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Temporal and spatial aspects of fragmentation in early
human embryos: possible effects on developmental
competence and association with the differential
elimination of regulatory proteins from polarized

domains
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of developmentally important proteins are altered by partial

or complete elimination of their polarized domains. The
findings are discussed with respect to the possible develop-
mental significance of regulatory protein polarization in
human oocytes and preimplantation stage embryos.
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This study examined the relationship between blastomere
fragmentation in cultured human embryos obtained by in-
vitro fertilization and the effect of fragmentation on the
distribution of the following eight regulatory proteins
found to be: (i) localized in the mature oocyte in subplasma-
lemmal, polarized domains; and (ii) unequally inherited
by the blastomeres during cleavage: leptin, signal trans-
ducer and activator of transcription 3 (STAT3), Bax,
Bcl-x, transforming growth factor B2 (TGFB2), vascular
endothelial growth factor (VEGF), c-kit and epidermal
growth factor R (EGF-R). Four basic patterns of frag-
mentation were observed. The severity of the impact of
each type of fragmentation on the affected blastomere(s)
and the developmental competence of the embryo appeared
to be a function of the unique temporal and spatial features
associated with the particular fragmentation pattern(s)
involved in each instance. The findings demonstrate that
certain patterns of fragmentation can result in the partial
or near total loss of the eight regulatory proteins from
specific blastomeres and that the developmental potential
of the affected embryo can be particularly compromised
if it occurs during the 1- or 2-cell stages. In contrast,
fragmentation from portions of a fertilized egg or a
blastomere(s) in a 2-cell embryo that do not contain the
protein domains, or the complete loss by fragmentation of
a regulatory protein domain-containing blastomere after
the 4-cell stage does not necessarily preclude continued
development to the blastocyst, although the normality and
developmental potential of the embryo may be com-
promised. The possible association between fragmentation
and apoptosis was examined by annexin V staining of
plasma membrane phosphatidylserine and TUNEL analysis
of blastomere DNA. No direct correlation between frag-
mentation and apoptosis was found following the analyses
of fragmented embryos with these two markers. However,
while we suggest that changes in cell physiology unrelated
to apoptosis are the more likely causes of fragmentation,
we cannot exclude the possibility that fragmentation itself
may be an initiator of apoptosis if critical ratios or levels
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opment

Introduction

The complete or partial fragmentation of one or more blasto-
meres resulting in conversion to a pleiomorphic population of
cytoplasts is a common occurrence during the early cleavage
stages of human embryonic developmémtvitro. A very
similar phenomenon has been reported to occur with human
embryos fertilizedn vivo (Busteret al., 1985). Both apoptotic
and necrotic processes have been suggested as causes of
blastomere fragmentation in human embryos (Juriseial.,
1996), but a definitive aetiology has yet to be determined. In
this regard, it remains unclear whether all forms and degrees
of fragmentation are indications that the competence of an
affected cell(s) or the entire embryo has been necessarily
compromised. Outcome data from some clinical in-vitro fertil-
ization (IVF) studies suggests that embryo developmental
potential declines significantly as the number of cytoplasmic
fragments increases (Giorgetti al., 1995), while others have
shown no significant correlation (Hoovet al,, 1995). These
empirically based findings have led to the incorporation of
estimates of fragment number into schemes designed to assess
developmental competence prior to embryo transfer or cryo-
preservation (Giorgettiet al, 1995; for review see Van
Blerkom, 1997).

We have shown previously that the regulatory proteins leptin
and STAT3 occur in polarized domains in both mouse and
human oocytes and that, after fertilization, these domains
become differentially distributed between blastomeres in the
cleavage stage embryo and between the inner cell mass and
trophoblast of the blastocyst (Antczak and Van Blerkom,
1997). The position of these domains in the immature oocyte
appears to delineate the future animal pole, which is defined
as the region of first polar body abstriction, as well as the
future embryonic/abembryonic axis, which is associated with
the region of the penetrated egg from which the second polar
body emerges (Gardner, 1997). In the case of leptin and
STAT3, the pattern of inheritance of the polarized domains in
daughter blastomeres seems to be determined by how success-
ive equatorial or meridional planes of cell division (Edwards
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and Beard, 1997) are oriented with respect to the domaingional IVF for women between the ages of 23 and 41 years (mean
We have suggested that the subplasmalemmal localization @6 years). Oocytes were exposed to 3000—10 000 motile spermatozoa
the leptin and STAT3 domains within individual blastomeresfor 3 h, transferred to fresh medium, and inspected for the presence
may have clinical relevance in understanding the variabl&®f prc_muclei between 8 and 12 h after insemination as previously
developmental potential of fragmented human embryos. For gescribed (Van Blerkonet al, 1995a). All oocytes and embryos
particular blastomere(s), fragmentation from these domain®'€ cultured in an atmosphere of 4.5%, 3.5% CQ and 90%

may reduce or deplete the complement of these or oth(-;; ». Fertilized eggs were examined at 8- to 12-h intervals during the

regulatory proteins such that while capable of cytokinesis ollowing 60-65 h of culture, at the end of which time embryo
9 y P L . . P o y transfer was performed (72—77 h post insemination). If cytoplasmic
developmental viability may be impaired or eliminated.

. fragments were observed, this inspection schedule permitted, within

The purpose of the present _StUdy was _to determ'_ne th?Z h intervals, a determination of the pattern, relative size, location,
qualltgtlve effects of fragm_entatlop on co_rtlcally positioned approximate number and embryo stage at which fragmentation
domains of regulatory proteins during the first 72 h of humangccurred. Because these characteristics were recorded on videotape
embryo culture. In addition to a re-examination of leptin andat each inspection, changes in fragment number or location could be
STAT3, we report that members of the following classes ofdocumented. According to protocol, embryos that fragmented at the
proteins are also found in polarized domains in human oocyte®- (22-26 h) or 4-cell stages (34-38 h) and which failed to undergo
and embryos and that they too, as a result of their localizatiorgdditional cleavage divisions during the subsequent 24-26 h of culture
are affected by the fragmentation process: (i) growth factowere considered to have arrested development and, with patient
receptors [c-erbB (epidermal growth factor receptor (EGF-R)permission, were used for analysis. Embryos that had fragmented
and c-kit (stem cell factor receptor); (ii) apoptosis proteinsduring the first 36 h of c_ulture but_ W'hich_progressed to_the 8-cell
(Bcl-x and Bax); and (iii) growth factors [transforming growth Stage were used (with patient permission) if cryopreservation was not
factor B2 (TGHB2) and vascular endothelial growth factor @1 ooption. qumal-a_ppea_n_ng _early c_Ieavage stage embryos were
(VEGF)]. During these analyses, four distinct patterns Ofderlveq from dispermic fertilizations or, if monospermlt_:,were donated
fragmentation were observed, the consequences of each beif Palients who requested that only a predetermined number of
directly affected by the particular spatial and temporal mani-e bryos be replaced and any remaining embryos not be cryopreserved.
festations impacting a particular egg or embryo. In the majority mation and analysis by scanning laser confocal immuno-
of cleavage stage embryos that contained blastomeres Wiﬁ'l

! . . uorescence
cytoplasmic fragments, immunofluorescent analysis by scan- . .
ning laser confocal microscopy demonstrated that these strucA- small portion of the human oocytes and embryos examined were

. éxposed briefly (20 s) to acidic Tyrode’s solution for zona thinning
tures frequently formed from the portion of the plasma

. . . . rior to fixation. All oocytes and embryos were fixed in a phosphate-
membrane associated with the regulatory protein domains, arjg ¢ered saline (PBS) solution containing 3.7% formaldehyde (pH

that as a result of the incorporation of portions of thez 3y o 1 h atroom temperature. After fixation: (i) the residual zona
affected domain(s) into the cytoplasmic extrusions, the appareR}as removed mechanically by repeated passage through a narrow-
complement of these proteins was either reduced or undete@ore glass micropipette (zona on ‘thinned’ oocytes or embryos); (ii)
able in the affected blastomere(s). These findings suggesitact zonae from oocytes not exposed to Tyrode's solution were
that the differential developmental potential exhibited byremoved mechanically by repeated passage through a narrow-bore
fragmented human embryos may be associated with a blastgtass micropipette; or (iii) intact zonae were removed mechanically
mere-specific depletion of critical regulatory proteins that isby dissection with fine tungsten needles (embryos only). After removal
determined both by the specific pattern of fragmentation an@f the zona pellucida, specimens were permeabilized in PBS solution
the specific portion of the plasma membrane and subjaceffentaining 0.1% Triton X-100 and 0.1% NP-40 (Sigma Chemical
cytoplasm involved. Co., St Louis, MO, USA)folh atroom temperature. The protocol_s
The extent to which apoptotic processes may be associaté?F antibody staining and confocal microscopy have been described

with different patterns of fragmentation and disruption of thein detail previously (Antczak and Van Blerkom, 1997). In brief,
ocytes and embryos were reacted with affinity-purified, primary

polarized domains was examined in fragmented embryos by ) : . ! i
terminal deoxynucleotidyl transferase-mediated dUDP nick—gntlbody solutions directed against leptin [Ob (Y20)], STAT3 (C-20),

