. Particularly applica-
tion of appropriate amounts of sperm for protein
extraction and sufficient sperm lysis are necessary.
The addition of DNAse (2% benzonase, Merck, Bad
Soden, Germany) after sperm lysis is useful to reduce
the high viscosity caused by high contents of interfer-
ing nucleic acids. The protocol developed by Wuendrich
et al. (2006) is recommended for the detection of cas-
pase-1, -3, -8, -9, and 12.

Immunohistochemistry: Caspase Detection
in Testicular Tissue

Immunohistochemistry was used in several studies
to investigate caspases in testicular tissue (Giampietri
et al., 2005; Hikim et al., 2003; Kim et al., 2007; Penti-
kainen et al., 1999; Tesarik et al., 2002; Zheng et al.,
2006).

For immunohistochemical investigations of testicu-
lar tissues two options exist: either cryocut tissue
sections (working with almost all antibodies) or paraf-
fin-embedded tissue sections (working with paraffin-re-
active antibodies only). As a speciality of testicular
samples, Bouin’s solution should be applied for optimal
fixation when preparing the paraffin-embedded tissue
sections.

Interestingly testicular sperm cannot be stained by
immunohistochemistry, at least, when standard proto-
cols are applied. This might be due to the minimal
amount of cytoplasm at this stage of germ cell matura-
tion, when spermatids eliminate their bulk cytoplasm
and undergo terminal differentiation.

During germ cell proliferation and maturation from
diploid spermatogonia to mature haploid spermatozoa
a number of the developing germ cells are depleted by
apoptosis before reaching maturity, even under physio-
logical conditions (Billig et al., 1995). Under pathologi-
cal circumstances, caspase activation and germ cell ap-
optosis can be induced by a wide variety of cofactors,
e.g., heat, irradiation, ischemia, toxicants as well as
withdrawal or exposure to supraphysiological levels of
different hormones (Said et al., 2004).

Gene Expression Level: Detection of Caspase-3
mRNA in Sperm

The presence of RNA’s in spermatozoa is a result of
transcription during spermatogenesis and can be seen
as a historic fingerprint of the individual spermatogen-
esis. A recent study (Ostermeier et al., 2004) could
demonstrate that spermatozoal RNAs complement at
least in part the oocyte RNAs after fertilization. Only
one study investigated the presence of caspase-3
mRNA in human sperm and although the presence of
caspase-3 mRNA was shown in sperm from fertile,
healthy donors, one can only speculate on the func-
tional aspect (Grunewald et al., 2005b). The missing
translational ability of sperm suggests a translation of
this mRNA during or after the fertilization process
within the oocyte.

TRIGGERS AND INHIBITORS OF CASPASE
ACTIVATION IN HUMAN SPERM

Specific Induction of Various
Apoptosis Pathways

In human ejaculated spermatozoa the presence of
Fas-mediated cell death (type-I apoptosis) is still con-
troversially discussed. While recent studies deny the
presence of the Fas receptors on human sperm (Perti-
carari et al., 2008), earlier studies detected it on the
surface of subsets of ejaculated spermatozoa using var-
ious techniques like western blotting and immuncyto-
chemistry (Grunewald et al., 2001; Sakkas et al.,
1999). However, their functional impact is unclear. In
one study, Fas was detected in fewer than 10% of sper-
matozoa obtained from healthy donors and in more
than 10% of spermatozoa from donors with abnormal
spermiogram parameters. The fact that some ejacu-
lated spermatozoa are Fas positive indicates that in
some men with abnormal semen parameters, an ‘‘abor-
tive apoptosis’’ has taken place (Sakkas et al., 1999).
The initiation of type-I apoptosis using an inducing
Fas antibody did not significantly increase levels of cas-
pase-3 and -8 in ejaculated sperm. Furthermore, it had
no effect on caspase-9 and -1 activation (Grunewald
et al., 2005c). These results suggest that receptor medi-
ated (type-I) caspase activation may not have a func-
tional relevance in human ejaculated spermatozoa.

