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In human in-vitro fertilization (IVF)—embryo transfer, the
in-vitro culture environment differs from in-vivo conditions

in that the oxygen concentration is higher, and in such
conditions the mouse embryos show a higher concentration
of reactive oxygen species (ROS) in simple culture media.
ROS are believed to cause damage to cell membranes
and DNA fragmentation in somatic cells. This study was
conducted to ascertain the level of HO, concentration
within embryos and the morphological features of cell
damage induced by BO,. A total of 62 human oocytes and
embryos (31 fragmented, 15 non-fragmented embryos, 16
unfertilized oocytes) was obtained from the IVF—embryo
transfer programme. The relative intensity of H,O, con-
centrations within embryos was measured using '27'-
dichlorodihydrofluorescein diacetate by Quanti cell 500
fluorescence imaging and DNA fragmentation was observed
with transmission electron microscopy and an in-situ
apoptosis detection kit. The HO, concentrations were
significantly higher in fragmented embryos (72.21+ 9.62,
mean * SEM) compared to non-fragmented embryos
(31.30 = 3.50,P < 0.05) and unfertilized oocytes (30.75=
2.67,P < 0.05). Apoptosis was observed only in fragmented
embryos, and was absent in non-fragmented embryos.
Electron microscopic findings confirmed apoptotic bodies
and cytoplasmic condensation in the fragmented blastom-
eres. We conclude that there is a direct relationship between
increased HO, concentration and apoptosis, and that
further studies should be undertaken to confirm these
findings.

mentation of the cell (Veeck, 1988; Goyanet al, 1990).
Fragmented embryos have limited developmental potential and
rarely result in implantation (Plachot and Mandelbaum, 1990;
Erenuset al, 1991). Such abnormal embryo development has
been reported to be due to an inadequate culture environment.
The in-vitro culture environment differs from in-vivo condi-
tions in that the oxygen concentration is higher and, in such
conditions, mouse embryos show a higher reactive oxygen
species (ROS) concentration in simple culture media (Nasr-
Esfahini et al, 1990a; Gotoet al, 1993). ROS such as
superoxide anion radicals, hydroxyl radicals, hydrogen perox-
ide, organic peroxide radicals and singlet molecular oxygen
are thought to cause damage to the cell membrane (Aitken
et al, 1989; Halliwell and Chirico, 1993) and to cause DNA
fragmentation (Halliwell and Aruoma, 1991) in somatic cells,
and may participate in the process of apoptosis (Hockenbery
et al, 1993). Recently, apoptotic configurations in fragmented
human embryos were observed at a stage prior to blastocyst
formation and these have been suggested as the process of
programmed cell death (Jurisicowd al., 1996). This study
was conducted to ascertain the relationship between st H
levels and the morphological features of cell damage within
embryos in in-vitro culture under a 5% G@tmosphere.

Materials and methods

IVF and embryo culture

Spare human pre-implantation embryos and unfertilized oocytes were
obtained from the IVF—embryo transfer programme, Division of
Reproductive Endocrinology and Infertility, Department of Obstetrics
and Gynecology, Ajou University Hospital. Patients who did not wish
to freeze their spare embryos for future transfers were asked to donate
them for research and their informed consent was obtained. This
research was approved by the Human Ethics Committee of the Ajou
University Hospital.

Ovarian stimulation was performed under a long protocol regimen
with gonadotrophin releasing hormone (GnRH) agonist (buserelin
acetate; Suprefact, Hoechst AG, Frankfurt, Germany), follicle stimu-
lating hormone (FSH; IBSA, Lugano, Switzerland), and human
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species

Introduction
In human in-vitro fertilization (IVF)—embryo transfer pro-

and serum oestradiol measurements were used to monitor the response
to hormone therapy, and 10 000 IU human chorionic gonadotrophin
(HCG; Profasi, Serono S.A., Aubonne, Switzerland) was administered.
When two or more follicles were-18 mm in diameter and the serum
oestradiol concentration wasx600 pg/ml, oocyte aspiration was
carried out 36 h after the HCG injection, using a standard transvaginal
ultrasound-guided approach.

grammes only a few oocytes develop to be good quality commercial IVF culture media (Medi-Cult IVF media; Medi-Cult,
embryos, depending on the incubation conditions and thgopenhagen, Denmark) was employed in the insemination and
quality of the ovum and spermatozoon, while the rest showgrowth of embryos cultured at 37°C with an atmosphere of 5% CO

abnormal morphology due to unequal cell division or frag-
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and 20% Q. Cleavage and fragmentation of the embryos was observed
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42-48 h after insemination, and the embryos were classified anthicroscope, the tissue was cut into 70 nm slices and double stained
transferred. A total of 53 human oocytes and spare embryos (1&ith uranium and lead salts (Ultrostain 1H, 2; Leica, Cambridge,
unfertilized oocytes, 31 fragmented or partially fragmented, andJK) and then observed under the electron microscope (Zeiss EM
15 non-fragmented embryos) were employed in this study. 902A; Transmission Electron Microscopy, Oberkochen, Germany).