. , TGFB2 (V), EGF-R (1005), c-kit (C-19, 41g/ml), Bax (I-19), Bcl-x
end labelling (TUNEL) to detect’30OH DNA strand breaks, (S-18), VEGF (C1, 2ug/ml) (all from Santa Cruz Biotechnology

and _by annexin V stallnlng to detect translocation of phos-mcq Santa Cruz, CA, USA), actin (A2066, 1:100 dilution) and
phatidylserine from the inner to the outer aspects of the plasm@,omorulin (E-cadherin, U3254, 1:200 dilution) (both from Sigma
membrane. Our findings indicate that fragmentati®r seé  |mmunochemicals, St Louis, MO, USA), prepared in PBS with 2%
does not appear to be part of, nor a direct consequence of, avine serum albumin (PBS-BSA) at a concentration giglml,
apoptotic process. However, we cannot exclude the possibilitynless otherwise specified. For rabbit polyclonal primary antibodies
that some forms of fragmentation can lead to apoptosis bjavolved in single antibody analysis, a 1:200 dilution of goat anti-
virtue of their effects on cortically localized organelles and/orrabbit fluorescein isothiocyanate (FITC) conjugate (Sigma Immuno-
the complements of important polarized protein domains, irchemicals) prepared in PBS-BSA was used as secondary antibody
particular those involving apoptosis-associated proteins. solution. For rat polyclonal primary antibodies a 1:150 dilution of a
rabbit anti-rat FITC conjugate (Sigma Immunochemicals) prepared
in PBS—-BSA was used as secondary antibody solution. In the case
of the VEGF antibody, a 1:100 dilution of a goat anti-mouse FITC
Oocytes and embryos conjugate (Sigma Immunochemicals) prepared in PBS with 2% BSA
Fragmented embryos examined in this study were obtained frorwas used as secondary antibody. In instances where oocytes and
stimulated cycles (Van Blerkoret al, 1995a) that involved conven- embryos were stained simultaneously with antibodies directed against
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VEGF and c-kit, or VEGF and Bcl-x, primary antibodies were usedimmunochemicals), prepared according to the manufacturer’s instruc-
at the same concentrations as for single-antibody analyses. Howevéions. When optimal colour development was achieved, samples were
under these conditions while reactivity of the VEGF antibody wastransferred to PBS containing 1% BSA and 0.1% sodium azide and
detected as described for singly stained specimens, a 1:200 dilutidaransferred through three washes to remove the colorimetric substrate
of a goat anti-rabbit biotinylated antibody (Sigma) prepared in PBS-and inactivate peroxidase activity. In each case, experimental and
BSA was used as secondary antibody against the rabbit primargontrol samples were processed in an identical fashion, for the same
antibody, followed (after washing) by incubation of the samples in aperiods of time. Results were obtained with a camera-mounted
1:100 dilution of streptavidin—Texas red (Molecular Probes, Eugeneglissecting microscope at 80power using Kodak 160T film (Eastman
OR, USA) for 2 h at 4°C. To serve as controls during dual-stainedKodak Company, Rochester, NY, USA).
analyses, samples singly stained with FITC-conjugated secondary
antibody (VEGF) were scanned using settings and filter combinationdnnexin V and TUNEL analysis
designed to detect both FITC and Texas red (dual-analysis filters angropidium iodide and annexin V staining of living fragmented
settings); samples singly stained with Texas red (actin, Bax) wer@mbryos were performed as described by Van Blerkom and Davis
scanned using settings and filter combinations designed to detect boti998) in order to determine cell membrane integrity and presence
Texas red and FITC to determine the amount of overlap present igf phosphatidylserine residues on the outer surface of the plasma
the emissions from the two fluorochromes during dual-stainingmembrane, respectively. Embryos were first incubated at 37°C for
analysis. Under the conditions of the analysis, no overlap was detecteff min in PBS containing propidium iodide (500 ng/ml), examined
between FITC- and Texas red-associated fluorescent signals (resubg fluorescence microscopy, followed by incubation in the presence
not shown). Allimages obtained by light, epifluorescence or scanningf an FITC conjugate of annexin V (ug/ml) according to the
laser confocal microscopy are presented as observed during examinganufacturer’s recommendation (ApoAlert Annexin V Apoptosis
tion, without any enhancement or attenuation of the fluorescent signalSystem; Clontech, Palo Alto, CA, USA). These analyses were
To confirm the specificity of the antibodies used during theseperformed at 37°C in AT system (Bioptechs, Butler, PA, USA) as
analyses, each antibody solution was preincubated with the immuniztescribed previously (Van Blerkoet al, 1995a). In preparation for
ing peptide (leptin, SC-843P; STAT3, SC-482P; T2aF SC-90P;  TUNEL, after annexin/propidium analysis, embryos were fixed in
EGF-R, SC-03P; c-kit, SC-168p; Bax, SC-526P; Bcl-x, SC-634P;3.7% formaldehyde in PBS (pH 7.35), washed for at least 12 h in
Santa Cruz Biotechnology) at a concentration 20-fold that used witlPBS containing 1% BSA and incubated for 4 h at room temperature
the primary antibody, for 1-2 h at 20°C, with the exception of theijn TBS (155 mM NaCl, 10 mM Tris—=HCI pH 7.4) containing 0.1%
VEGF antibody for which a blocking peptide was unavailable. NP-40 and 0.1% Triton X-100. Within 24 h of fixation, embryos
Following this preincubation period, unfertilized oocytes were pro-were washed three times in PBS—1% BSA and incubated at 37°C for
cessed as described previously for singly stained specimens (Antczakh in TUNEL reaction mixture containing 0.5 jul/of calf thymus
and Van Blerkom, 1997) and examined for associated immunofluoreserminal deoxynucleotidyl transferase and a fluorescein-labelled
cence. To confirm the spatial specificity of the fluorescent signal(s)nucleotide mixture (F-dUTP) (In Situ Cell Death Detection System;
representative specimens were placed between coverslips, examingdehringer Mannheim, Indianapolis, IN, USA) as described previ-
by confocal microscopy, and rescanned with the specimen invertegusly (Van Blerkom and Davis, 1998). For fluorescent analysis of
To control for non-specific immunofluorescence, human and mousgixed embryos, specimens were placed into a droplet of Slow
oocytes and fragmented embryos were reacted with mouse or rablfade Lite (Molecular Probes, Eugene, OR, USA) and examined
IgG antibodies (sc-2025 and sc-2027; Santa Cruz Biotechnology®y conventional and scanning laser confocal microscopy. For the
derived from non-immunized animals at concentrations equivalent teéxamination of DNA integrity on embryos that had been previously
those used for specific primary antibodies, followed by incubation inanalysed for protein domains by immunofluorescence, these specimens
the appropriate FITC- and/or biotin-conjugated secondary antibodyere resuspended in PBS—1% BSA to rehydrate, incubated in TUNEL

at the same concentrations and times as described above. reagents and re-examined by scanning laser confocal microscopy.
TUNEL-negative embryos were secondarily used as positive controls
Colorimetric antibody analysis by exposing them to DNase Il for reincubation in TUNEL reagents

In several instances the protein domains associated with particul&s previously described (Van Blerkom and Davis, 1998). TUNEL-
oocytes, embryos and fragmented embryos as detected by immunpositive embryos were stained with 4,6-diamidino-2-phenylindole
fluorescent analyses were re-examined using a colorimetric antibodjiacetate (DAPI; 50ug/ml) and re-examined by scanning laser
detection protocol to confirm the positioning and distribution of thoseconfocal and conventional microscopy, respectively, to demonstrate
domains. To assist with the repositioning of specimens for directhat TUNEL and nuclear fluorescence were coincident

comparison of results following the second antibody detection proto-

col, an 18 mm coverslip was applied to the droplets of Slow FadaVestern blot analysis

containing the specimens on a»@20 mm coverglass prior to the The presence of leptin and STAT3 in human oocytes and embryos
immunofluorescent analysis step. Application of the coverslip resultedvas confirmed previously (Antczak and Van Blerkom, 1997), and
in the compression of the specimen(s) between the glass surfaces awmither studies have shown that T@&F c-kit and EGF-R proteins are
created two relatively flat surfaces, which facilitated re-establishmenpresent in mammalian oocytes and embryos, including human (see
of the original sample orientation during subsequent analyses. Fdrelow). The Bax, Bcl-x and VEGF primary antibodies used during
colorimetric analysis, samples were removed from Slow Fadethese analyses were reactive for both mouse and human proteins, as
rehydrated in PBS containing 1% BSA, and then re-exposed t@onfirmed here by the detection of polarized domains for each of
primary antibody solutions as described previously. Samples werthese proteins in immunostained MIl stage mouse oocytes, following
then incubated with a 1:80 dilution of goat anti-rabbit horseradishscanning laser confocal microscopic examination as described above
peroxidase (HRP)-conjugate (SC2004; Santa Cruz Biotechnologfor human samples. To further substantiate the presence of Bax, Bcl-
Inc.) in PBS—BSA fo 2 h at4°C. Following a series of three washes x and VEGF proteins in oocytes and embryos, mouse oocytes were
in PBS containing 1% BSA, samples were transferred to a solutiomxamined by Western analysis. Similar Western blot analyses with
containing SIGMA FAST DAB with metal enhancer (D0426; Sigma human oocytes were not possible. For the examination of each of
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these proteins, a lysate derived from 600—800 mouse oocytes was

applied to each lane. Mouse oocytes were recovered from the ovaridgble I. Stage at which fragmentation was first detected in 607 cultured
of naturally cycling ICR mice, denuded of granulosa and coronaf?uman embryos produced by in-vitro fertilization

cells, and processed for Western blot analysis as previously describe:ﬁiage
(Antczak and Van Blerkom, 1997). For the analysis of Bax and

No of embryos

Bcl-x proteins, oocytes were lysed in a solution containing 125 mM1-cell 153
Tris—Cl pH 6.8, 20% glycerol, 4% SDS, 286 mM 2-mercaptoethanol2-celP 211
(2-BME) and 10pg/ml bromophenol blue and boiled for 15 min i:ctilp&ce” 1%496
before loading onto a 10% SDS-PAGE gel for electrophoreticg._ 1y g_cell 68

separation. To serve as a standard for both the Bax and Bcl-x proteins;
a small aliquot of a 3T3 RSV-transformed cell lysate (TransductionfFragmentation involved one blastomere.

Laboratories, Lexington, KT, USA) was processed as per oocyteFragmentation involved both blastomeres.

lysates and run in lanes adjacent to those containing oocyte lysates.

For the analysis of VEGF, oocytes were lysed in a solution containingg07 embryos are summarized in Table I. In contrast, none of
125 mM Tris—Cl pH 6.8, 20% glycerol, 4% SDS, 1@/ml bromo- 297 M| oocytes destined for ICSI or 109 excess MII oocytes
phenol blue and with (reducing) and without (non-reducing) 286 mN_'donated from GIFT procedures (denuded of cumulus and

2-BME. Both reduced and non-reduced lysates were boiled for 15 mi s . o
before loading onto a 12% SDS—PAGE gel for electrophoretic%oronal cells within 2 h after follicular aspiration) showed any

separation. To serve as a standard for VEGF, an aliquot of purifie&'.gns of fragmen_tatlon V.Vhe.n examined at high magnlflcatlon
protein (293-VE-010; R&D Systems, Minneapolis, MN, USA) was with phase and differential interference contrast optps. A type
processed in an identical manner and run in lanes adjacent to thoge fragmentation pattern (see below) was observed in four of
containing oocyte lysates. Following electrophoresis, proteins wer®62 (<1%) unfertilized and unpenetrated MIl oocytes that

electroblotted to polyvinylidine difluoride (PVDF) membrane were examined over 2-3 days of culture. In each case,
(Bio-Rad, Hercules, CA, USA) in preparation for antibody analysis.fragmentation was not observed until after approximately 48
Bax proteins were detected using a 1:1000 dilution of a rabbit antih of culture.