In contrast, due to the compartmentalization in the
midpiece of spermatozoa their mitochondria are espe-
cially susceptible to various stimuli such as cellular
stress caused by cryopreservation, oxidative stress and
increased intracellular calcium levels. Certain studies
proved that the classical mitochondria-derived apopto-
tic signaling-cascade is activated in spermatozoa. This
evidence included the presence of caspase-9 and cas-
pase-3 activation as well as the fact that the mitochon-
drial membrane depolarizes in response to the afore-
mentioned stimuli (Oehninger et al., 2003; Paasch
et al., 2003; Wang et al., 2003). The type-II apoptosis
inductor betulinic acid significantly triggered caspase-
9 and caspase-3 activation. Caspase-8 was activated to
a certain level, most probably as a result of caspase
‘‘cross talk’’ (Grunewald et al., 2005c; Paasch et al.,
2004b). These results were confirmed in a very recent
study (Perticarari et al., 2008) suggesting that sperma-
tozoal mitochondria are extremely susceptible to spe-
cific agonists of apoptosis. Betulinic acid molecules are
currently being used experimentally in anticancer
treatments, their side effects on the male reproductive
system should be carefully considered.

The studies highlight the extreme susceptibility of
spermatozoal mitochondria to specific agonists of apo-
ptosis and downplay the functional relevance of the
Fas/Fas receptor in mediating caspase activation in
human ejaculated spermatozoa. The role of calcium-
dependant, endoplasmic reticulum related apoptosis in
sperm needs further clarification.

Oxidative Stress

Although the negative impact of oxidative stress on
the sperm DNA integrity is proven by several studies,
its impact on sperm caspase activation is not fully
clarified. One study measuring the level of oxidative
stress and caspase-9 and -3 activation in sperm from
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males with idiopathic infertility documented a positive
correlation of oxidative stress and caspase activation
(Wang et al., 2003), this relationship could not be veri-
fied in induction studies. Oxidative stress-induced apo-
ptosis appears to be caspase-independent. In detail,
incubation with low and high concentrations of HOCl
and H2O2 respectively did not result in caspase-1, -3,
-8, and -9 activation in human sperm (Grunewald
et al., 2005c; Martinez-Pastor et al., 2009; Taylor et al.,
2004). Nevertheless, a recent study showed caspase-
activation in boar spermatozoa after incubation with
extremely high levels of NO (Moran et al., 2008).

Cryopreservation-Induced Caspase Activation

Cryopreservation of human semen is the most com-
monly accepted method of preserving male reproduc-
tive capacity. Cryopreserved spermatozoa may be used
in assisted reproductive techniques (ART), especially
in cases wherein a patient is diagnosed with cancer
and the treatment may render him infertile. The indi-
cations for sperm cryobanking have been greatly
expanded by recent breakthroughs in ART, in which
immotile but viable sperm can be used successfully for
oocyte fertilization through intracytoplasmic sperm
injection (ICSI). Cryopreservation leads to a signifi-
cantly increased percentage of sperm showing activa-
tion of all types of caspases. Using a pan-caspase (CP-1
to -9) inhibitor, a cryopreservation and thawing related
caspase activation was detected in 25.9% of human
sperm from healthy, fertile donors (neat: 21.8% versus
cryopreserved-thawed: 47.7%, P < 0.01). The caspase
activation in cryopreserved-thawed sperm was associ-
ated with externalization of phosphatidylserine at the
sperm membrane, a sign of membrane damage which
is usually seen in apoptotic cells (Grunewald et al.,
2001). The highest cryopreservation-induced increase
in caspase activation was found in sperm positive for
active CP-3 (132.6%) followed by active CP-81 sperm
(130.5%), active CP-91 sperm (122.2%) and active
CP-11 sperm (115.5%) underlining the central role of
the effector caspase-3 (Paasch et al., 2004a). Hence cas-
pase-3 marks a ‘‘point of no return’’ in the apoptosis
signaling cascade, the pronounced activation of the
protease by cryopreservation and thawing displays the
deleterious influence of this process on sperm. More-
over, cryopreservation and thawing related caspase
activation is significantly increased in semen samples
from subfertile males (Grunewald et al., 2005d). The
increase in caspase activation is dependant on the
applied sperm preparation and cryopreservation proto-
col (Grunewald et al., 2005d). Comparative studies
showed clearly a strong caspase activation when sperm
were shock frozen (>90% of sperm contained active
caspases), while stepwise cryopreservation protocols
induce caspase activation to a significantly lower
extent (Said et al., 2004). Density gradient centrifuga-
tion (DGC) enables selection of sperm with improved
cryo-tolerance. Recent studies underline this finding
by measuring significantly reduced levels of caspase-3
in DGC prepared samples. The effect can be further
enhanced by application of specific sperm selection
methods like Annexin-V magnetic activated cell sorting
and Annexin-V glass wool (Grunewald et al., 2007).
Therefore, monitoring caspase-3 activation should be

