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Development of Mouse Embryos after
Immunoneutralization of Mitogenic Growth
Factors Mimics that of Cloned Embryos

Tedla D Dadi, Ming-Wen Li, and KC Kent Lloyd”

The extent to which mitogenic growth factors influence embryo development is not well characterized. We sought to determine
the effect of epidermal growth factor (EGF) and transforming growth factor o. (TGFo) on naturally fertilized (in vivo-derived) and
in vitro-fertilized mouse embryos, compared with that on cloned (intracytoplasmic nuclear injection-derived) mouse embryos, in
which EGF and TGFo expression is markedly reduced. Immunoneutralization of EGE, TGFo, and EGF receptor by using specific
antibodies significantly reduced the blastocyst development rate (in vivo-derived: 66%, 63%, and 63%, respectively; in vitro-fertilized:
57%, 55%, and 56%, respectively), increased the number of apoptotic nuclei (in vivo-derived: 9%, 10%, and 9%, respectively; in vitro-
fertilized: 13%, 13%, and 13%, respectively), decreased the total number of cells (in vivo-derived: 87%, 85%, and 86%, respectively;
in vitro-fertilized: 86%, 85%, and 86%, respectively), and increased the inner cell mass:trophectoderm ratios (in vivo-derived: 1:2.70 +
0.05, 1:2.73 £ 0.04, 1:2.71 + 0.06, respectively; in vitro-fertilized: 1:2.94 + 0.02, 1:2.96 + 0.02, 1:2.95 * 0.02, respectively). In most cases,
combined treatment with neutralizing antibodies to both EGF and TGFo accentuated changes in these parameters. Further, the ef-
fect of combined immunoneutralization on these parameters in fertilized embryos was no different from those in cloned embryos.
Therefore, normal expression of mitogenic growth factors is crucial for successful development of mouse embryos before implanta-
tion. Inhibiting the action of mitogenic growth factors causes fertilized embryos to exhibit developmental characteristics similar to
those of cloned embryos, which may partially explain the poor developmental potential of cloned mammalian embryos.

Abbreviations: BSA, bovine serum albumin; dpc, days postcoitus; EGF, epidermal growth factor; EGFR, EGF receptor; hCG, human
chorionic gonadotropin; HTF, human tubal fluid; ICM, inner cell mass; ICNI, intracytoplasmic nuclear injection; IVE, in vitro fertilization;
KLH, keyhole limpet hemocyanin; PBS, phosphate buffered saline; PVP, polyvinyl pyrrolidone; PI, propidium iodide; TdT, terminal
deoxynucleotidyl transferase; TE, trophectoderm; TGFa, transforming growth factor; TUNEL assay, TdT-mediated dUTP nick end-

labeling assay

Formation of a developmentally competent preimplantation
mammalian embryo involves the transition from a unicellular,
totipotent zygote to a differentiated, multicellular blastocyst. This
progression requires tightly coordinated and appropriately timed
regulation of cell division, differentiation, and programmed cell
death to ensure the divergence of 2 cell lineages: the pluripotent
cells of the inner cell mass (ICM) that give rise to the embryo
proper and the surrounding trophectoderm (TE) cells that form
the extraembryonic membrane (embryonic placenta). Regulation
of this developmental process by soluble factors in embryos is not
completely understood.

In addition to a diverse array of cellular responses, mitogenic
growth factors initiate an intracellular signal transduction cascade
that induces activation of mitogen-activated protein kinase and
other signal-regulated kinases; activation of this cascade leads
to stimulation of gene expression.11 Similar to the effect on so-
matic cells, the effect of mitogenic growth factors on growth and
differentiation of cells of the developing embryo has been well
articulated.? Mitogenic growth factors have profound influence
on embryo development,3142 growth,? and differentiation.!#3
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Further, expression of mitogenic growth factors in the maternal
reproductive tract appears to be temporally coordinated so as to
optimize embryo cleavage potential, implantation, and organo-
genesis. 2032