Bax polyclonal antibody (I-19; Santa Cruz Biotechnology Inc.) and  The following four basic patterns of fragmentation (types

Bcl-x proteins were identified using a 1:1000 dilution of a rabbit 1_4) were observed in this study: (i) the presence of a

anti-Bcl-x polyclonal antibody (S-18; Santa Cruz Biotechnology Inc.) monolayer-like carpet of very small fragments that coated only
in conjunction with an amplified alkaline phosphatase immunoblot_ . , ; : ;
assay kit (Bio-Rad) following the protocols provided by the manufac-a modest’ portion of the cell surface with either no apparent

turer. To confirm that the detected proteins were specific to théec_iuctlon In ceII.S|ze, qr kbt _r.elatlvely minor but
antibodies used, Bax and Bcl-x primary antibodies were preincubateﬁv'd?m at the light microscope Ievgl; (")_the presc_ence of
with a 20-fold excess of blocking peptide (SC-526P and sc-sa3pNultiple layers of fragments, generally involving a considerable
respectively; Santa Cruz Biotechnology Inc.) for 2.5 h at 37°C beforddortion of the cell surface, which was accompanied by a
their use for immunodetection of electrophoresed 3T3-RSV lysatessignificant reduction in the size of the affected cell or its
Under these conditions no proteins were detected. VEGF proteinsubsequent complete disintegration; (iii) the complete disinteg-
were identified using two independent mouse anti-VEGF monoclonatation of a blastomere(s) in a cleavage stage embryo where
antibodies. One of these antibodies (C1; Santa Cruz Biotechnologyo indications of extracellular fragment formation were
Inc.) was used at a 1:400 dilution to detect VEGF in standard angjetected on previous examinations; and (iv) a very limited
oocyte lysates electrophoresed under reducing conditions. The Secoﬂ@lmber of small fragments scattered over several blastomeres

monoclonal antibody (MAB293; R&D Systems) was used at a 1:50q : . .
I ) otherwise normal-appearing, developmentally progressive
dilution to detect VEGF in standard and oocyte lysates electrophoreseg PP 9 P y prog

under non-reducing conditions. Primary antibody reactivity Wasembryqs. Spatial and temporal characteristics of each frag-
identified using a 1:500 dilution of a goat anti-mouse streptavidinmenta'tlon pattern and the apparent developmental Cc_m'
conjugate (401213; Calbiochem-Novabiochem Corp., San DiegoS€duences for the affected embryo of types 1-4 fragmentation
CA, USA) in conjunction with an amplified alkaline phosphataseare discussed in detail below.

immunoblot assay kit (Bio-Rad) following the protocols provided by .
the manufacturer. Fragmentation at the pronuclear and 2-cell stages

Fragmentation at the 1-cell stage was detected in approximately
7% (153/2293) of pronuclear and syngamic eggs during routine
inspection. Retrospective analyses of recorded images of 91
Temporal and spatial aspects of fragmentation in cleavage embryos taken from the pronuclear through the cleavage stages
stage human embryos demonstrated that fragments, which were evident at the
The in-vitro development of 2293 fertilized eggs from 257 2-cell stage, actually arose during the pronuclear stage. The
IVF cycles was monitored at 8- to 12-h intervals during atrepresentative images in Figure 1K and L show extracellular
least 3 days of culture. Some form of fragmentation wasragments (asterisks) in the region of the first and second polar
clearly evident at the level of the dissecting microscopebodies in the same egg at the pronuclear and syngamic stages,
in approximately 41% (934/2293) of the embryos, and therespectively. The same fragments appeared to be present at
approximate time and pattern of fragmentation were docuthe 2-cell stage (Figure 1M), and in similarly fragmented
mented at 6- to 8-h intervals for 607 representative embryosmbryos where cytokinesis continued they frequently appeared
obtained during 66 conventional IVF cycles. The stages ofo remain unchanged through the cleavage stages. During
development at which fragmentation first occurred in theseoutine inspections of fertilized eggs at the level of the
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Figure 1. Light microscopic images of living human embryos at the 1-c&lIK, L), 2-cell B1, C, M), 4- to 14-cell P1-1) and blastocyst

(J) stages; four different patterns of fragmentation are presented in this figure. Type 1 (C, F1-2, H, |, J); type 2 (A, B1); type 3 (D1, E1);
and type 4 (G) patterns of fragmentation are described in the text. (F2, K-M) Images captured from videotape. (B2, D2, E2) Epifluorescent
images of the corresponding embryo stained with annexin V. (H-J) Images of the same embryo taken at the 3-cell (H, blastomeres 1-3 are
evident in this view), 12—14-cell () and expanded blastocyst stages (J), where acellular fragments in proximity to the inner cell mass (ICM)
are indicated by arrows. In (A-I) and (K, L) fragments are indicated by asterisks. (See text for details.) Original magnificaticB5@A)

(B1) X400; (F1)Xx850; (G) X675; (K-M) x550.

dissecting microscope, relatively small fragments of this typavhich 87% (97/111) underwent at least one cell division
may not be evident or may not be noted until later in(see below).

development, unless the egg or embryo is completely rotated An elaboration of the type 1 pattern of fragmentation
during each examination period. For example, the fragmentsvolving a greater portion of the plasma membrane was
noted during the detailed inspection of an embryo at theobserved in pronuclear eggs (27%; 42/153) as well as in
4-cell stage (Figure 1, panel F1) were of the same size, numbeteavage stage embryos (e.g. Figure 1C). Here, this pattern of
and general location as those on the same embryo at tHfeagmentation is termed type 2 and was characterized by the
2-cell stage when images obtained during an earlier, briefeneration of a relatively large population of fragments from
examination were reviewed (Figure 1, panel F2). Here, type & significant portion of the oolemma or blastomere plasma
fragmentation refers to a distinct pattern of fragmentatiormembrane with a corresponding reduction in the volume of
characterized by the formation of a carpet of small fragmentshe affected egg or blastomere(s). In the present study, the
that were generally of uniform size and which arose from aoccurrence of type 2 fragmentation at the 1-cell stage resulted
portion of the plasma membrane, primarily during the 1-cellin development arrest for all affected embryos either at the
stage (Figure 1, panels K-M). Typically, eggs or blastomerepronuclear (88%; 37/42; Figure 1A) or syngamic stages (12%;
displaying type 1 fragmentation remained intact. Some 73%/42). Scanning laser confocal microscopic analysis of the
of fragmented 1-cell eggs (111/153) displayed this pattern ofype 2 pattern of fragmentation suggested that these extrusions
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arose from the surface of the cell in a column-like mannemblastomere was not unusual (e.g. right blastomere, Figure 2B).
(Figure 2P and S3; Figure 3I1, L and M), and in someMost of these embryos continued to divide (79%; 141/178)
instances, smaller fragments appeared to be generated byough the cleavage stages (portion of a fragment cluster is
second-order membrane extrusions from pre-existing, largendicated by an asterisk in Figure 1H) and at the morula stage
fragments (Figure 2P and Figure 3L and M, black asterisks)these fragments were clustered on one portion of the embryo
In serial optical sections, an apparent continuity between theurface (Figure 1l, asterisks). Thirty-one of these embryos
cortical ooplasm and the interior of fragments adjacent to thevere included in 27 cohorts of transferred embryos that
oolemma was frequently observed (Figure 2P, white asterisks@lso contained normal-appearing, unfragmented 8- to 14-cell
For 240 embryos which fragmented at the 2-cell stage anémbryos (transfer day 3.0 or 3.5). Twelve pregnancies occurred
were examined in detail, most instances of fragmentatiomf which 11 were ongoing and resulted in 17 babies. Whether
appeared to involve one blastomere (88% 211/240) and any of the fragmented embryos contributed to these births
the type 2 pattern. For 62% of these embryos=(131/211), could not be determined. However, 23 embryos with this
the complete disintegration of a blastomere (Figure 1B1, blackhenotype were retained in culture for a total of 6 days. Of
asterisk) was preceded by the elaboration of numerous, smale eight that developed to the expanding blastocyst stage
spherical structures which arose from the plasma membran@5%), only one was characterized as normal (Van Blerkom,
either during the perisyngamic stage or shortly after completio1993). Most blastocysts derived from these embryos, as well
of the first cell division (Figures 1C and 2E, black asterisks).as those that developed to the blastocyst when type 1 fragmenta-
In contrast, the fragmentation pattern of 38% of the embryogion occurred at the 1-cell stagae & 16), appeared growth-
within this group which fragmented at the 2-cell stage<  retarded with respect to cell number, contained cells and
80/211) was characterized by the conversion of a singleellular fragments free in the blastocoel, and exhibited a
blastomere into several large cytoplasts (Figure 2H and I). Imlisorganized or malformed inner cell mass (Figure 1J). The
these instances, the complete fragmentation of a blastomefeagments indicated by arrows in Figure 1J showed no staining
in a previously normal-appearing embryo occurred rapidly andvith DNA-fluorescent probes and were classified as acellular.
was not seen to be preceded by the generation of extracellular )
fragments detectable during earlier examinations; we havEragmentation at the 4- to 8-cell stage
termed this pattern of blastomere disintegration type 3. Wé-or 146 embryos, the presence of a polymorphic cluster(s) of
cannot exclude the possibility that type 1 or 2 fragmentatiorfragments was first detected at the 4- to 6-cell stage (Figure
can occur rapidly and serve to initiate this more disruptive2H and 1). No evidence of fragment formation was observed
activity (type 3). Fragmentation involving both blastomeresduring earlier inspections and the fragments appeared to
occurred in 12% (29/240) of the embryos examined in detaibe associated with the complete disintegration of a single
in this study. In some embryos, both blastomeres were disruptdalastomere (type 3 pattern). Some 72% (105/146) of these
completely 6 = 7; type 3) while in othersn( = 22) one  embryos continued to divide during the subsequent 22—-24 h
blastomere showed a type 2 pattern and the other was classifiefl culture. For 16 patients, all of the embryos transferred
as type 3. No further cell division occurred in any of these(3—4/patientn = 57) displayed this phenotype, and five term
type 2/type 3 fragmented embryos. Some 38% of 2-celpregnancies (31%) and eight babies resulted. This finding
embryos in which a single blastomere fragmented into multipledemonstrates that at least 14% (8/57) of this type of fragmented
relatively large cytoplasts (type 31 = 80/211) showed no embryo were developmentally viable. Likewise, a similar
further development, while 62% of 2-cell embryos in which acluster(s) of type 3 fragments was first detected at the 6- to
single blastomere fragmented (131/211) involving type 28-cell stage in 68 embryos. All 32 of the 8- to 10-cell embryos
fragmentation underwent at least one additional cell divisiortransferred to 10 patients on day 3 (72—-78 h, 3—4/patient)
(Figure 1D1), with 47% of thesen(= 61/129) developing contained a clear complement of numerous extracellular frag-
to the 6-cell stage when embryo transfers were performedients that had developed approximately 24 h earlier. Four
(Figure 1E1). However, no estimation of the implantationpregnancies resulted in six babies, demonstrating that at least
potential of embryos that continued to divide after fragmenta19% of these fragmented embryos were developmentally
tion at the 2-cell stage could be derived from nine pregnanciegiable. Thirty-eight embryos with type 3 fragmentation were
that occurred in 24 cycles where at least one such 6-celietained in culture for 6 days and 50% (19/38) developed to
embryo was included along with unfragmented embryos irthe hatched blastocyst stage in an apparently normal manner
cohorts of three to four transferred embryos. (Van Blerkom, 1993). The precise sequence of events leading
Among all 2-cell embryos, 9%n(= 178/1986) that appeared to fragmentation detected at the later stages could not be
normal at the dissecting microscope level were found to contaidetermined.
a small cluster of type 1 fragments associated with one or
both blastomeres [e.g. Figure 2B and F (arrow) when viewedrragmentation in grossly normal-appearing cleavage stage
at higher magnifications (200-489]. These structures were €mbryos
not detected at the pronuclear stage and usually resided eith&pproximately 1750 embryos examined in this study appeared
in the cleft between blastomeres or on the surface at one pofrossly normal and developmentally progressive during 2—3
of a single blastomere. However, the complete fragmentation alays of culture. However, when inspected at high magnification
an affected blastomere(s) was not observed during subsequemith phase or differential interference contrast optics just
culture, although an apparent reduction in the size of @efore uterine transfer, approximately 68% (1185/1743) were
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Figure 2. Scanning laser confocal immunofluorescence, pseudo-colour images demonstrating the polarized domains/fl g @hAT3