used for further optimization of cryopreservation and
thawing protocols.

Caspase activation following the cryopreservation
and thawing process was also seen in animal germ
cells, e.g., in bovine (Martin et al., 2004, 2007) and
equine spermatozoa (Brum et al., 2008; Ortega-Ferru-
sola et al., 2008). However, supplementation of cryopre-
servation media with caspase inhibitors does not
improve the cryosurvival rates of sperm (Peter et al.,
2005). The study was performed on canine sperm, but
it is likely that the results can be transferred to human
sperm.

Capacitation-Related Inactivation of Caspases

The impact of capacitation on apoptosis-related sig-
nal transduction in human sperm was only subject to
very few investigations. While some studies observed
the externalization of phosphatidylserine (in somatic
cells marker of terminal apoptosis) under capacitating
conditions (De Vries et al., 2003; Gadella and Harrison,
2002), it could not be verified in recent studies (Grune-
wald et al., 2006a; Muratori et al., 2004). Capacitation
of the mature sperm fraction obtained by density gradi-
ent centrifugation led to a significant reduction of
sperm with active apoptosis signaling. Remarkably,
the inactivation was more pronounced at the level of
initiator caspases (CP-9) than effector caspases (CP-3).
This underlines, that in sperm the activation of the
effector caspase-3 marks a ‘‘point of no return’’ in the
apoptosis signaling cascade as known from somatic
cells (Green and Amarante-Mendes, 1998), while acti-
vation of initiator caspases is a reversible process. In
concordance with the high susceptibility of sperm to
stimulators of mitochondria-associated apoptosis (Gru-
newald et al., 2005c; Paasch et al., 2004b) the capacita-
tion-induced inhibition of apoptosis signaling was most
prominent in the mitochondria; their transmembrane
potential integrity was preserved during the capacita-
tion process. Intact mitochondria are essential for
energy supply and the basis of sperm motility (Mar-
chetti et al., 2004). Possibly, the improved mitochon-
drial function allows the hyperactivated motility dur-
ing capacitation.

The negative association between capacitation
(measured by tyrosine phosphorylation, hyperactivates
motility and chlortetracycline assay) and caspase acti-
vation (CP-3 and -9) was consistently observed for all
investigated parameter emphasizing the inverse char-
acter of both processes (Grunewald et al., 2005a).

Association of the SpermMaturity Status
and Caspase Activation

Incomplete maturation of human ejaculated sperma-
tozoa is associated with an increase of initiator and
effector caspase activity (Paasch et al., 2003). While
the mature sperm subpopulation taken from fertile do-
nor ejaculates contained only 29.4% (caspase-8), 31.3%
(caspase-9) and 30.3% (caspase-3) positive sperm the
immature subset contained 53.6%, 53.1%, and 53.6%
spermatozoa caspase-8, -3, and 9 positive sperm
respectively (P < 0.01). This caspase activation is also
associated with the disruption of mitochondrial mem-
brane potential in the immature sperm subpopulation.
However, the activated apoptotic process does not im-
mediately affect the levels of DNA fragmentation
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(Paasch et al., 2004c). Particularly cytoplasmic drop-
lets of immature sperm contain activated caspases
(Paasch et al., 2003) supporting the theory of abortive
apoptosis following incomplete spermatogenesis
(Sakkas et al., 1999). In addition, the presence of the
antiapoptotic regulator protein bcl-xL in mature sperm
reduces caspase-3 activation (Cayli et al., 2004). Recent
studies proved the decreased activity of caspase-3 in
mature sperm by double probing using aniline blue
and caspase-3 immunostaining on the same slide (Sati
et al., 2008). Reaching maturity may implicate a deac-
tivation of the apoptosis-signaling cascade in human
sperm.