However, the extent to which expression of mitogenic growth
factors is essential for normal development of preimplantation
embryos is not known. Previously, we found that expression lev-
els of epidermal growth factor (EGF), transforming growth factor
o (TGFa), and their cognate receptor, epidermal growth factor
receptor (EGFR), were reduced significantly in preimplantation
cloned mouse embryos.® Because early development and survival
of cloned mouse embryos are notoriously poor, it is reasonable
to consider the possibility that reduced expression of mitogenic
growth factors may impair normal preimplantation embryo de-
velopment. Therefore, we investigated the extent to which these
growth factors play a role in the development of cloned mouse
embryos. We hypothesized that expression of EGF, TGFo, and
EGEFR is required for normal preimplantation development of
naturally fertilized (in vivo-derived) and in vitro-fertilized (IVF)
embryos. To test this hypothesis, we measured the effect of im-
munoneutralizing antibodies to EGF, TGFa, and EGFR on the
rate of development of 1-cell-stage embryos into blastocysts and
on the number of apoptotic cells, total number of ICM and TE
cells, and ICM:TE ratios in fertilized mouse embryos and then
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compared our findings with those from cloned mouse embryos
prior to implantation.

Materials and Methods

Experimental design. We allocated 1-cell-stage in vivo-derived
(embryo group 1) and in vitro-fertilized (embryo group 2) embry-
os into 4 treatment groups each according to supplementation of
in vitro culture media with neutralizing antibodies to either EGF,
TGFa, EGFR, or to both EGF and to TGFo.. In addition, 2 groups of
each type of embryo were exposed to either no antibodies (negative
control) or neutralizing antibodies to keyhole limpet hemocyanin
(KLH; positive control).?” For comparison, cloned embryos (em-
bryo group 3) derived by intracytoplasmic nuclear injection (ICNI)
were allocated into positive (anti-KLH) and negative (no antibody)
control groups for analysis. B6D2F1 (C57BL/6] x DBA /2]) mice
obtained from The Jackson Laboratory (Bar Harbor, ME) were used
as sources of germplasm and somatic cells for this study. Mice were
kept in a pathogen-free barrier facility according to standard colony
management procedures (14:10 light:dark cycle; 1 female per cage;
food and water ad libitum). All experiments were conducted with
approval of the Institutional Animal Care and Use Committee of
University of California, Davis, and in accordance with National
Institutes of Health guidelines for the care and use of animals.

Neutralizing antibodies. Monoclonal antibodies, anti-EGF
(20 pg/ml; Ab-2, catalog number GF07L), anti-TGFo (10 ug/ml;
Ab-3, catalog number GF15L), and anti-EGFR (phosphor-spe-
cific; Tyr''”3, 10 ug/ml, catalog number 324864), were obtained
from EMD Biosciences (Calbiochem, San Diego, CA). Antibodies
were prepared specifically for immunoneutralization studies and
showed no cross-reactivity. A control antibody, anti-KLH (10 to
20 pg/ml; antibody 30) was a generous gift from Gordon Oh-
ning (CURE/Digestive Diseases Research Center, University of
California, Los Angeles). For experiments, immunoneutralizing
antibodies were added to culture media (KSOMaa, EmbryoMax,
Specialty Media, Phillipsburg, NJ).

Embryo groups. Embryo group 1: in vivo-derived embryos.
B6D2F1 male (8 wk) and female (6 to 8 wk) mice were placed
together for mating in the late afternoon of the 1st day. Female
mice were examined the following morning for the presence of
a vaginal plug indicating coitus (0.5 d postcoitus [dpc]). On the
same morning, female mice with vaginal plugs (0.5 d dpc) were
separated from the male and were euthanized by CO, asphyxia-
tion and cervical dislocation, and the abdomen was exposed to
enable dissection of the oviduct and harvest of zygotes (1-cell-
stage embryos) from the ampulla. Embryos were collected and
placed into 500 pul M2 medium prewarmed to 37 °C, by using
standard methodology.!” Embryos were washed 3 times in the
same medium and allocated randomly into the 4 treatment and
2 control groups of approximately 20 to 25 1-cell embryos each
and transferred to culture dishes containing fresh, equilibrated
KSOMaa medium supplemented with either neutralizing anti-
bodies (20 pug/ml anti-EGEF, 10 pg/ml anti-TGFa, 10 pg/ml anti-
EGEFR, or both 20 ug/ml anti-EGF and 10 pg/ml TGFa), or with
complementary doses of the positive control antibody (anti-KLH
20 pg/ml and 10 pg/ml) or no antibodies as a negative control as
described previously. Embryos were incubated under embryo-
tested mineral oil (Sigma, St Louis, MO) for the next 3 d (until 3.5
dpc) in 5% CO, and 95% O, at 37 °C.

