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Objective: To investigate the presence of programmed cell death in unfertilized oocytes after intracytoplasmic
sperm injection (ICSI), assuming that previous apoptotic events could be correlated with the fertilization failure.
Design: Comparison of the rate of DNA fragmentation in human oocytes at different stages of maturation soon
after pick-up (control) and in unfertilized oocytes after ICSI treatment.
Setting: In vitro fertilization (IVF) laboratory with extensive ICSI experience.
Patient(s): Sixty-three patients undergoing assisted fertilization by ICSI.
Intervention(s): Terminal deoxynucleotidyl transferase-mediated digoxigenin-dUTP nick-end labeling (TUNEL)
assay and anticaspase-3 cleaved immunoassay to detect apoptosis in control and ICSI-treated oocytes.
Main Outcome Measure(s): Differences in the percentage of oocytes demonstrating DNA fragmentation between
control oocytes and unfertilized ICSI treated oocytes at different stages of maturation.
Result(s): The DNA fragmentation, by TUNEL assay, appeared in all the immature control oocytes, but only 37%
of mature oocytes showed DNA fragmentation. This DNA fragmentation was observed in 88.8% of the oocytes
unfertilized after ICSI; furthermore, DNA fragmentation appeared as well in the sperm injected into the
cytoplasm.
Conclusion(s): The study has shown DNA fragmentation in human oocytes unfertilized after ICSI. The evidence
is confirmed as well in control oocytes, free from in vitro culture or manipulation stress. Caspase-3 immunoassay
suggests the presence of apoptosis. The high percentage of oocytes demonstrating DNA fragmentation in the
unfertilized oocytes could be correlated with fertilization failure. (Fertil Steril� 2005;84:1417–23. ©2005 by
American Society for Reproductive Medicine.)
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poptosis, or programmed cell death, is a process that elim-
nates superfluous or genetically compromised cells. This
rocess involves a series of metabolic pathways that lead to
ubstantial modifications in the cell oriented toward pro-
rammed death, so it has an important role in the normal
unctions of all tissues. Apoptosis has been recognized as a
etermining factor in limiting abnormal cellular proliferation
nd maintaining the homeostasis strategy that controls the
umber of cells during development and differentiation.

The apoptotic processes eliminate cells with irreversible
NA damage that is harmful for the organism. This process

s used by organisms during development and is highly
onserved (1). Several studies have demonstrated that the
evelopment of healthy embryos is closely related to and
oordinated by the process of oocyte maturation before ovu-
ation (2, 3). It has been demonstrated that the oocyte mat-
ration, both in vitro and in vivo, depends on the cytoplasm
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nd on nuclear maturation as well as on their synchronism. A
ery important role in this process is played by the cumulus
ells through the gap junctions, which allow a physical
onnection between the cumulus cells and the oocyte. This
ypothesis is supported by studies (4) carried out on the
ranulosa cells of women who have become pregnant after
n vitro fertilization and embryo transfer (IVF-ET).

It has been demonstrated that the percentage of apoptotic
ells in women who achieved pregnancy was considerably
ewer compared with women who did not become pregnant.

oreover, DNA fragmentation in oocytes associated with
poptotic evidence might be one of the reasons for poor
ocyte quality and lower fertility in aged mice (5). Of greater
oncern would be discerning whether early apoptotic events
re present in human oocytes treated with advanced tech-
iques of assisted reproduction, in particular with intracyto-
lasmic sperm injection (ICSI), in which a single sperm is
njected into an oocyte. The ICSI technique is now accepted
s a specific treatment for infertile patients with a serious
eminal deficiency (severe oligoasthenoteratozoospermia
nd azoospermia) (6, 7) and has provided good results in
erms of fertilization and pregnancy rate (8). Although ICSI
s a very invasive technique that bypasses all the physiologic

arriers that the oocyte normally provides for selecting the
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perm that will penetrate its cytoplasm, it does not allow
ertilization in all the mature oocytes treated as only 70% of
he microinjected oocytes are fertilized (8–10). A hypothesis
hat could justify this fertilization deficit should consider that
ne or both the gametes may carry anomalies. The most
robable defects could be due to an incorrect chromatin
ondensation or the presence of damage in the sperm DNA,
s some investigators have already demonstrated in patho-
ogic studies on semen samples (11–13).

Other investigators (14, 15) have demonstrated chromo-
omal anomalies in the oocytes; an increase in such anom-
lies seems to be related to the patient’s age and exposure to
igarette smoke (16). The oocytes, like spermatozoa, may
ontain fragmented or damaged DNA independent of the
umber of chromosomes, as has been demonstrated in the rat
5). The aim of our study was to demonstrate the presence of
amaged DNA in unfertilized oocytes after ICSI treatment,
onsidering that apoptotic events in these cells could occur
efore treatment and thus lead to fertilization failure.