FUNCTION AND RELEVANCE OF CASPASE
ACTIVATION IN SPERMATOZOA

Impact of Caspase Activation on Conventional
Sperm Parameters

Although in nonapoptotic circumstances in somatic
cells caspase-8 is known as promoter of cell motility
(Helfer et al., 2006), in sperm several studies proved a
negative correlation of caspase-3, -8, and -9 activation
and progressive motility. This was true for fresh and
cryopreserved-thawed semen samples from donors as
well as infertility patients (Grunewald et al., 2001;
Marchetti et al., 2004; Paasch et al., 2003, 2004a; Tay-
lor et al., 2004; Said et al., 2006; Weng, 2002). In addi-
tion, using a fluorescence labeled inhibitor of caspase
1-9, a negative correlation of caspase activation and
sperm concentration was found in semen samples of
males attending an IVF program (Marchetti et al.,
2004). Only a single investigation failed to detect the
negative impact of caspase activation on sperm motility
(Perticarari et al., 2007). However, although the latter
study did include 68 semen samples, the patients group
was not well defined.

Several studies investigated the relationship
between sperm morphology and apoptosis (Aziz et al.,
2007; Chen et al., 2006; Gandini et al., 2000; Ricci
et al., 2002; Sakkas et al., 2002; Shen et al., 2002; Sid-
dighi et al., 2004). The design of these studies might
not have facilitated the accurate distinction between
moribund or necrotic sperm and motile sperm express-
ing apoptotic markers. Other studies correlated sperm
morphology in neat semen with apoptosis in selected
motile sperm subpopulation obtained after swim-up or
double gradient centrifugation techniques (Almeida
et al., 2005; Benchaib et al., 2003; Muratori et al.,
2003; Weng et al., 2002). All these studies applied dif-
ferent criteria for the assessment of sperm morphology
including WHO 1992 standards (Muratori et al., 2003),
WHO 1999 standards (Almeida et al., 2005; Benchaib
et al., 2003; Weng et al., 2002) and the Tygerberg’s
strict criteria (Chen et al., 2006; Sakkas et al., 2002;
Siddighi et al., 2004; Weng et al., 2002).

For instance normal morphology in semen was found
to correlate negatively with caspase-3 activation meas-
ured in swim-up preparation but not in whole semen
(Almeida et al., 2005). A significant negative relation-
ship between the proportions of apoptotic sperm and
the proportions of sperm with normal morphology in
semen applying the Tygerberg’s strict criteria (Kruger
et al., 1988) has been reported (Chen et al., 2006). In
another study normal sperm morphology assessed in
the swim-up preparations correlated negatively with

chromatin fragmentation only in teratozoospermic
semen samples but not in normospermic ones as deter-
mined by the WHO 1992 criteria (Muratori et al.,
2003). Finally, normal morphology applying the strict
criteria in sperm preparations was reported to corre-
late inversely with caspase-3 activation, but had not
always a relationship with mitochondrial transmem-
brane integrity. Detailed analyses applying the sperm
deformity index (SDI) score as a novel expression of the
quality of sperm morphology became recently available
(Aziz et al., 2007). The SDI has been shown to be a
more powerful predictor of male fertility and of in vitro
fertilization outcome compared to the assessment of
the proportion of sperm with normal morphology (Aziz
et al., 1996). The authors found a significant relation-
ship between midpiece defects and caspase-3 activa-
tion. This is in concordance with the localization of
active caspase-3 in the post acrosomal part in mature
sperm (Paasch et al., 2004a) and in the midpiece where
mitochondria and residual cytoplasm reside (Weng
et al., 2002).