(J-L), Bcl-x (M—P), Bax Q-U) and TGHB2 (V-Y) in normal human oocytes (A, J, M, Q, V) and cleavage stage embryos (C, D, K, T1,

T2, U, X, Y), and the disruption of those domains in fragmented embryos (B, E-G1, H, |, L, O, P, R1-2, S1-3, W). Regions containing
protein-rich domains in oocytes, blastomeres and fragments are indicated with black asterisks; regions largely devoid of these proteins are
indicated with a white asterisk. Panels (A-D, G2, H-O, Q, R1, S1, U-Y) are fully compiled images (entire specimens). Panels (E-G1, P,
R2, S2-3, T1-2) are partially compiled images of internal sections. Panels (B, F, O, P, R1-2, S1-3, T1-2) show different portions of the
same embryo. Examples of type 1 (B), type 2 (O, P, S1-3), type 3 (H, I) and type 4 (D, K, T1-2, X, Y) fragmentation patterns are shown
as indicated. Representative oocytes immunostained in the presence of blocking peptides for leptin, Bcl-x, EhdréGRown in panels

G2, N and W2, respectively. The relative intensity of immunofluorescence is indicated in the colour bar in (E). (See text for details.)
Original magnification: (A)x300; (C) xX250; (E) X850; (J,Q)x200; (M,V) X400.
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Figure 3. Scanning laser confocal immunofluorescence, pseudo-colour images demonstrating polarized domains &-\EGFkit (F—)

and EGF-R J-M) in normal human oocytes (A, 13, J1) and cleavage stage embryos (E), and the disruption of those domains in fragmented
embryos (B-D, F-I1, K—-M). Regions containing protein-rich domains in oocytes, blastomeres and fragments are indicated with black
asterisks; regions largely devoid of these proteins are indicated by white asterisks (A—M). Panels (A-H, 12—K) are fully compiled confocal
images. Paneld\, O—Q) are phase contrast and epifluorescent images, respectively. Panels (11, L, M, R, S) are partially compiled images o
internal sections. Panels (L, M) show different portions of the same embryo. Panels (B, F, C, G, D, H) show embryos dual-stained for
VEGF and c-kit, respectively. Panel«S) are representative images of a type 2 fragmented 8-cell embryo observed by light microscopy

(N) and by conventional epifluorescence microscopy in the living state after staining with propidium iodide (O) and annexin V (P). After
fixation, this representative embryo was examined by TUNEL before (Q) and after DNase treatment (R) and staining with DAPI (S). Panels
(T, U) are phase contrast images of fragmented embryos upon which corresponding TUNEL results obtained by conventional
epifluorescence microscopy were superimposed [black arrgeositive TUNEL signal; (T)]. Extracellular fragments are indicated by white
arrows in (N, O) and by white asterisks in (T, U). (T, U) correspond to Figure 2R-S. Fully compiled scanning laser confocal microscopic
images (i.e. the entire oocyte) of representative oocytes immunostained in the presence of blocking peptides for c-kit and EGF-R are show
in (12) and (J2), respectively. The relative intensity of immunofluorescence is indicated in the colour bar in (I11). (See text for details.)
Original magnification: (A—E)<300; (11) X900; (N) x400.

436



Embryo fragmentation and developmental competence

found to contain a relatively small number (typically 6-10) of numerous small spherical structures (white asterisks) were
spherical structures on the surface of one or more blastomergsesent in the cleft between the two blastomeres in this
(Figure 1G, asterisks; Figure 2K, black arrows; Figure 2T1representation of type 1 fragmentation. Owing to the smaller
X and Y, white arrows). Here, we have characterized thissize of the blastomere on the right-hand side and the near-
pattern of fragmentation as type 4. While the stage at whichotal depletion of its polarized domain (Figure 2B), it is
these ‘fragments’ formed was unclear, their size and distribuassumed that most of these fragments originated from this
tion suggested that they were not remnants of the first polacell. Of particular note are the polarized distribution of leptin
body. When representative embryos donated for researdmmunofluorescence among the fragments and the relative
were examined with DNA-fluorescent probes € 16), no  abundance of leptin in the largely intact blastomere on the left
chromosomal staining was observed in the fragments (data n@Eigure 2B, black asterisk). This is in contrast to the typical
shown). In those cases where affected embryos were viewgghttern of leptin distribution in a normal 2-cell embryo where
on edge, these extracellular structures were separated from theth blastomeres would be expected to contain polarized
underlying plasma membrane and therefore unlikely to includelomains, with one blastomere staining slightly more intensely
the second polar body (Gardner, 1997). Outcomes from 11than the other (Figure 4, M—P) (Antczak and Van Blerkom,
transfers in which all of the 6- to 12-cell embryos were 1997). In the case of the embryo depicted in Figure 2B, the
classified as type 4, or were free of detectable extracellulgpattern of anti-leptin staining associated with the fragments
fragments, suggested that the type 4 fragmentation pattern héollowed the expected distribution of the leptin domain within
no significant influence on developmental potential. Fifty-threghe blastomere before fragmentation, such that a fragment-
transfers in which all embryosn(= 186) were classified as borne gradient of immunofluorescence was observed with
type 4 resulted in 24 ongoing pregnancies (pregnancy=ate bright staining at one end of the embryo (Figure 2B, black
45%) and 32 babies (implantation rate 17%). Sixty-three asterisk at top) and reduced staining at the other (white
embryo transfers in which all embryos & 214) were free asterisks). A similar effect of fragmentation on cortically
of detectable extracellular fragments resulted in 27 ongoindpcated polarized protein domains was also observed for STAT3
pregnancies (pregnancy rate43%) and 39 babies (implanta- (Figure 2L), Bcl-x (Figure 20; En =10), Bax (Figure 2R1
tion rate = 18%). There were no differences between theseand R2), TGB2 (Figure 2W1), VEGF (Figure 3C), c-kit
two groups with respect to the incidence of biochemical or(Figure 3G; En = 7) and EGF-R (Figure 3K; B3 = 7). For
failed clinical pregnancies. all of the proteins examined in this study, when fragmentation
] . _involved the portion of a blastomere that did not contain the
_The occurrence of polarized domains of regulatory proteins protein domains, only background levels of the immuno-
in human oocytes and fragmented embryos fluorescent signal were detected in the fragments (e.g. VEGF;
In addition to leptin (Figure 2A) (unfertilized or uninseminated Figure 3D, white asterisk; EGF-R; Figure 3K, white asterisk).
and unpenetrated oocytes; @= 32) and STAT3 (Figure 2J) During type 2 fragmentation, characterized by the presence
(O; n = 13) whose polarized distribution in the MIl oocyte of columns of contiguous fragments, the outermost fragments
and pronuclear egg was described previously (Antczak andisplayed the highest immunofluorescent signal for each of
Van Blerkom, 1997), scanning laser confocal immuno-the proteins examined, and the strength of the associated
fluorescence demonstrated that the distribution of Bcl-ximmunostaining dropped precipitously among the underlying
(Figure 2M; O,n = 18), Bax (Figure 2Q; On = 18), TGH32  members as proximity to the cell surface approached (e.g.
(Figure 2V; O,n = 9), VEGF (Figure 3A; O,n = 22), Bcl-x, Figure 2P, asterisks; Bax, Figure 2S1 and S2, asterisk;
c-kit (Figure 3I3; O,n = 7) and EGF-R (Figure 3J1; O, c-kit, Figure 3I1, asterisks; EGF-R, Figure 3L and M). In
n = 25) were also localized in polarized, subplasmalemmatases where fragmentation involved the elaboration of small,
domains in the mature oocyte. Multiple examinations ofspherical structures that appeared to ‘bud’ from the cell surface,
representative specimens, including those inverted 180the near-complete (e.g. leptin, Figure 2G, asterisks) or partial
between scans, demonstrated that the location of the domaifs.g. leptin, Figure 2E and F, asterisks) elimination of the
was independent of the position or orientation of the specimepolarized domain from the affected blastomere was observed.
during scanning laser confocal imaging. Similar to the earlier Thirty-six embryos appeared grossly normal at the 2- and
finding that leptin and STAT3 domains are unequally partitionecearly 4-cell stages, but fragmentation of a single blastomere
to daughter blastomeres during early cleavage (leptin, Figureas evident when these embryos were re-examined 12 h later
2C and D; embryos, E, mostly fragmented= 32), STAT3  (Figure 2H and I). Twenty-three of these embryos divided to
(Figure 2K; E,n = 6), an unequal distribution of the other the 6- to 8-cell stage, but only four progressed to the morula
proteins examined in this study was also evident in earlystage. The disappearance of a blastomere from a 4- to 6-cell
cleavage stage embryos (e.g. Bax, Figure 2T1 and TB;-E, embryo typically involved its fragmentation into a pleio-
8); TGH32 (Figure 2X and Y; En = 8); and VEGF (Figure morphic population of relatively large cytoplasts (type 3) rather
3E; E,n = 14). For embryos that fragmented between the 2than the elaboration of numerous, small structures such as
and 4-cell stages, the normal distribution of the polarizedbbserved in some 2-cell embryos (types 1 and 2). The absence
protein domains detectable by immunofluorescence was relatedd a detectable immunofluorescent signal in virtually all
to the pattern of fragmentation and the region of the blastofragments was observed only in rare cases. In these instances,
mere(s) from which the fragments emerged. For example, iit appears likely that the affected cell was the one that that
the anti-leptin-stained 2-cell embryo shown in Figure 2B,inherited only a portion of the polarized domain during the
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previous cell division (e.g. Figure 2C, cell 1 or 2), or was EGF-R, Figure 3L and M). Regardless of the pattern/type of
largely devoid of a domain for the particular protein examinedfragmentation, the most intense immunofluorescent signal for
(Antczak and Van Blerkom, 1997). Examples of such a cell(seach of the eight proteins examined was invariably localized
are present in an anti-leptin-stained 4-cell embryo (Figure 2Cto the apical portion of the fragments (e.g. asterisks, Figure
white asterisk), an 8-cell embryo (Figure 2D, white asterisks)2E-I, O, P and S1-S3; Figure 3B, C, F, H, 11 and K-M). This
a 10-cell embryo stained with anti-Bax antibody (Figure 2U,distribution was both characteristic of the cytoplasts and
white asterisks) and an 8-cell embryo stained with anti-VEGHndicative of the pronounced subplasmalemmal localization of
(Figure 3E, white asterisk). In each of these figures, a blackhe polarized protein domains observed in the intact blastom-
asterisk indicates examples of blastomeres containing polarizezte(s) (Figure 2C, D and U; Figure 3E). While fragmentation
protein domains. Most cytoplasmic fragments stained positef whole blastomeres was evident at the level of the dissecting
ively for the proteins examined in this study in nearly all microscope, it is important to note that even for those 6- to
embryos in which blastomere fragmentation occurred after th8-cell embryos which appeared normal at high magnification,
4-cell stage (anti-leptin, Figure 2I; anti-Bax, Figure 2S1; anti-in many cases some extracellular fragments could be identified
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upon closer examination (e.g. arrows in Figure 2D, K, T1, Xoocytes and fragmented human embryos were stained with an
and Y). With respect to fragment-associated immunofluoresanti-actin antibody (On = 14; E, n =3). Analysis of actin-
cence, the primary determinant of the presence or absence a$sociated immunofluorescence by scanning laser confocal
a signal for the proteins examined in this study was whethemicroscopy revealed the most intense immunofluorescence
or not an immunofluorescent signal occurred in the subjaceribcalized to the cortex of the oocyte and individual blastomeres
subplasmalemmal cytoplasm of the blastomere in the precisand in the subplasmalemmal cytoplasm of various-sized frag-
location from which the fragment(s) arose. ments (Figure 4V).