ATERIALS AND METHODS
his study was approved by the scientific committee of the
ipartimento Materno-Infantile of the University of Palermo,

taly.

CSI Procedure
ocytes were obtained from 63 patients participating in an

ssisted fertilization program. Starting from day 21 after the
ast menstrual period (long protocol), 200 �g of acetate
userelin (Suprefact; Hoechst, Hounslow, United Kingdom)
ere administered per day, and stimulation was provided
uring the treatment menstrual cycle using recombinant fol-
icle stimulating hormone (recombinant FSH; Serono, Ge-
eva, Switzerland). Human chorionic gonadotrophin (hCG;
erono), 10,000 IU, was administered when the follicle
aximum diameter had reached 17 mm. The oocytes were

ollected 36 hours later.

The oocytes, isolated from the follicular fluid, were incu-
ated in culture medium (IVF; Vitrolife, Kungsbacka, Swe-
en) at 37°C in 5% CO2. Approximately 2 hours after the
spiration, the oocytes were transferred to a medium con-
aining hyaluronidase (80 IU/mL; Medicult, Jyllinge, Den-
ark) to remove the cells of the cumulus–corona complex.
he naked oocytes were incubated in a culture medium at
7°C in 5% CO2 until the ICSI procedure. Only oocytes that
ad extruded the first polar body (MII stage) were microin-
ected. The oocytes were transferred in 10-�L drops (one for
ach drop) of culture media (Gamete 20; Vitrolife), approx-
mately 5 �L of polyvinylpyrrolidone (PVP; Medicult), in
hich the spermatozoa, previously isolated by centrifugation

t 300 � g for 7 minutes and then washed in Gamete 20,
ere suspended. All of the drops were set on the cover of a
alcon Petri dish and were covered with mineral oil

Medicult). e

1418 Bosco et al. Apoptosis in human unfertilized oocytes
The microinjection was carried out using an inverted
icroscope (Olympus, Tokyo, Japan) at magnification �400

n which two micromanipulators (Instruments, Tokyo, Ja-
an) were mounted that allowed the micromovements of two
eedles on a three-dimensional plane. After ICSI, the oo-
ytes were transferred in fresh culture medium (G1;
itrolife) and incubated at 37°C in 5% CO2. After 18 hours,

he two pronuclei were observed; those that showed a second
olar body extrusion, which is evidence of fertilization, were
ecovered. The oocytes that did not show these signs were
solated for the study. After 48 hours, the presence of cleaved
mbryos (with two or four blastomeres) was observed. The
nfertilized oocytes, usually discarded, were used for our
tudy.

UNEL Assay in Human Oocytes
erminal deoxynucleotidyl transferase-mediated digoxigenin-
UTP nick-end labeling (TUNEL) assay was performed on
65 oocytes: 81 unfertilized after 48 hours from the micro-
njection (ICSI), and 84 “virgin” oocytes. The latter, origi-
ally destined to be discarded soon after oocyte retrieval,
ere donated after informed consent by patients who had
ecided against oocyte freezing. Each oocyte was transferred
n drops of paraformaldehyde 3.7% under paraffin oil in Petri
aps for 60 minutes at room temperature. They then were
ashed three times in PBS 1X (137 mM NaCl, 2.68 mM
Cl, 1.47 mM KH2PO4, 8.1 mM NaH2PO4) and permeated

or 10 minutes in ice in Triton X100 0.1% and sodium-citrate
.1% in PBS 1X. After being washed three times for 5
inutes with distilled water, treated oocytes were incubated

or 60 minutes at 37°C in a humidified chamber in 50 �L of
solution containing reagents (Amersham Biosciences, Am-

rsham, United Kingdom): TdT buffer, Cy3-dCTP (0.3
mol), “cold”-dCTP (0.033 nmol), TdT enzyme (10 U), and
istilled water.

The negative controls were performed incubating some
ocytes with the same TdT solution without TdT enzyme,
nd the positive controls were performed using oocytes
retreated for 5 minutes with 100 �L of DNAse-buffer (40
M Tris-HCl at pH 7.9, 10 mM NaCl, 6 mM MgCl2, 10 mM
aCl2) and then for 10 minutes in a DNAse-buffer solution
ontaining 10 unit/mL of DNAsi I. The reaction was blocked
ith NaCl/sodium-citrate (300 mM-30 mM NaCitrate) for
0 minutes, then the oocytes were washed three times (for 5
inutes each) using PBS. All oocytes were stained with

ropidium iodide (1 �g/mL) for 10 minutes.