Relation of Caspase Activation and Subcellular
Sperm Apoptosis Parameter

Caspase activation is a central part of the apoptosis
signaling cascade in somatic cells (Cohen, 1997) and
the investigation of this association in sperm was sub-
ject of several studies.

In human sperm the activation of various initiator
and effector caspases correlated well with each other
(r > 0.5, P < 0.01) indicating not only a functional cas-
cade of the proteases, but also auto-activation of all
subtypes of caspases once the signaling cascade is
stimulated (Paasch et al., 2004a). While most studies
focused on ‘‘typical’’ apoptosis-related caspases, one
study observed a less pronounced correlation of cas-
pase-9 and -3 to caspase-1 activation in cryopreserved
semen samples (Paasch et al., 2004a) underlining other
possible functions of the protease in human sperm
than apoptosis signaling.

The exceptional susceptibility of ejaculated sperma-
tozoa to mitochondria-associated apoptosis due to the
compartmentalization of the mitochondria in the mid-
piece region (Paasch et al., 2004b) is displayed by a
close relationship of disruption of the transmembrane
mitochondrial potential (TMP) and caspase activation.
Several studies proved the strong positive correlation
in human sperm from fertile donors and infertility
patients (Grunewald et al., 2005c, in press; Marchetti
et al., 2004; Said et al., 2006) Also, the cryopreserva-
tion and thawing related activation of caspases is
accompanied by disruption of the transmembrane mi-
tochondrial potential (Marchetti et al., 2004; Paasch
et al., 2004c). The latter was also documented in equine
spermatozoa (Ortega-Ferrusola et al., 2008). Specific
inducers of mitochondria-associated apoptosis like
betulinic acid trigger activation of the mitochondria-
related initiator-caspase (CP-9) and TMP disruption as
well as activation of the downstream effector caspase-3
(Paasch et al., 2004b). Diminished integrity of the
transmembrane mitochondrial potential marks the
altered mitochondrial function. Possibly, the observed
effects in sperm like loss of motility and consequently
decreased oocyte penetration capacity are not only a
result of the reduced mitochondrial energy production,

Microscopy Research and Technique

6 GRUNEWALD ET AL.



but also due to the accompanying caspase activation
(Grunewald et al., 2008b).

The relationship of externalization of phosphatidyl-
serine (EPS) and caspase activation in sperm cells is a
controversially discussed issue as it refers to the rela-
tionship of externalization of phosphatidylserine and
sperm apoptosis itself. In somatic cells externalized
phosphatidylserine at the outer plasmamembrane is a
sign of the terminal phase of apoptosis and labels the
cell for phagocytosis (Fadok et al., 1998). In human
spermatozoa however, the head is covered by the acro-
some. Although already early studies showed a close
association of EPS and caspase 1-9 activation in neat
and cryopreserved-thawed sperm (Grunewald et al.,
2001; Paasch et al., 2003) other studies linked the
externalization of phosphatidylserine to the capacita-
tion process (De Vries et al., 2003). However, the latter
study failed to detect caspase-3 by western blotting at
all most probably due to technical problems which in
turn does not allow any speculation on the association
of caspase activation and externalization of phosphati-
dylserine from their side. Moreover, further investiga-
tions could not detect EPS as marker of capacitation
(Muratori et al., 2004). On the other hand induction of
acrosome reaction by calcium ionophore A23187 was
shown to result in increased numbers of sperm with
externalized phosphatidylserine (Martin et al., 2005).
Until now it could not been clarified completely if this
is due to the presence of phosphatidylserine at the
inner leaflet of the acrosome or if the nonphysiological
induction of the acrosome reaction (calcium ionophore
A23187 is also used as apoptosis inductor in somatic
cells) might have deleterious and apoptosis-stimulating
side effects. Separation of EPS-negative and -positive
sperm using Annexin-V magnetic activated cell sorting
did not affect the number of spontaneously acrosome-
reacted sperm (control and both fractions < 5%). In
contrast, EPS-negative sperm showed superior
capacity to undergo capacitation and (after induction)
acrosome reaction (Grunewald et al., 2006a). Further-
more, studies using the same separation system
showed a positive correlation of EPS and caspase-1, -3,
-8, and -9 activation and a depletion of caspase-positive
sperm in the EPS negative fraction (Grunewald et al.,
2001, 2003, 2004a; Said et al., 2005). Those results
were confirmed by investigations on the sperm fertiliz-
ing potential, which was found to be reduced in EPS1
sperm with activated caspases (Grunewald et al.,
2008b; Said et al., 2006) and recently published corre-
lation analyses (Kotwicka et al., 2008).