To confirm the specificity of the antibodies used during this ) ) ] .
study, unpenetrated and uninseminated MIl oocytes werPetection _of protein domains by sequential fluorescent and
stained with each of these antibodies following the preincubacolorimetric analysis
tion of each with an excess of the peptides used to generata order to demonstrate that the presence and distribution of
the antibody, with the exception of the antibody directedproteins in polarized domains was not related to the method
against VEGF where blocking peptide was unavailable. Figuref immunodetection, human oocytes and embryos were exam-
2G2, N and W2 and Figure 312 and J2 are representative fulljned by different immunoanalytical methods. For example,
compiled images of entire oocytes stained with particulahuman oocytes n = 6), normal embryosn( = 4) and
antibodies following their preincubation with correspondingfragmented embryosn(= 3) in which leptin was detected
blocking peptides. For the seven proteins analysed in thigitially by immunofluorescence were reanalysed for antibody
manner, no appreciable immunofluorescence was detected. Teactivity using a colorimetric detection system. Following
serve as controls during single and dual antibody analysegnmunofluorescent and colorimetric detection of primary anti-
human oocytesn( = 6) and embryosn = 9) were stained body reactivity, conventional epifluorescent, scanning laser
with non-specific primary and secondary antibodies, and ne@onfocal microscopic and colorimetric images of each sample
immunofluorescence was detected (Figure 4H) except asere compared for the presence and distribution of the respect-

noted below. ive protein as represented by each approach. As shown for a
) o o representative unfertilized oocyte (Figure 4I-L), 2-cell embryo
E-cadherin and actin immunostaining (Figure 4M-P) and fragmented embryo (Figure 4Q-S)

As an internal control for a cytoplasmic protein which is immunostained for leptin, there was close agreement on the
uniformly distributed in human oocytes and early embryospresence and distribution of this protein detected in individual
(Campbelktal, 1995), oocytes (O) and normal and fragmentedspecimens by conventional epifluorescence microscopy (Figure
embryos (E) were immunostained for E-cadherin (uvomorulinl, M and Q), scanning laser confocal microscopy (Figure 4J,
(O, n = 8; E, n = 5). Scanning laser confocal microscopic N, O, R and S) and colorimetric analysis (Figure 4K and P).
analysis of uvomorulin-stained samples demonstrated uniforrthis close agreement was true even though the three approaches
fluorescence throughout the cytoplasm of the oocyte (Figurdo not precisely convey the same types of information.
4T), the blastomeres of early normal (approximately 2- toFor example, single epifluorescent images cannot adequately
6-cell) and fragmented embryos and their cytoplasmic fragpresent information regarding unique distributions of fluores-
ments (Figure 4U). As an internal control for a cytoplasmiccence throughout an entire human oocyte or embryo. Epifluo-
protein that is localized primarily in the cytocortex, normal rescent images represent the result obtained at a given plane

Figure 4. Combined light and fluorescence image of a representative fragmented embryo analysed by TUNEL before immunostaining
(Figure 2T). The arrow inA) indicates TUNEL-positive fluorescence associated with the putative second polar BpBy. $canning laser
confocal immunofluorescence, pseudo-colour images of fully compiled embryos previously stained for polarized protein domains (note the
bleed-through of the fluorescent signal) and subsequently examined for apoptosis by TW@YEuLIY compiled image of representative

type 3 fragmented 8-cell human embryo (asteriskfragments) examined by scanning laser confocal microscopy after TUNEL staining.

(D) Type 3 fragmented 8-cell embryde(F) Light and epifluorescence images, respectively, of a type 3 fragmented embryo in which a
single nucleus showed positive TUNEL fluorescence (black asterisk). The relative translucency of the cytoplasm made this particular
blastomere difficult to detect in the light microscoft& black asterisk), but under epifluorescence illumination it was observed to be of
normal size and not surrounded by fragmemsv¢hite arrows). The only other intense TUNEL fluorescence detected in fragmented
embryos of this type was associated with residual spermatozoa (E,F, white aste@3k&)pliotograph of the epifluorescence signal from

an unfertilized human oocyte stained for leptin; the subplasmalemmal polarized domain is evident (black arrows). A corresponding
representative control for the specimen @) (is shown in H); settings and exposure times were identical to those usedor(l(, J)

Leptin domain (black asterisk) in an unfertilized human oocyte stained for leptin as detected using epifluorescence and the scanning laser
confocal microscope, respectivelX X Leptin domain (white asterisk) of the same specimen as in (1,J) as identified by colorimetric
immunodetection. A corresponding colorimetric control for the analysis of the sampie) iis 6hown in ). (M—P) Leptin domains=

black arrows; N= nuclei); @Q-S) White or black asterisks indicate regions of elevated leptin immunofluorescence. Panels show images of
the same 2-cell and fragmented embryo, respectively, stained for the leptin protein using: (i) immunofluorescence as detected by
epifluorescent analysidA,Q) or scanning laser confocal microscopy, O, R, S); and (ii) colorimetric immunodetectiorP}. (T) An

unfertilized human oocyte stained for E-cadherin; punctate points of intense fluorescence are background signals of unknow @jigin. (
Internal portions of fragmented human embryos stained for E-cadherin and actin, respedtiv®ly=(nucleus; black asterisks

fragmented blastomereV] N= nucleus; white asterisks fragmented blastomeré\{) An MIl stage murine oocyte stained for Bax (black
asterisk= polarized domain).X, Y) An MIl stage murine oocyte dual-stained for Bcl-x and VEGF (black asterigholarized domain),
respectively. Results from a representative MIl stage oocyte which served as control during these dual-staining analyses isZhown in (
Original magnification: &) X350, E) X380; () X150; M) X350; @) xX380; W-2Z) x200.
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of focus and the fluorescent signal is influenced by fluorescendsefore immunostaining these embryos showed either no
above and below this plane. Scanning laser confocal microFUNEL signal (Figure 3U) or a single, intense focus of
scopic images can accurately portray both fluorescencuorescence which appeared to be the second polar body
throughout an entire specimen as well as at any specific portiofiFigure 3T; Figure 4A and C, arrows). A very similar pattern
of the specimen without contaminating fluorescence fronof fluorescence was observed for fragmented embryos that
above and below the plane(s) of interest. For these reasonsegre first subjected to antibody analysis= 48) where, after
confocal images displaying both internal portions of a normaimmunostaining, TUNEL fluorescence was confined to a single
2-cell (Figure 40) and fragmented 4-cell embryo (Figure 4S)polar body-sized fragment (Figure 4B and D). Perturbation of
as well as those images showing fluorescence throughout thike polarized protein domains by the fragmentation process
entire specimens are shown (Figure 4N and R, respectivelyjvas confirmed in the same fragmented embryos that were
These images should be compared with corresponding imagesalysed initially by annexin V and TUNEL staining and
derived by conventional epifluorescent (Figure 4M and Q) andubsequently examined by scanning laser confocal immuno-
colorimetric analyses (Figure 4P). Unfertilized oocytes usedluorescence microscopy after incubation in appropriate anti-
as controls for colorimetric analysis showed no colour developbodies (e.g. Figures 2R1, R2 and 3T, Figures 2S1-S3 and
ment (Figure 4L). 3U). In the same respect, Figure 4A is representative of a
None of the samples examined in this study showed anyelatively normal appearing embryo with two small clusters
subplasmalemmal or cortical autofluorescence. Occasionallgf fragments (type 4, Figure 4A, asterisks) which stained
relatively intense, random points of autofluorescence whicmegatively for both annexin V and TUNEL (with the exception
may be associated with lipid droplets were observed in thef the second polar body TUNEL fluorescence). After immuno-
cytoplasm of some unpenetrated oocytes (Figure 4T), but nattaining, the same embryo showed anti-Bax immunofluores-

in normal or fragmented embryos. cence in polarized domains in three of the four cells (Figure
. ) 2T1 and T2).
Annexin V and TUNEL analysis The occurrence of a positive TUNEL signal in some of the