All treated oocytes were transferred on polylysine slides,
ve per slide, in 10 �L of DABCO solution (233 mg of
ABCO in 0.8 mL of H2O and 0.2 mL of Tris-HCl, with 9.0
L of glycerol added) to maintain the fluorescence, and then
ere observed under a confocal microscope Olympus
V300, with a He-Ne (543 nm) laser.

The TdT assay showed DNA fragments generated as an

ffect of the cut from the endogenous endonuclease, acti-
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ated in the last stage of the apoptotic process. The exoge-
ous enzyme TdT recognizes the free extremity 3=OH of the
ragmented DNA and adds a modified fluorescent de-
xynucleotide, Cy3TM-dCTP, to identify the single apopto-
ic cells (17–19). As a consequence of the reaction, chroma-
in appears red when positive for apoptosis.

nticaspase-3 Cleaved Immunoassay
nother 10 MII oocytes were used for the caspase-3 cleaved
olyclonal antibody immunoassay. Each oocyte was trans-
erred in drops of paraformaldehyde 3.7% under paraffin oil
n Petri caps for 60 minutes at room temperature. After being
ashed three times in PBS 1X (137 mM NaCl, 2.68 mM
Cl, 1.47 mM KH2PO4, 8.1 mM NaH2PO4), they were
ermeated for 10 minutes in ice in Triton X100 0.1% and
odium-citrate 0.1% in PBS 1X.

After three rinses with PBS 1X, the oocytes were allowed
o incubate overnight with caspase-3 cleaved polyclonal
ntibody (Cell Signaling Technology, Beverly, MA) (1:50
ilution) in PBS containing 3% bovine serum albumin
BSA). In the negative control oocyte, the primary antibody
as omitted. As secondary antibody, anti-rabbit Ig fluorescein-

inked (Amersham) (1:60 dilution) was added to the samples for
hour after three rinses with PBS. The secondary antibody

urplus was eliminated by washing 3 times with PBS. All
ocytes were stained with propidium iodide (1 �g/mL) for 10
inutes. Then they were transferred on polylysine slides, five

er slide, in 10 �L DABCO solution to maintain fluorescence.
inally, they were mounted on coverslips and observed under a
onfocal microscope Olympus FV300, with a He-Ne (543 nm)
aser.

tatistics
he results in the study and control group were compared
sing the �2 test. All reported values are given as 95%
onfidence interval. P�.05 was considered statistically
ignificant.

ESULTS
o demonstrate the presence of programmed cell death in
nfertilized oocytes after ICSI treatment and to verify that
poptotic events can occur previously in these cells, we
arried out in situ a TdT assay and anticaspase-3 cleaved
mmunoassay.

The oocytes, five per slide, were treated with TdT assay as
escribed previously. The observation under the confocal
icroscope (Olympus FV300) showed that, of the 18 imma-

ure virgin oocytes, 12 were germinal vesicles (GV) and 6
ere in metaphase I (MI), both GV (Fig. 1A); the majority
f MI oocytes (83.3%) showed evident signs of DNA frag-
entation. Of the remaining 66 virgin MII oocytes, 24

37%) showed signs of chromatin fragmentation, and 42
63%) did not show signs of fluorescence with the TdT assay

ecause of the integrity of chromatin. These data appear to o

ertility and Sterility�
e very important because they could justify the 30% of
ocytes that are not usually fertilized by the ICSI technique,
s demonstrated in the literature.

Observations under the confocal microscope of the 81 MII
ocytes not fertilized after ICSI treatment showed that 72
ocytes (88.8%) with fluorescent chromatin, a sign of frag-
entation (see Fig. 1B). Moreover, fragmentation was

resent in the nemaspermic chromatin of six oocytes (see
ig. 1C); in three of them, it was present in both the oocyte
nd the sperm chromatin (see Fig. 1D), which shows that
NA fragmentation also is present in injected sperm. Thus,
f the 81 oocytes studied (after ICSI treatment), only 9
11.2%) did not show fragmentation in the oocyte chromatin.
ll the data concerning these experiments are described in
able 1.

In addition, we performed some control studies. To verify
he presence and the integrity of the chromosomes, we
tained the oocytes that did not show fluorescence after
UNEL procedure with propidium iodide. Figure 1E shows
MI oocyte after propidium iodide staining; the same oocyte
as negative to TUNEL assay. As a further control of TdT

ssay, we performed positive and negative control studies
sing unfertilized oocytes after ICSI, as described previ-
usly. In particular, the positive controls were represented by
ocytes pretreated briefly with DNAse I to induce partial
NA fragmentation, as confirmed by the successive obser-
ation under the confocal microscope that the oocyte and
perm chromatin appeared fluorescent (see Fig. 1F). The
egative controls were obtained by not adding to the reaction
ix the TdT enzyme, so they did not show fluorescence (not

hown).