Increased Sperm DNA Fragmentation Due to
Caspase Activation?

Sperm DNA fragmentation negatively affects spon-
taneous conception as well as the outcome of IVF and
ICSI (Zini et al., 2008). Several models exist to explain
the origin of DNA fragmentations in human sperm.
Sperm DNA fragmentations can result from insuffi-
cient nuclear remodeling during spermatogenesis.
Alternatively DNA fragmentations might be remnants
of abortive apoptosis processes in a deficient spermato-
genesis. In addition post-testicular affections of sperm,
e.g., due to oxidative stress can induce DNA fragmen-
tations (Muratori et al., 2006). Apoptosis-related DNA

fragmentation as seen in somatic cells is in part a
result of caspase-3 activation. The main effector prote-
ase of the apoptosis signaling cascade cleaves and
thereby inactivates poly-(ADP-ribose)-polymerase
(PARP), which in turn negatively affects DNA repair
mechanisms (Cohen, 1997). A recently published study
detected a positive correlation of caspase-3 activation
and PARP cleavage in human sperm (Mahfouz et al., in
press). Although a direct link between caspase activa-
tion and DNA fragmentations has not been proven in
human sperm yet, it might be the explanation of the
repeatedly documented positive correlation of the per-
centage of spermatozoa with fragmented DNA and cas-
pase-3 activation. The association was weak in fertile
donors (Said et al., 2006), but more pronounced in
semen samples from infertile patients (r 5 0.6, P <
0.01) (Marchetti et al., 2004).

Influence of Caspase Activation on Sperm
Penetration Capacity and Sperm Chromatin

Decondensation

Only very few studies investigated the impact of cas-
pase activation on sperm fertilizing potential.

In male partners of couples included in an IVF pro-
gram, a negative correlation of pan-caspase activation
and fertilization rates after IVF (r 5 0.38, P < 0.05)
was demonstrated (Marchetti et al., 2004).

Own investigations used animal models like the
zona free hamster oocyte penetration assay (SPA, sim-
ulation of IVF) and intracytoplsmic sperm infection
into hamster oocytes (H-ICSI, simulation of ICSI) to
determine the sperm penetration capacity and sperm
chromatin decondensation. In semen samples derived
from healthy donors, activation of the executioner cas-
pase-3 was significantly negatively associated with the
percentage of penetrated oocytes (r 5 20.61, P < 0.01)
and to a lesser extent with the number of sperms per
penetrated oocyte (r 5 20.44, P < 0.01). This is under-
lined by similar effects measured at another crucial
point of apoptosis signaling in human ejaculated
sperm. Disruption of the mitochondrial transmem-
brane potential showed a significant negative correla-
tion with the percentage of penetrated hamster oocytes
and the amount of penetrated sperm per penetrated
hamster oocyte (r 5 0.67 and r 5 0.48, respectively,
P < 0.01). The results of the significant interrelation of
caspase-3 activation and oocyte penetration were con-
firmed in a population of 76 unselected male partners
of infertile couples. While semen samples with normal
sperm penetration assay values contained 23.0% cas-
pase-3 positive germ cells, semen samples showing
impaired oocyte penetration (SPA < 20%) contained
41.4% sperm with activated caspase-3 (P < 0.01) (Gru-
newald et al., 2008b).