Eighty-three representative fragmented embryos were judgeduclei of 9/11 fragmented 8-cell embryos obtained from one
inappropriate for transfer or cryopreservation, and with patiensingle patient (Figure 4E) and 1/8 fragmented embryos from
permission were examined for indications of apoptosis. Eleveanother was an exception to the absence of TUNEL fluores-
2-cell embryos with type 2 fragmentation and which dividedcence in the vast majority of fragmented embryos examined
no further during an additional 24 h of culture (Figures 1B1in this study. All 10 embryos exhibited type 2 fragmentation
and 3T, asterisks) were examined. For 72 embryos, type at the 2- to 4-cell stages, but continued to divide during the
(n = 34, Figure 3N) or type 3 fragmentation € 38) occurred subsequent 48—60 h of culture. Between one and three nuclei
at the 4- to 8-cell stage (Figures 1E1 and 3U, asterisks). Livingger embryo in apparently normally sized blastomeres showed
embryos were stained with propidium iodida &€ 53) to  intense TUNEL fluorescence (Figure 4F, black asterisk). Here,
determine plasma membrane integrity and with annexin \the TUNEL-positive cells were occasionally difficult to image
(n = 63) to detect the movement of phosphatidylserine fromin the light microscope (Figure 4E, asterisk), but when identi-
the inner to the outer aspect of the plasma membrane, an eaffigd were similar in appearance to blastomeres that were either
indicator of apoptosis. After annexin V analysis, fixed embryosseverely damaged or lysed after thawing from a cryopreserved
were examined by TUNEL to detect DNA strand breaks andstate. Typically, these cells did not appear fragmented or to be
if TUNEL-negative, were treated with DNase and reincubatedassociated with fragments (Figure 4F, arrows) and stained
in TUNEL reagents for use as positive controls. For thesgositively with propidium iodide (data not shown), suggesting
embryos, correspondence between TUNEL-positive fluoresa loss of plasma membrane integrity. The diffuse fluorescence
cence and DNA was demonstrated by DAPI staining. Figur@bserved in this embryo is annexin V staining of membranous
3N-S are representative images of a fragmented 8-cell embryadebris rather than discrete cytoplasmic fragments. The two
(Figure 3N, type 2 fragmentation observed at the 4-cell stageJUNEL-positive structures indicated by white asterisks in
stained with propidium iodide (Figure 30), annexin V (Figure Figure 4E and F are residual sperm heads.

3P) and examined by TUNEL (Figure 3Q). Propidium iodide- o ]

positive fragments, when present, were confined to a few smafirotein immunoblot (Western) analysis of Bax, Bcl-x and
structures in the perivitelline space (Figure 3N and O, arrowsyEGF

which, by light microscopy, appeared degenerate owing to th&hile other investigators have described the occurrence of
presence of an indistinct plasma membrane and transluceBGFR, c-kit and TGB2 protein in mammalian oocytes and
cytoplasm. Intense TUNEL-positive fluorescence was observeearly embryos (see above), before this report no similar
after treatment with DNase (Figure 3R, arrows) and the DNAInformation was available for Bax, Bcl-x and VEGF. An
specificity of the TUNEL signal was demonstrated by DAPIlimmunofluorescent examination of MIl stage mouse oocytes
staining (Figure 3S, arrows). With the exception of an occafor Bax (Figure 4W), Bcl-x (Figure 4X) and VEGF (Figure
sional, low-intensity patch of fluorescence, no annexin stainingY) provided preliminary evidence for the existence of these
was associated with the numerous propidium-negative fragsroteins and their polarized distributions in the mouse as well
ments, the residual blastomere from which the fragmentas human. Figure 4Z is a representative image of a MIl mouse
developed, or with the blastomere(s) that appeared intaaiocyte stained with non-specific mouse/rabbit primary and
(Figure 1B2, D2 and E2). DNA strand break analysis performedecondary antibodies. The results shown in this figure pertain
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in 3T3-RSV control cell lysates (Figure 5, lanes C and F,
respectively). The primary antibodies used for the detection
of Bax and Bcl-x proteins during Western analysis were the
same as those used during immunofluorescent analysis.
Immunoblots of oocyte lysates analysed under reducing
conditions revealed bands of approximately 22 and 44 kDa
(Figure 5, lane G) when examined with the same VEGF-
specific monoclonal antibody used for immunofluorescent
studies. These two bands likely represent the monomeric and
dimeric forms of the VEGF protein in murine oocytes. Under
reducing conditions, the 22 kDa VEGF-specific band detected
in the oocyte lysates ran above two closely opposed bands of
approximately 19 kDa detected in an adjacent lane containing

G H | J an aliquot of an Sf 21-expressed VEfgfprotein standard
Figure 5. Lanes @, B) Detection of an approximately 21 kDa (lane H). Immunobilots of oocyte lysates analysed under non-
protein following Western analysis of lysates prepared from reducing conditions revealed a band of approximately 44 kDa

3T3-R_SV_controI cells a_nd m_urine GV stage oocytes, respectively, (lane 1) when examined with a second VEGF-specific mono-
following immunodetection with an anti-Bax polyclonal antibody.  ¢|gnal antibody developed using Sf 21-expressed VEGF protein
Lanes D, E) show the detection of approximately 28 kDa proteins s the immunogen. Under non-reducing conditions, this second

following Western analysis of lysates prepared from 3T3-RSV . . .
control cells and murine GV stage oocytes, respectively, following YEGF-specific antibody detected a band of approximately 38

immunodetection with an anti-Bcl-x polyclonal antibody. Lanes ~ kDa in an adjacent lane containing an aliquot of an Sf 21-
(C, F) Immunodetection of Bax- and Bcl-x-specific proteins, expressed VEGgs protein standard (lane J). These results
respectively, is abolished when primary antibodies are preincubate@yerived from analysis using two independent VEGF-specific
with blocking peptides before analysis of Western blots containing monoclonal antibodies, and examination under reducing and

3T3-RSV control cell lysates. Lan&] Detection of approximately . " . .
22 and 44 kDa proteins; lanéi) detection of approximately non-reducing conditions confirm the presence of VEGF in

19 kDa proteins following Western analysis of murine GV stage ~ 0ocytes and make possible the putative assignment of the
oocyte lysates and VEGF protein standard, respectively, conductedVEGF isoform present in oocytes as VEfg§ Further work
under reducing conditions and immunodetected with an anti-VEGF s required to confirm this assignment.

monoclonal antibody. Land Y Detection of approximately 44 kDa
proteins; lane J) detection of approximately 38 kDa proteins
following Western analysis of murine GV stage oocyte lysates and Di .
VEGF protein standards, respectively, conducted under non- IScussion

reducing conditions and immunodetected with a second anti-VEGFIn clinical IVF, judgements of the ‘quality’ of human embryos

monoclonal antibody. are based primarily on several morphological criteria that can
be assessed at the light microscopic level just before uterine
to mouse primary antibody non-specific fluorescence, antransfer. Blastomere number, size and shape, and the presence
comparable findings were obtained for non-specific rabbibr absence of extracellular fragments are the relevant character-
primary antibodies (data not shown). To demonstrate théstics that form the current basis for non-invasive evaluations
presence of specific proteins of expected size, cell lysatesf developmental competence (Giorgedti al, 1995). The
derived from GV stage mouse oocytes were examined byegree of fragmentation is presently one of the most important
Western analysis for Bax, Bcl-x and VEGF with antibodiesempirical criteria used in human embryo assessments because
that are cross-reactive for both mouse and human. For theskee number and relative sizes of fragments can be readily
studies, typically, each analysis required between 600-808stimated. Although some apparent differences in frequency
fully denuded oocytes per lane, thus precluding any similahave been reported, fragmentation has been observed to occur
analyses using human materials. Western analysis of mouse the presence of different culture media and growth condi-
oocyte lysates revealed a protein of approximately 21 kDdions, including the presence of a feeder layer (Van Blerkom,
(Figure 5, lane A) when examined with a Bax-specific antibody;1993, 1997; Wiemeret al, 1993; Morganet al, 1995),
this protein co-migrated with a similarly sized band (lane B)suggesting that this phenomenon may be largely embryo-
in an adjacent lane containing a 3T3-RSV control cell lysatespecific and not a function of a particular set of growth
Western analysis of oocyte lysates revealed a protein afonditions. This interpretation is supported by reports of
approximately 28 kDa (lane D) when examined with a Bcl-x-relatively high frequencies of fragmentation in human embryos
specific antibody; this protein co-migrated with a similarly where fertilization and development to day 5 occuriredivo
sized band (lane E) in a lane containing a 3T3-RSV contro(Busteret al,, 1985).
cell lysate. The antibody used in this analysis recognizes both With respect to developmental competence, the prevailing
the long (Bcl-x) and short form (Bcl-X%) of the Bcl-x protein.  hypothesis is one that suggests that developmental viability
In this study, only the long form of Bcl-x was detected by declines as the number of fragments increases (Giowefeti,
Western analysis. During both of these analyses, preincubatial®95). Although a precise aetiology is unknown, fragmentation
of primary antibodies with a 20-fold excess of blocking peptidehas been suggested to be a manifestation of developmentally
eliminated the ability to detect Bax- and Bcl-x-specific bandslethal defects at the blastomere level associated with an
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instability within the cortical microfilament network (Van zygous for alleles containing targeted disruption of the respect-
Blerkom, 1989), levels of ATP generation (Van Blerketral,  ive gene (Threadgilet al, 1995; Takedeet al, 1997); (ii)
1995b), chromosomal abnormalities including aneuploidy andhey represent a diverse group of regulatory proteins; and (iii)
mosaicism (Munneet al, 1993) and apoptotic and necrotic with the exception of STAT3 and possibly leptin and VEGF
processes (Juriscow al., 1996). In this regard, fragmentation (Cioffi et al, 1997; Takedat al, 1997), transcripts for these
may not have a common origin, but rather may be the overproteins—or in some cases the proteins themselves—have
manifestation of different underlying disorders. As noted herébeen previously detected in the mammalian oocyte and early
and by other investigators (e.g. Hoowaral, 1995), normal embryo, including Bax (Brennest al,, 1997), EGF-R (Wiley
births are known to have resulted from fragmented embryost al, 1992; Chiaet al, 1995), c-kit (Ismailet al, 1997;
in which numerous extracellular fragments were left undis-Tanikawa et al, 1998) and TGB2 (Schmidet al, 1994;
turbed and therefore free to influence the fate of the affectehiglieri et al, 1995). However, the precise source(s) of the
embryos. This indicates that fragmentatipar seis not an  proteins in domains (pre-existing or newly translated) and their
absolute determinant of developmental potential or lack thereogpecific role(s) during early development have yet to be
with the possible exception of those instances where the levelstablished.
of fragmentation is so extensive that few, if any, blastomeres The type and distribution of fragments within the embryo,
remain unaffected. As discussed below, our results suggetite stage at which they occur, and the inclusion or exclusion
that the relationship between fragmentation and developmentaf portions of regulatory protein domains in the fragments
potential may be associated with the specific pattern ofmay provide important insights as to why particular fragmented
fragmentation, the stage at which fragmentation occurs, anduman embryos have different developmental potentials. In
the particular blastomere(s) involved. This notion could explairthe present study, fertilized eggs and cleavage stage human
why embryos with the same apparent degree of fragmentatioembryos were examined in detail and at high magnification
can have very different developmental fates. on a video display by high-resolution light microscopy at