Another 10 oocytes were used to carry out a further immu-
oassay to support the idea that the DNA fragmentation ob-
ained from the TdT assay was an apoptotic event. Immuno-
ogic tests were performed in situ with the anticaspase-3
leaved antibody, an effector caspase. Ten oocytes, unfertil-
zed after ICSI, were observed in metaphase II. Figure 2
hows an MII oocyte after ICSI in apoptosis, as revealed by
n situ immunoreaction with caspase-3 cleaved antibody (see
ig. 2A) and counterstaining with propidium iodide (see Fig.
B). The merged image is shown in Figure 2C. The negative
ontrol, performed on an another oocyte incubated without
aspase-3 antibody showed no cytoplasmic fluorescence; the
ame oocyte was counterstained with propidium iodide, and
he merged image is shown in Figure 2D.

All the immunoreacted oocytes (100%) showed the pres-
nce of cleaved caspase-3, a sign of irreversible apoptosis.

ISCUSSION
he role and control of programmed cell death in human
ocytes are still unknown. In the ovary, massive cell death
ccurs during fetal life and postbirth life as an integral part

f normal ovarian development. Ovarian cellular death is an

1419
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ssential process for the maintenance of the homeostasis of
he ovarian function, both in humans and in other mammal
pecies. In fact, it guarantees the selection of a dominant
ollicle and the elimination of excessive follicles. This pro-

FIGURE 1

Apoptosis evaluation using TUNEL assay in human o
through confocal laser microscopy. (A) Germinal vesi
signs of apoptosis. (C) Apoptotic sperm chromatin in
treatment, with apoptotic male and female chromatin
Positive control of assay. Scale bar � 15 �m.

Bosco. Apoptosis in human unfertilized oocytes. Fertil Steril 2005.
ess decreases the possibility of a multiple embryonic de- t

1420 Bosco et al. Apoptosis in human unfertilized oocytes
elopment during pregnancy and ensures the development of
ewer but healthy embryos.

Analysis of the morphology has demonstrated that more

tes. The images show equatorial sections observed
ositive for TUNEL. (B) MII oocyte with evident
II nonfluorescent oocyte. (D) MII oocyte after ICSI
MI oocyte after propidium iodide staining. (F)
ocy
cle p
a M

. (E)
han 99% of the ovarian follicles are subjected to so-called
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ollicular atresia, degeneration processes during reproductive
ife (20). Two million oocytes are present in the human
vary at birth, but only 400,000 remain by the beginning of
uberty. Of these 400,000 only 400 are selected for ovula-
ion, and the remaining majority are subjected to atresia (21).
t is more likely that a follicle will die than ovulate. Mor-
hologic analyses have demonstrated that atresia is an irre-
ersible process: once a follicle reaches the point of atresia,
t cannot turn back to the ovulatory pathway.

The presence of apoptosis in a pool of cumulus cells from
mmature oocytes compared with cumulus cells from mature
ocytes in metaphase II was studied by Host et al. (22). Their
tudy demonstrated a significant increase in the number of
poptotic cumulus cells in the pool of cells derived from
mmature oocytes (germinal vesicles and MI) compared with
umulus cells derived from mature oocytes (metaphase II).
lthough, during reproductive life, apoptosis is strictly re-

ated to the reduction of the number of follicles, we think that
poptotic events in follicles selected after hormonal stimu-
ation, which could be related to a lack of oocyte fertilization
r low embryo quality, might be triggered in the same way
23, 24).

We know that a large number of oocytes recovered after
ick-up in assisted fertilization cycles (approximately 35%)
o not complete the meiotic divisions. They remain in the
erminal vesicle stage or in metaphase I, despite ovulation
nduction (determined by using a high concentration of ex-
genous luteinizing hormone).

The results of our study, with virgin oocytes (not treated
ith assisted fertilization techniques) and unfertilized oo-

ytes after ICSI, show that apoptosis occurs also in human
ocytes retrieved after hormonal stimulation. Interesting data
re represented by the percentage of MII oocytes (37%) that
how apoptotic events. This percentage is very similar to the
ate of oocyte fertilization failure after ICSI. It may be
upposed that these oocytes were probably destined to be

TABLE 1
Number and percentage of apoptotic oocytes at

Total oocytes underg

Virgin oocytes (n � 84)

Nuclear
maturation (n)

Apoptotic oocytes
(%)

GV 12 12 (100)
MI 6 5 (83.3)
MII 66 24 (37)a

Note: MI � metaphase I; MII � metaphase II; GV � germ
a vs. b ; P�.05.