Embryo group 2: in vitro-fertilized embryos. The IVF methods
described in the following text are summarized from our previ-
ous publication.®

Growth factor immunoneutralization in mouse embryos

Oocytes. B6D2 F1 female mice (6 to 8 wk) were superovulated
by intraperitoneal injection of 5 to 7 IU pregnant mare serum go-
nadotropin (Sigma) followed 46 h later by intraperitoneal injec-
tion of 5 to 7 IU human chorionic gonadotropin (hCG; Sigma).
At 13 h after hCG injection, female mice were euthanized by CO,
asphyxiation and thoracotomy, and the abdomen was exposed to
enable dissection of the oviduct and harvest of oocyte-cumulus
complexes from the ampulla. The harvested complexes were col-
lected into 1 ml M2 medium warmed to 37 °C, by using standard
methodology.'” Oocyte-cumulus complexes were washed 3 times
in the same medium and transferred into 500 ul human tubal flu-
id (HTF; EmbryoMax, Specialty Media) medium with 4 mg/ml
bovine serum albumin (BSA, Sigma) preincubated in 5% CO, and
95% O, at 37 °C under embryo-tested mineral oil (Sigma).

Sperm collection. Just before female mice were euthanized,
B6D2F1 male mice (8 wk) were euthanized by CO, asphyxiation
and thoracotomy, and fresh sperm was collected from both cau-
da epididymides by using standard methodology.3* Sperm was
immediately dispersed into 400 ul HTF medium supplemented
with 4 mg/ml BSA, preincubated for 12 h in 5% CO, and 95% O,
at 37 °C, and capacitated in the same medium for 1.5 h in 5% CO,
and 95% O, at 37 °C under embryo-tested mineral oil (Sigma).

IVE. Approximately 20 to 25 metaphase-II oocytes with cu-
mulus cells were transferred from M2 medium into 50 pul HTF
medium supplemented with 4 mg/ml BSA (EmbryoMax, Spe-
cialty Media). As described previously,'® 10 to 15 ul sperm suspen-
sion with a concentration of 1.8 x 10° cells/ml was coincubated
with previously harvested oocytes at 37 °C in 5% CO, and 95%
O, for 4 h. Fertilized oocytes were washed 3 times in 50 ul with
HEPES-KSOM and mKSOMaa (EmbryoMax, Specialty Media) to
remove sperm. After the fertilization rate was assessed (number
of oocytes with pronulcei/total number of oocytes x 100%), 1-cell
stage embryos were allocated randomly into the 4 treatment and
2 control groups of approximately 20 to 25 1-cell-stage embryos
each and transferred to culture dishes containing fresh equili-
brated KSOMaa medium supplemented with either neutralizing
antibodies, positive control antibody, or no antibody (negative
control) as described previously. Embryos were incubated under
embryo-tested mineral oil (Sigma) until 3.5 to 4 dpc in 5% CO,
and 95% O, at 37 °C.