Measurement of reactive oxygen species Statistical analysis

The development of embryos was assessed in each group 2 days af&tatistical analysis was performed by the Sche#fst and values

insemination. In order to determine the quantity of ROS producedbtained as meart SEM. P values< 0.05 were considered to be

by the embryos, the $D, concentration within the embryos was significant.

measured by '27'-dichlorodihydrofluorescein diacetate (DCHFDA;

Molecular Probes Inc., Eugene, OR, USA). The principle underlying

this procedure may be described briefly as follows: non-ionizedR€sults

DCHFDA is membrane permeant and therefore is able to diffuser total of 16 unfertilized oocytes and 46 human embryos, at

readily into cells. Within the cell, the acetate groups are hydrO'yseqjifferent Stages of deve|opment ranging from the two cell to

by intragellular esterqse .activity forming’,Z-dichlorc.Jdi.hydro- eight cell stage with varying degrees of fragmentation, was

fluorescein (DCHF) whlc_h_ls pqle_lr and thus trapped W|th|.n the Ce”'studied for the detection of 40, and apoptosis. Using

DCHF ,flu/ort_esces when it is oxidized by,&, or lipid peroxides to Quanticell 500, the relative fluorescence intensity of DCF

yield 2',7'-dichlorofluorescein (DCF). The level of DCF produced . .

within the cells is related linearly to that of peroxides present an S Show_n as .a. pseudocolour image where the '9W€St and
ighest intensities are coded blue and red respectively. Non-

thus its fluorescent emission provides a measure of the peroxi ' Shlid
levels (Nasr-Esfaharet al, 1990). fragmented embryos were stained blue, indicating the low

The DCHFDA was prepared in dimethyl sulphoxide (DMSO) at level, but fragmented embryos stained yellow to red,
1x103 M just before the start of each experiment and kept in theindicating the higher level (Figure 1). The relative concentra-
dark and used over a maximum period of 48 h. In each experimentjon of H,O, was significantly higher in fragmented embryos
the concentration was adjusted t&x10™> M by diluting with human (n = 31, 72.21* 9.62) compared to non-fragmented embryos
tubal fluid (HTF) containing 0.4% bovine serum albumin (BSA) and (n = 10, 31.30=+ 3.50,P < 0.05) and unfertilized oocytes
then exposing the embryos for 15 min. The embryos were ther(n = 12, 30.75+ 2.67,P < 0.05) (Table I).
completely washed to remove surface fluorescence with HTF, and Positive TUNEL labelling in apoptotic cells was defined as

the relative concentrations of B, produced by the embryos and . - i
unit blastomeres were measured by the Quanti-cell 500 techniquléel bright and punctuate fluorescence staining pattern. Positive

(Applied Imaging Co., Sunderland, UK) after excitation at 480 nm abel_lmg was observed in 16 out of 21 fragmented gr_nbryos,
and emission at 510 nm with an inverted fluorescent microscop@Ut in non-fragmented embryos (= 10) and unfertilized
(Nikon Diaphot 300, Nikon Co., Tokyo, Japan) in which the back- 00Cytes & = 12), a positive labelling pattern could not be
ground was calibrated to zero using a xenon lamp (100 W) anddentified (Figure 2).

fluorescein isothiocyanate filter set. Evidence of apoptosis was confirmed by transmission elec-
. . . tron microscopy; 10 fragmented embryos which had arrested
Confirmation of DNA fragmentation with variable numbers of cells were serially sectioned. In six

To determine the DNA fragmentation of the unfertilized oocytes andembryos, we observed several apoptotic bodies or dense
embryos_, th(? ter_min_al deoxynuclt_eotidyl transferase (TdT_)-mediate@ytop|asm which contained normal appearing cytoplasmic
duTP-digoxigenin nick end-labelling (TUNEL; ApopTag kit, Oncor organelles but in non-fragmented embryas € 5) and