Bosco. Apoptosis in human unfertilized oocytes. Fertil Steril 2005.
hysiologically eliminated in the ovary through the process i

ertility and Sterility�
f atresia, which various investigators (3) have demonstrated
s closely correlated with apoptotic events.

The data shown in Table 1 for the oocytes treated with
CSI and nonfertilized oocytes demonstrated that fertiliza-
ion failure, in 88.8% of the cases, was closely associated
ith the presence of apoptosis in the oocyte chromatin.
poptosis was also present in the nemaspermic chromatin of

ix oocytes. This observation is very important because it
emonstrates that spermatozoa with fragmented DNA might
evertheless appear vital and might be injected into the
ocyte during ICSI. This is in contrast with the idea that any
otile spermatozoon with normal morphologic features is

eally a healthy spermatozoon.

Compared with other cells, the sperm DNA is very resis-
ant to chemical or physical denaturation. The anomalies of
he chromatin packaging in human sperm could be conse-
uent to architectural defects of the nuclear structure as, for
xample, in a missed substitution of the histones with the
rotamine during spermatogenesis as it has been shown in
ome patients (25, 26). Such anomalies can be associated
ith a reduction of the chromatin condensation, with suc-

essive increase of the DNA instability and greater sensibil-
ty to stress. However, the data seem to demonstrate that the
ocyte chromatin plays a main role.

Oocyte apoptosis could be associated with the oocyte’s
nability to activate itself after sperm injection. A possible
xplanation could be that the fragmented DNA is associated
ith a general metabolic defect that leads the oocyte toward
programmed death. Apoptotic events found in virgin oo-

ytes indicate that the process is not a consequence of the
njection techniques. However, it cannot be excluded that an
poptotic event could be the consequence of the selection
perated by the ovarian stimulation, which allows the retrieval
f oocytes from follicles that physiologically would be sup-
ressed by the dominant follicle and assigned to atresia.

As discussed by Van Blerkom (24), DNA fragmentation

erent stages of maturation.

g TUNEL assay: 165

Oocytes unfertilized after ICSI (n � 81)

Nuclear maturation
(n)

Apoptotic oocytes
(%)

0 0
0 0

81 72 (88.8)b

vesicle.
diff

oin

inal
n oocytes (in particular, GV and MI oocytes) could be a

1421
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onsequence of stress during the ovarian follicle maturation
r a hypoxic condition resulting from a compromised mi-
rocirculation in those follicles correlated to increase aneu-
loidy rate in the oocytes. So apoptosis could represent a
ay to eliminate the oocytes with numeral or structural
isorders. Apoptosis also could be an expression of the
etabolic stress caused by culture conditions, as demon-

trated by Wu et al. (27) in in vitro matured oocytes; how-
ver, our study of unfertilized oocytes showing DNA frag-
entation and fertilized oocytes that produced embryos used

FIGURE 2

In situ immunoreaction of unfertilized oocyte after IC
cleaved. (B) Stained with propidium iodide. (C) Merge
control (oocyte incubated without primary antibody c
Scale bar � 15 �m.

Bosco. Apoptosis in human unfertilized oocytes. Fertil Steril 2005.
he same culture conditions. t

1422 Bosco et al. Apoptosis in human unfertilized oocytes
We used the caspase-3 immunoreaction as a specific test
or apoptosis to verify if DNA fragmentation was a conse-
uence of apoptosis pathway. Our study demonstrated that in
uman oocytes and in some spermatozoa an apoptotic pro-
ess can be activated. The presence of such events in un-
reated oocytes—free from stress deriving from in vitro
ulture or manipulation—could explain the high percentage
f fertilization failure after ICSI. Our data demonstrate the
resence of DNA fragmentation. To be certain that such
vidence is not due to temporary events of DNA repair or

) Reaction with the primary antibody caspase-3
ages A and B. (D) Merged images of negative

ase-3 cleaved) and stained with propidium iodide.
SI. (A
d im
asp
ranscription, we carried out the analysis for the presence of
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leaved caspase-3, an enzyme certainly involved in the ap-
ptotic process. We think that it is necessary to obtain more
ata concerning cleaved caspase-3 and other apoptosis mark-
rs, both in nonfertilized human oocytes after ICSI and in
ocytes soon after pick-up, to confirm that the presence of
poptosis is an event already in progress and that in some
ases it is strictly correlated with fertilization failure.
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