However, using healthy donor sperm only a weak
negative correlation of caspase activation and sperm
chromatin decondensation rates after H-ICSI could be
detected (r 5 20.31, P 5 0.01) (Said et al., 2006), but
recently published data on infertility patients with
oligoasthenoteratozoospermia syndrome and high
caspase-3 activation levels revealed a stronger rela-
tionship (r 5 0.45, P < 0.01) of both parameters in ICSI
simulation (Grunewald et al., in press).
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Caspase Activation in Sperm From
Infertility Patients

Levels of caspase activity are higher in semen sam-
ples from subfertile patients compared to healthy
donors. In a first study, caspase enzymatic activity was
higher in patients than in donors in both low and high
motility fractions. A significant positive correlation
between in situ active caspase-3 in the sperm midpiece
and DNA fragmentation was observed in the low motil-
ity fractions of patients, suggesting that caspase-de-
pendent apoptotic mechanisms could originate in the
cytoplasmic droplet or within mitochondria and func-
tion in the nucleus (Weng et al., 2002).

Quantitative Western blot analyses confirmed the
higher activation levels of caspase-1, -8 and -9 in infer-
tility patients compared to fertile donors on protein
level. This effect raised with increasing glycerol con-
centration from 7% to 14% (Wuendrich et al., 2005).
The higher level in activation of caspases in cryostored
spermatozoa of infertility patients may indicate that
these cells have a lower cryotolerance and a higher sus-
ceptibility to caspase activation than the spermatozoa
of donors (Grunewald et al., 2005d). Analysis of cas-
pase-3 activation in semen samples from subfertile
males with oligoasthenoteratozoospermia and terato-
zoospermia revealed elevated levels of the active prote-
ase when compared to samples from healthy, fertile
donors (Grunewald et al., in press). This corresponds to
an earlier study showing a positive relationship of cas-
pase-3 activation and pathological sperm morphology
(Aziz et al., 2007). Very recently, increased levels of cas-
pase-3 activation were found in thawed epididymal
(57.5%) and testicular (96.0%) spermatozoa of patients
with congenital bilateral absence of the vas deferens
correlating negatively with ICSI fertilization, good
morphology embryo at day 2, clinical pregnancy, and
implantation rates (Brugnon et al., in press-b). More-
over, the reduced sperm quality in patients with uro-
genital infections might be mediated by induction of
apoptosis. Coincubation with Chlamydia trachomatis
lipopolysaccharide led to an activation of sperm cas-
pases (Eley et al., 2005).

THERAPEUTIC APPROACHES TO DEPLETE
SPERM WITH ACTIVATED CASPASES

Standard sperm preparation techniques are based
on outcome measures as sperm yield, sperm motility,
viability, and morphology. Although the conventional
analysis gives considerable information, it does not
assess the presence of deregulated programmed cell
death (apoptosis) in spermatozoa, which may be par-
tially responsible for the low fertilization and implan-
tation rates seen with ART.

Potential of Standard Sperm
Preparation Techniques

Following simple wash of semen samples from fertile
donors approximately one third of sperm contained
active caspase-3.

In a comparative study the ability of two types of
conventional glass wool filtration systems to deplete
sperm with activated caspase-3 has been investigated
recently. Raw glass wool had a clear negative impact
on semen samples. Not only caspase-3 activation but

also the disruption of mitochondrial membrane poten-
tial exceeded the levels measured in controls. Only
when applied to cryopreserved samples was there a
minor filtration effect in terms of apoptosis markers
(Henkel and Schill, 2003). In concordance with studies
on conventional sperm parameters raw glass wool may
not be used for sperm preparation prior to ART (Grune-
wald et al., 2007). The application of the commercially
available SpermFertil1 glass wool was perfectly toler-
ated by sperm, but the reduction of sperm with acti-
vated effector caspase-3 was only slight and failed to
reach statistical significance. However, in semen sam-
ples with higher content of caspase positive sperm,
e.g., following cryopreservation and thawing a signifi-
cant depletion effect was observed (Paasch et al.,
2007).