Inc., Gaithersburg, MD, USA) was performed. For TUNEL, the , ntorilized oocytesr( = 4), such characteristic patterns could
embryos were fixed with 4% neutral buffered formalin and WaShednot be observed (Figure 3)
with Tris buffer. The embryos were then processed with an equilibrium '
buffer for 5 min (from the ApopTag kit) and then reacted in reaction
buffer with TdT and dUTP-digoxigenin at 37°C for 24 h. The reaction Discussion

was terminated by adding stop/wash buffer and standing at room o

temperature for 10 min and then washed three times with Tris buffer] N€ arrest of embryo development in in-vitro culture has been
Anti-digoxigenin—fluorescein was added and reacted at 37°C for 3¢€ported to be a consequence of an abundance of ROS induced
min. Washing was again performed with this buffer, after which by an ambient oxygen concentration environment and a relative
apoptosis within the embryos was observed under a fluoresce@bsence of free radical scavengers compared to in-vivo condi-
microscope. tions (Paboret al, 1989; Nasr-Esfahinet al, 1990a; Goto
etal, 1993). Substances such as hypoxanthine, catecholamines,
thiols and flavin in developing cells or culture media react
The unfertilized oocytes and embryos were fixed for 2h withyith oxygen to produce oxygen free radicals (Balleual.

Karnovsky’s fixative solution (1% paraformaldehyde, 2% glutar- 1969 Misra and Fridovich. 1972: Baccanari. 1978 Loutradis
aldehyde, 0.002 M calcium chloride, 0.1 M cacodylate buffer, pH 7.4),et al, 1987). Consequently, the addition of free radical

washed with cacodylate buffer and then further fixed with 1% osmium

tetroxide and 1.5% potassium ferrocyanide. After dehydration withocavengers and metal chelators such as superoxide dismutase,

50-100% alcohol and embedding in a Poly/Bed 812 resin (Polyscigransferrin, EDTA and thioredoxin to the culture media under

ences Inc., Warrington, PA, USA), they were polymerized for 6 h atn @mbient oxygen concentration led to enhanced embryo
36°C, 12 h at 48°C and 24 h at 60°C. The tissue blocks were cuflevelopment (Abramczukt al, 1977; Nasr-Esfahargt al,
into 1 um slices and stained with 1% toluidine blue and observed1990b; Nodaet al, 1991; Nonogaket al., 1991; Gotoet al,
under a fluorescent microscope. For observation under the electrdi®92; Nasr-Esfahani and Johnson, 1992), and low oxygen
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Figure 1. Bright field and pseudocolour images of fragmented and non-fragmented embryos. Fluorescence intensity,@uésto H
expressed in pseudocolour using Quanti-cell 500 according to the colour k) {ia,(d) Non-fragmented embryo; the blue colour
represents the low #D, concentration.lf, €) Partially fragmented embryo stains a yellow colouwt.f] Fragmented embryo; red colour
indicates the highest 4D, level.

Table I. H,O, concentrations and apoptosis in fragmented and non-
fragmented embryos

Human embryos and Concentraffion TUNELP TEMS
oocytes of HO, positive staining  apoptosis
Fragmented embryos 72.24 9.62* 16/21 6/10

(n = 31)
Non-fragmented embryos  31.30 3.50 0/10 0/5

(n = 10)
Unfertilized oocytes 30.75 2.67 0/12 0/4

(n = 10)

aThe relative intensity of KD, concentration within embryos was measured
using 2,7’-dichlorodihydrofluorescein diacetate by the Quanti cell 500
technique.

bNumber of positive stained embryos/total observed embryos by TUNEL.
°Number of embryos with chromatin condensation and apoptotic body/total
observed embryos by TEM.

TUNEL = transferase-mediated DNA end labelling; TEMtransmission
electron microscopy.

*P < 0.05 significant difference between fragmented embryos and the other
groups.

concentration culture conditions of 5%, @ave been shown
to enhance development in mice embryos (Quinn and Harlowrigure 2. Detection of apoptosis in unfertilized oocytes and

1978; Paboret al, 1989), and this has also been demonstrateé(f agme)”tﬁd e.mbryt())s by TUfNDEI'\-IAmfethO‘*’ 6) pnfegilized 0‘(30)’(;;9

i T ; . : arrow) showing absence o ragmentation. Bar,Lif0. (c,

in human in-vitro studies (Nodzt al, 1994; Dumoulin Fragmented embryo positively stained showing many fragments.
et al, 1995). Bar, 35um.