) ) approximately 8- to 12-h intervals after insemination. Embryos
Different temporal and spatial aspects of blastomere frag- yhich showed varying degrees and patterns of fragmentation
mentation have differential effects on the complement of and which arrested cell division in culture, or which according
proteins located in polarized domains to protocol were judged unsuitable for cryopreservation, were
Here we show that the phenomenon of regulatory proteinmmunostained, analysed for apoptosis and—depending upon
polarization during early human development first observedhe type of secondary antibody conjugate—examined by light
for leptin and STAT3 also exists for the growth factors T®2F microscopy, standard epifluorescence microscopy or scanning
and VEGF, the apoptosis-associated proteins Bcl-x and BaXaser confocal fluorescence microscopy. This multistage, multi-
and the growth factor receptors c-kit and EGF-R. To the bestaceted examination made it possible to establish a chronology
of our knowledge, this is the first report demonstrating theof events regarding the fragmentation of a portion of a
presence of VEGF protein in human and mouse oocytes andlastomere and/or the fragmentation of an entire blastomere,
early human embryos. and to a limited degree allowed us to relate certain aspects of

In this context, the term ‘polarized’ is meant to portray thefragmentation to developmental competence. Perhaps most
asymmetric distribution of protein(s) in an oocyte, blastomerejmportantly, this approach presented the opportunity to correl-
or throughout the cells of an embryo. The characterization oéte fragmentation with the differential removal of peripherally
proteins as residing in polarized domains is not meant tdocated, polarized domains of regulatory proteins which we
suggest the complete absence of a particular protein in a givesuggest may influence embryo developmental competence.
location, but describes regions of relative abundance when Detailed observations of cultured embryos demonstrated
addressing the overall distribution of a given protein during adifferent temporal and spatial patterns of fragmentation that
particular stage of development. Indeed, it is important to not@appear to have different consequences for the affected blasto-
that while the most intense staining associated with each ahere and for the developmental competence of the embryo as
the eight regulatory proteins examined in this study wasa whole. Pronuclear eggs in which a monolayer-like cluster of
associated with subplasmalemmal domains, intracellular stairsmall fragments (type 1) formed in the hemisphere associated
ing for most of these proteins was observed using bothlwith the first and second polar bodies (animal pole) were
fluorescent and non-fluorescent immunostaining methods. itirtually always capable of progressing through cleavage. It
should also be noted that the subplasmalemmal domains @fas not uncommon for a small cluster of type 1 fragments to
the regulatory proteins examined in this study are quite largegriginate at the 1-cell stage but to be clearly evident at the
involving roughly 50-70% of the cortex in the oocyte, asdissecting microscope level at 2-cell stage with no apparent
described previously for leptin and STAT3 (Antczak and Vanincrease in number or distribution detectable during subsequent
Blerkom, 1997). The eight proteins investigated during thiscell divisions. No significant reduction in cell volume was
analysis were chosen because: (i) most have been shown &gsociated with type 1 fragmentation and its occurrence appears
have important regulatory functions during early developmento follow fertilization. To date, none of the several hundred
in other systems, including the mammal (for review seeMll oocytes denuded of coronal cells within 3 h of follicular
Edwards and Beard, 1997); to date, the importance of STAT&spiration, nor any of the over 500 unfertilized and unpenetrated
and EGF-R during early development has been demonstratemcytes examined within the first 24 h after insemination
by peri-implantation embryonic demise in mutant mouse homoexhibited this or any of the other fragmentation patterns
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described here. Less than 1% of unfertilized oocytes showeithtact. The possibility that fragmented embryos with higher
type 2 fragmentation, but this was observed after approximatelglevelopmental potential are those where fragmentation at the
48-72 h of culture. Although the implantation potential of earliest stages involved the non-polarized domain portion of
embryos with type 1 fragmentation could not be determinedan egg or blastomere(s) is under investigation. However, it is
blastocysts derived from these embryos appeared growthimportant to emphasize that as these domains are currently
retarded and defective with respect to inner cell mass organizalefined, it is unknown whether other as yet unidentified
tion and cell numbers (Van Blerkom, 1993). When fragmentaproteins are localized to the non-domain regions of oocytes or
tion in this region of a pronuclear egg (polar body hemispherejhe preimplantation embryonic cells observed in this or in our
was extensive and involved the generation of columns o&arlier study.
fragments (type 2), development beyond the 2-cell stage was Our findings tend to suggest that the beneficial effects on
rare, with most embryos remaining undivided. It is unknownoutcome reported to occur after the mechanical removal of
whether these two patterns of fragmentation are extremes dfagments from early cleavage stage embryos (Aliletnal,,
the same mechanism, or represent different mechanisms @p93; Coheret al, 1994) may be more apparent than real. If
which the portions of the plasma membrane and subjaceribe relationship between the distribution of immunofluorescent
cytoplasm are eliminated. and non-immunofluorescent fragments described above is

Immunofluorescent images demonstrated that polarizedevelopmentally significant, then whatever effects fragmenta-
domains were significantly reduced (type 1) or, frequentlytion may have on embryo viability they are likely to have
virtually eliminated (type 2) when fragmentation patternsalready occurred. Therefore, extraction of fragments would
originated from the hemisphere containing the polar bodiesnot be expected to alter developmental competence or repair
A very similar perturbation of these domains occurred whenvhatever perturbation in cortical protein complement has
type 1 fragmentation began at the 2-cell stage and involvednsued. The recent study of Dozortsetval. (1998) on the
the regions of both blastomeres in the vicinity of the secondmpact of cellular fragmentation in early mouse embryos
polar body. Although the implantation potential of thesesupports this conclusion because extraction of extracellular
embryos could not be determined, most arrested their develofragments provided no benefit for embryo development to the
ment during the cleavage stages. The complete detachment lsditched blastocyst stage. It is possible that fragmentation, at
some fragments from the plasma membrane was evident isome level, is a normal aspect of early human development
serial optical sections, while others in the same region appeardalit it is the extent or location, or both, of this phenomenon
to have some continuity with the ooplasm, suggesting thathat influences developmental potential at the single cell and
they were fixed during the process of formation. The persistencehole embryo levels.
of what appeared to be the same fragments in an unchanged ) )
position during subsequent examinations suggests that it fsragmentation and apoptosis
unlikely that once eliminated from the cell, they can resorbedSeveral investigators have proposed that fragmentation in
or in some fashion re-establish subplasmalemmal domains. mouse oocytes (Fujinet al, 1996; Perez and Tilly, 1997) or

A third pattern of fragmentation (type 3) was observedpreimplantation human embryos (Juriscataal., 1996) is a
primarily at or after the 4-cell stage. This pattern involved manifestation of programmed cell death or apoptosis. Here,
embryos which appeared normal at the 2- and 4-cell stagesye suggest that fragmentation alone cannot be used as a
but a blastomere(s) was then observed to fragment into definitive signal that an apoptotic process is involved. We
pleiomorphic population of cytoplasts when examined at thepresent an alternative possibility, namely that apoptosis—if it is
next cell division, i.e. at 4- and 6- to 8-cell stages, respectivelyinvolved at all—may result from certain types of fragmentation,
The developmental viability of embryos with type 3 fragmenta-though the effects of fragmentation in this regard may not be
tion was demonstrated by births that occurred when all ofmmediately apparent in the developing embryo.
the replaced embryos were of this type. The finding that For approximately 20—-25% of fragmented human embryos,
fragmentation in such embryos is associated with differenfluriscovaet al. (1996) observed intense foci of TUNEL
levels of diminished immunostaining for the proteins localizedfluorescence associated with extracellular fragments, and con-
in subplasmalemmal domains may provide an important clueluded that fragmentation was the result of an apoptotic
as to why some fragmented embryos of this type retairprocess, involving the activation of a programmed cell death
developmental viability while others do not. pathway. However, fragmented blastomeres classified as