In contrast several studies validated the potential of
double density gradient centrifugation to reduce the
amount of caspase-positive sperm significantly (Said
et al., 2005, 2006). The investigations were performed
in sperm derived from healthy male donors (Grune-
wald et al., in press), infertility patients (Brum et al.,
2008; Martı́ et al., 2006) and animals (ram and equine
spermatozoa) (Blanc-Layrac et al., 2000). In detail,
double density gradient centrifugation is able to reduce
the number of sperm showing caspase-3 activation to
15–20% in neat donor semen samples and to 43.5% in
semen specimens from infertility patients. Concord-
antly other studies proved the ability of the method to
decrease the amount of DNA-fragmented sperm by
density gradient centrifugation (Gandini et al., 1999).
The double density gradient centrifugation related
depletion effect of caspase-positive sperm might be
explained by the elimination of the majority of imma-
ture spermatozoa (Grunewald et al., in press; Said
et al., 2006), which contain high levels of active cas-
pases (Paasch et al., 2004b). However, compared to spe-
cific preparation methods based on selection of nona-
poptotic sperm density gradient centrifugation is less
powerful to deplete caspase-positive sperm (Dominguez
et al., 1999).

The swim-up procedure uses the active motion of
spermatozoa. Intact moving cells are swimming out of
a pellet derived by a simple washing step into an over-
laid media for 30–60 min. Highly motile, morphologi-
cally intact spermatozoa are enriched in the absence of
other cells, proteins and debris within the supernatant.
Hence such sperm contain lower amounts of active cas-
pases, their enrichment resulted as expected in
decreased levels of caspase activation (Almeida et al.,
2005). Concordantly, swim up fractions from infertility
patients contained relatively low numbers of caspase-3
positive sperm (Kotwicka et al., 2008). However, the
same study indicated that swim up preparations from
semen samples with poor morphology contain higher
amounts of sperm with active caspase-3. In healthy
donors swim up resulted in a significant depletion
(215%) of caspase-3 positive sperm.

In subfertile males, semen preparation with density
gradient centrifugation followed by swim up was also
reported to result in a significant depletion of sperma-
tozoa with activated apoptosis-related signaling. The
high amounts of spermatozoa with active caspase-3
and disrupted transmembrane potential in semen sam-
ples from infertility patients were significantly
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reduced. However, there was a marked interindividual
variance of the separation effect. While minimum
reduction of sperm with activated caspase-3 was calcu-
lated as <1% of sperm, a maximum reduction was
achieved at �50% (Grunewald et al., 2008b).

Annexin V-Based Sperm Separation Techniques

As mentioned above, the externalization of phospha-
tidylserine (EPS) is one of the earliest signs of the ter-
minal phase of apoptosis. The specific binding of
Annexin V to phosphatidylserine was applied to sepa-
rate EPS-negative and -positive sperm using the
Annexin V MACS and Annexin V coated glass wool
(Grunewald et al., 2001, 2007).

All separation studies proved the positive association
of the externalization of phosphatidylserine and cas-
pase activation in human sperm. The separated EPS-
negative sperm fraction contained significantly
reduced amounts of caspases (Grunewald et al., 2007;
Paasch et al., 2004a; Said et al., 2006). An overview is
given in Table 2.

Various studies clearly indicated that integrating
Annexin V MACS as a part of sperm preparation tech-
niques will improve semen quality and cryosurvival
rates by eliminating sperm with activated caspases
(Grunewald et al., 2006b; Said et al., 2005, 2008). Non-
apoptotic spermatozoa prepared by Annexin V MACS
display improved routine sperm parameters and
decreased apoptosis markers. The higher sperm qual-
ity is represented by an increased oocyte penetration
potential and cryosurvival rates (Grunewald et al., in
press; Said et al., 2006). Thus, the depletion of sperm
with active caspases by MACS should be considered to
enhance ART success rates.

CONCLUSION

In ejaculated sperm, activation of caspases is a sign
of immaturity and seen particularly in semen samples
infertility patients. In mature sperm caspase activation
can be observed after specific apoptosis induction, but
also under subphysiological conditions like cryopreser-
vation and thawing. During the capacitation process,
the caspase cascade is significantly inactivated. Apo-
ptosis-related caspase activation appears to have a
negative association with sperm-oocyte penetration
and sperm chromatin decondensation after fertiliza-
tion. The exclusion of sperm presenting with those apo-
ptosis-related features during assisted reproduction
may improve success rates of procedures such as intra-
uterine insemination, in vitro fertilization and intracy-
toplasmic sperm injection.
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