In this study, we were able to observe that increased
fragmentation rate of human embryos was directly correlated
with increased KO, concentration especially at the site of membrane loss of permeability leads to swelling and rupture,
fragmentation, and therefore it is thought thajGs plays  whereas in fragmentation, the cell condenses and is divided
an important role in the fragmentation of embryos. Theinto several fragments leading to cytoplasmic condensation
fragmentation phenomenon is similar to one of the morphoand condensed nuclei which are called apoptotic bodies (Kerr
logical characteristics of apoptosis. In cell necrosis, the celet al, 1972; Wyllie, 1980). One of the distinct features of
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Figure 3. Transmission electron micrographs of fragmented and non-fragmented emlarydsThin sections of embryosa(non-

fragmented embryal fragmented embryo) stained with Toluidine Blue. Condensed cytoplasm in fragmented embryo is darkly stained.
Bar, 35um. (b, c) A non-fragmented embryo has intact mitochondria and normal nucleus. Ban, %, f) Some parts of blastomeres

in fragmented embryo are very electron dense, representing condensed cytoplasm and an apoptotic body (Aloh.Bar, 5

Arrowheads= mitochondria; N= nucleus; CC= condensed cytoplasm.

cells undergoing apoptosis is the breakdown of the DNA intcelectron microscopy, and suggestive of programmed cell death,
185-200 bp fragments (Wylliet al, 1984; Arendset al,  was triggered in human embryos at a stage prior to blastocyst
1990; Gaido and Cidlowski, 1991), and it is known that suchformation (Jurisicovaet al, 1996).

fragmentation is a morphological forerunner of apoptotic The above results suggest that ROS are important factors to
bodies and the nuclear condensation that leads to apoptosthe detriment of embryo development, causing morphological
In order to determine whether such phenomena occur ighanges such as cytoplasmic condensation and apoptotic
fragmented embryos, each unfertilized ovum and embryo wakodies. Therefore, the increase in ROS concentration by
observed for DNA fragmentation using the in-situ TUNEL embryos cultured in an ambient oxygen environment may lead
method. The unfertilized oocytes and embryos without fragto embryo cytoplasmic fragmentation and apoptosis. Our
mentation were not stained, whereas staining was observed study also suggests that in IVF programmes, suppression of
the sites of fragmentation in fragmented embryos. Overall, ithe ROS concentration in embryos resulting from a low
embryos with severe fragmentation, we were able to observexygen concentration environment, or addition of free radical
that there were multiple sites of strongly stained areas. Tecavengers to culture media, may enhance normal embryo
confirm that apoptosis had taken place, embryos werdevelopment and therefore increase the number of successful
sectioned and observed under the electron microscope; thigegnancies.

showed that in unfertilized oocytes and non-fragmented

embryos, normal nuclei and mitochondria, and preservation of

the cell membrane, was observed. In embryos with severBeferences

cytoplasmic fragmentation, apoptotic bodies characteristic ofibramczuk, J., Solter, D. and Koprowski, A. (1977) The beneficial effect of

apoptosis were observed. These results suggest that earlfn'zm;“Disvg%?’%‘i”g%g%fe one-cell embryos in chemically defined

human embryos which d_evelop In hlgh oxygen culture ConFiI'Aitken, R.J., Clarkson, J.S. and Fishel, S. (1989) Generation of reactive
tions undergo cytoplasmic fragmentation due to the elevation oxygen species, lipid peroxidation, and human sperm fundimh. Reprod,
of H,O, and eventually undergo apoptosis. These findings are 41, 183-197.

i ; ; ; ; ; ; rends, M.J., Morris, R.G. and Wyllie, A.H. (1990) Apoptosis. The role of
in agreement with several studies in which the incubation of* the endonuicleasam. J. Pathal, 136, 593608,

hl_"man pre-.l'mplantatlo.n embryos of poor_q“_a'”Y was assqmategaccanari, D.P. (1978) Coupled oxidation of NADPH with thiols at neutral

with a significant decline in the total antioxidative capacity of pH. Arch. Biochem. Biophys191, 351-357.

culture medium determined by enhanced chemiluminescend#liou, D., Paimer, G. and Massey, V. (1969) Direct demonstration of

(Paszkowski and Clarke, 1996). In another study, it was superO_X|de anion pr(_)c_Juctlon during the OX|(_1at!on of reduqed flavin and its
. . catalytic decomposition by erythrocupreirBiochem. Biophys. Res.

demonstrated that the morphological appearance of apoptosiscommun. 36, 898-904.

in fragmented human embryos, with TUNEL and transmissiorbumoulin, J.C., Vanvuchelen, R.C., Land, Jgk.al. (1995) Effect of oxygen
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