A determination of the type and stage of fragmentationnecrotic were also detected in this study, often within the same
during regularly timed embryo inspections could have clinicalembryo in which another blastomere was characterized as
applications in the selection of embryos for uterine transferapoptotic, and for approximately 75% of fragmented embryos
For the proteins examined, the second polar body was virtuallgxamined, no TUNEL signal was detected. In the present
always associated with the domain-containing regions of theeport, fragmented cleavage stage embryos were examined
1- and 2-cell embryo (Antczak and Van Blerkom, 1997), andwith two markers of apoptosis: (i) annexin V, which is an
remained associated with a particular blastomere througharly marker of apoptosis that detects phosphatidylserine
the preimplantation stages (Gardner, 1997). Therefore, thiesidues translocated from the inner to the outer aspects of the
structure can serve as a useful reference or marker to orieptasma membrane (Martiet al, 1995); and (i) TUNEL,
the embryo with respect to these domains when types 1 angthich detects 30OH DNA strand breaks that occur rapidly
2 fragmentation are observed and blastomeres remain largetiuring apoptosis (Gavriekt al, 1991). Under the conditions
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used during our analyses, virtually all intact and fragmentedtudy is that for some embryos, fragments can undergo
blastomeres, as well as the numerous extracellular fragmensgsiccessive rounds of re-fragmentation after their elimination
that were propidium iodide-negative, showed no TUNEL orfrom a blastomere. Both the generation of columns of fragments
annexin V fluorescence. After exposure to DNase, a coinciderand the putative re-fragmentation of fragments are activities
DAPI and TUNEL signal confirmed the specificity of this which have not been previously described or known to be
analysis, as shown previously for mouse and human oocytesssociated with the formation of apoptotic bodies. In this
(Van Blerkom and Davis, 1998). For most fragmented embryosiespect, changes in cell physiology unrelated to apoptosis may
as well as for cleavage-arrested embryos that were retained aause some forms of fragmentation in the human embryo.
culture for several days after fragmentation was first observeBurthermore, the ability of blastomeres to continue to divide
(J.Van Blerkom and M.Antczak, unpublished results), detectdespite a reduction in cell volume associated with the elabora-
able TUNEL fluorescence was largely confined to a singletion of numerous small fragments (type 1 pattern) indicates
small spheroidal body which, because of size and sole assodhat these cells are not undergoing apoptotic degeneration at
ation with an intact blastomere, appeared to be the secorttie time of fragment formation.
polar body (Antczak and Van Blerkom, 1997; Gardner, 1997). If programmed cell death or apoptosis does indeed occur in
An exception to this general finding was the detection ofhuman embryos, as has been suggested by others (Juriscova
occasional TUNEL-positive nuclei in several fragmentedet al, 1996), then perhaps the fragmentation process itself
embryos. Virtually all of these embryos were derived from acould initiate apoptosis in the affected blastomere. In this
single patient and the TUNEL-positive cells were unusualcontext, alterations of critical ratios of apoptosis-associated
insofar as they were of normal size and not surrounded bproteins such as Bax and Bcl-x (Oltvai al, 1993), for
extracellular fragments. However, most of these cells, wheexample, could result from the partial elimination of these
examined closely in the light microscope, had an abnormallyproteins if portions of their domains were removed by frag-
translucent cytoplasm that is consistent with a cell experiencingnentation. While the consequence for such a blastomere might
some form of autolysis rather than apoptosis. In support obe apoptosis, for another fragmented blastomere(s) in the same
this interpretation were the findings that these translucent cellembryo, one in which fragmentation did not involve these
stained positively with propidium iodide, and did not appeardomains, or involved only a small portion, the effects of
fragmented or to be closely associated with clearly detectabléragmentation might be negligible and the blastomere may
membrane-bound fragments typical of the type 1-4 patterngemain unaffected, particularly if apoptotic proteins lost by
In this respect, it is important to note that a positive TUNEL fragmentation can to some extent be replaced by new synthesis
signal can also occur in cells undergoing necrotic or autolytidrom existing transcripts. Alternatively, cell degeneration by
cell death (Charriaut-Marlangue and Ben-Ari, 1995; Grasl-non-apoptotic processes may occur, perhaps as a result of
Krauppet al, 1995). While we cannot exclude the possibility significant cytoplasmic loss, such as that associated with type
that these blastomeres are undergoing an atypical apoptotcfragmentation. A possibility currently under investigation is
process, it seems more likely that the positive TUNEL fluoresthat some of the apoptotic events that occur during later
cence observed is the result of DNA strand breaks causedevelopmental stages may result from forms of fragmentation
by nuclease activation associated with autolysis or necrosithat occurred shortly after fertilization or during early cleavage.
(Bicknell and Cohen, 1995). For example, a type 1 pattern of fragmentation involving a
At first glance, the light microscopic characteristics of somepronuclear egg or one blastomere of a 2-cell embryo may
of the fragmented human embryos examined in this study daffect particular protein domains so as to alter the potential
resemble some of the degenerative changes associated withd therefore the fate of successor cells, possibly resulting in
normally occurring apoptotic processes (Tiky al, 1997). their demise by way of an apoptotic pathway. Whether the
However, our results suggest that it is difficult to accept aunderlying mechanism(s) responsible for the generation of
global an assignment of apoptosis based solely on the presensgontaneous (Fujinet al, 1996; Tilly et al, 1997; Van
of extracellular fragments (for review see Hockenberry, 1995Blerkom and Davis, 1998; Warnet al., 1998) and experiment-
or a TUNEL-positive signal. In this regard, our findings with ally induced forms of fragmentation (Pere#t al, 1997)
two different markers of apoptosis suggest that during thebserved in mouse oocytes is also responsible for the frag-
early stages of human development examined in this studynentation phenotypes observed in human embryos remains to
apoptosis and fragmentation do not appear to be concomitabe determined. The aetiologies of fragmentation in mouse and
processes. The apparent spatial, temporal and morphologidaliman may involve different processes. In contrast to the
differences in how blastomeres fragment suggest that differemhouse, newly aspirated human oocytes are rarely fragmented
physiological processes may be involved. For example, thand spontaneous fragmentation of unfertilized and cultured
elaboration of numerous small spheroidal fragments of plasmaocytes rarely occurs (Van Blerkom and Davis, 1998).
membrane and subjacent cytoplasm from an affected blasto-
mere which remains intact would appear to involve quite gPossible developmental influences of polarized proteins
different process from fragmentation characterized by thé&Ve have previously shown that STAT3 (an activator of
generation of columns of fragments or fragmentation resultingranscription) and leptin (a protein with diverse functions
in the complete disruption of a cell. While the use of staticincluding fat metabolism, hypothalamic signalling, reproduc-
images to decipher the nature of a dynamic process can h®on, haematopoiesis, angiogenesis and cognate cellular
misleading, an interpretation of one of the findings of thisimmune function: Bennetet al, 1996; Chehalet al, 1996;
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Antczak et al, 1997; Cioffiet al, 1997; Lordet al, 1998; fragmentation. This is in contrast to the effects of fragmenta-
Sierra-Honigmanret al, 1998) occur in polarized domains in tion on proteins that are fairly evenly distributed throughout
mouse and human oocytes and, after fertilization, becomindividual blastomeres. In these instances, as we have shown
unequally distributed between the blastomeres of cleavage the case of uvomorulin (E-cadherin), loss of affected
stage embryos (Antczak and Van Blerkom, 1997). During theprotein(s) to the fragmentation process is less dramatic, and
first few cleavage divisions, a blastomere-specific pattern opotentially less consequential. In this regard, the finding
leptin and STAT3 inheritance appears to be associated witthat the Bcl-x protein exists in a polarized domain was
the manner in which meridional and equatorial planes ofunexpected because this protein is currently thought to be
cleavage (Edwards and Beard, 1997) interact with the polarizeldcalized almost exclusively to the outer mitochondrial
protein domains. For the blastocyst, the consequence of thimembrane (Gonzalez-Garciet al, 1994). How Bax and
unequal protein domain distribution during early developmenBcl-x are organized in polarized domains in oocytes and
may subtend the differential distribution of leptin and STAT3 preimplantation embryos is under investigation and it is
within the trophoblast and between the trophoblast and inngpossible that some members of the Bcl-2 family, such as
cell mass. In this previous report, we suggested that: (i) thesBcl-x, may be involved in normal cellular processes unrelated
two proteins may be derived from the cells of the cumulusto apoptosis (Rodgeet al, 1995).
oophorus and corona radiata rather than being the products of The mechanism(s) involved and extent to which cell
oocyte transcription; (ii) that the cell-specific pattern of leptinidentity, fate and lineage are determined during early
and STAT3 inheritance may have important roles in thecleavage is unknown. Normal embryogenesis resulting from
progressive formation of the bilaminar preimplantation embryopocytes into which embryonic and adult nuclear transfers
and (iii) that leptin and STAT3 may be representative of othewere performed (Stice and Keefer, 1993; Wilmet al,
regulatory proteins whose distribution in the oocyte and cellsl997; Wolf et al,, 1998) indicates either nuclear equivalence
of the early embryo are also unequal and asymmetric. Herauring cleavage or a plasticity inherent in blastomere and
we have examined the distribution of six additional regulatorysomatic cell nuclei when subjected to the unique influences
proteins and found that representative growth factors, growtbf oocytes. Such influences may enable these nuclei to
factor receptors and apoptosis-associated proteins are alseprogramme’ appropriately in synchrony with their new
localized to polarized cortical domains in the oocyte, andsurroundings. Likewise, it is often assumed that blastomeres
that the proteins within these domains are asymmetricallyn early cleavage stage human embryos are transcriptionally
distributed to individual cells as development ensues. Thesequivalent, with translation driven primarily by oocyte-
findings suggest that the establishment of cortically locatedlerived mRNA. In the human, significant transcription from
polarized protein domains in the oocyte may represent ghe embryonic genome does not appear to begin until the
fundamental mechanism designed to affect the course of early+ to 8-cell stages (Braudet al., 1988). However, domains
embryonic development. If this notion is correct, it is likely of important regulatory proteins may be progressively and
that this mechanism involves very broad and varied classes enequally distributed to individual daughter cells beginning
proteins well beyond the scope of those examined here. Iwith the first cleavage division, as we have previously
support of our findings on the EGF-R described for theshown for leptin and STAT3.
human, Wileyet al. (1992) previously showed that the EGF-  If there is an interaction between these regulatory protein
R displayed a polarized apical distribution in mature mouselomains and the nuclei of individual blastomeres, then these
oocytes and blastomeres of cleavage stage embryos. Carefidmains may be a mechanism whereby nuclear equivalence is
inspection of the images presented in this 1992 study alssupplanted by correspondingly unique forms of transcriptional
indicates a differential distribution of EGF-R among blas-activation. Such activation could provide a basis for differential
tomeres. transcriptional activities, especially at the onset of embryonic
It is unknown when or how protein domains are establishedgene expression (Palmiest al, 1994; Abdel-Rahmaset al,
or the amount of a protein that resides in a particular domain1995), that influence cell identity, fate and lineage commitment
Where transcripts for these proteins are known to exist in thas development ensues (Edwards and Beard, 1997). If this
early embryo, loss of a portion of the corresponding proteirhypothesis is correct, then the occurrence of cell-specific
by fragmentation might not be expected to have adversdifferential gene expression may be governed by domains of
developmental effects, if the lost protein(s) can be appropriatelproteins, some of which may be of maternal origin and
restored. In contrast, depletion of classes of proteins whiclprepositioned in the unfertilized oocyte. According to this
exist in domains but lack corresponding transcripts, representedterpretation, it is the manner in which these domains are
by STAT3 and possibly leptin and VEGF, may have morepartitioned to individual daughter cells during early cleavage
severe consequences for embryonic development because thésat may generate blastomere-specific transcriptional activity,
proteins cannot be replaced until embryonic transcriptiorespecially at the onset of embryonic gene expression. The
begins. The exact relationship between these transcripts arstudy of fragmented human embryos may provide critical
the domain forms of the proteins they encode is unknowninsights into both the potential roles of these regulatory proteins
However, the results of this study clearly show that theduring early mammalian embryogenesis, and the extent to
localization of these polarized protein domains to the plasmavhich the early development of mammals involves regulatory
membrane and subjacent cytoplasm makes them particularfgroteins and mechanisms similar to those described for other
susceptible to the membrane extrusions which occur duringpecies.
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