Embryo group 3: ICNI-derived embryos. The ICNI methods
described are a summary of those presented in our previous
publication.®

Oocyte-cumulus complexes. Oocyte—cumulus complexes from
the same strain (B6D2F1) of superovulated female mice were col-
lected and transferred from M2 medium (see superovulation and
collection procedure described earlier) into HEPES-CZB medium
(EmbryoMax, Specialty Media). Cumulus cells were dissociated
from oocytes by careful incubation of oocyte—cumulus complexes
with 100 pl of HEPES-CZB medium containing 300 U/ml bo-
vine testis hyaluronidase (Sigma) for 3 to 5 min on a microscope
stage prewarmed to 37 °C. Afterward, dissociated oocytes were
removed from the hyaluronidase solution and washed 3 times in
mKSOMaa medium and incubated in this medium at 37 °C under
5% CO, in air before enucleation, whereas cumulus cells were
kept in hyaluronidase solution at 4 °C until isolation of nuclei.
ICNI was performed within 3 h of oocyte collection as described
previously.®

Enucleation. Enucleation was performed as previously de-
scribed®® with minor modification. Briefly, 10 metaphase-II
oocytes were transferred from mKSOMaa into a drop (approxi-
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mately 50 ul) of HEPES-CZB containing 5 pg/ml cytochalasin B
(Sigma) under embryo-tested mineral oil in a plastic culture dish.
First, the chromosome—spindle complex of an oocyte was identi-
fied, a Piezo micromanipulator (PMM controller, PMAS-CT150,
Prime Tech, Ibaraki, Japan) then was applied to penetrate the
zona pellucida, and the chromosome-spindle complex was as-
pirated into the enucleation pipette (inner diameter, 10 to 15 um;
B100-75-10, Sutter Instrument Company, Novato, CA) with care
to minimize removal of cytoplasm. After enucleation, cytoplasts
(enucleated oocytes) were washed and incubated in cytochalasin
B-free CZB for no more than 2 h before ICNI.

Donor nuclei. Cumulus cells in approximately 100 ul hyal-
uronidase solution were transferred into a 1.5-ml microtube con-
taining 1 pl HEPES-CZB medium and centrifuged at 300 x g for
2 min, and the cell pellet was resuspended in 30 ul HEPES-CZB
medium. The cumulus cell suspension (1 part) was thoroughly
mixed with 9 parts 10% PVP in HEPES-CZB containing 0.01%
polyvinyl pyrrolidone (PVP) without BSA. Cumulus cells (ap-
proximate diameter, 10 to 12 um) were aspirated gently into and
out of an injection pipette (approximate inner diameter, 6 pm)
until nuclei were largely devoid of visible cytoplasmic contents.
Isolated nuclei were transferred into a new 10% PVP drop and
washed; 5 to 8 karyoplasts (extracted nuclei) then were aspirated
into the injection pipette for ICNL

ICNI. The tip of the injection pipette containing the cumulus
cell cytoplast was moved into contact with the zona pellucida.
Penetration of the zona pellucida was facilitated by the applica-
tion of a few piezoelectric pulses. A plug of the zona was aspi-
rated into the injection pipette and subsequently expelled from
the injection pipette into the perivitelline space. The injection
pipette was advanced into the oolema until the tip reached the
opposite side of the ooplasm, at which time the oolema was pen-
etrated by applying a weak piezoelectric pulse. One cumulus cell
karyoplast was injected into the cytoplasm with a small amount
of medium, and the pipette was gently withdrawn. After injec-
tion, reconstructed oocytes were washed and incubated in CZB
or mKSOMaa medium for 1 to 3 h before activation. All microma-
nipulations were performed at room temperature.

Activation. Activation was induced by incubation of recon-
structed oocytes in 50 pl Ca?*-free CZB containing both 10 mM
Sr2+ (Sigma, St Louis, MO) and 5 pug/ml cytochalasin B for 6 h at
37 °C under 5% CO, in air. After activation, reconstructed oocytes
were allocated into 2 treatment subgroups of approximately 20 to
25 1-cell-stage embryos each and transferred to culture medium
supplemented with either positive-control antibody or no anti-
body (negative control) as described previously.

Embryo culture. Every 24 h until blastocyst stage, 1-cell-stage
embryos were transferred to fresh drops of 50 ul KSOMaa for cul-
ture in a humidified atmosphere of 5% CO, and 95% O, at 37 °C
under a layer of embryo-tested mineral oil. Development of em-
bryos to the 2-cell, 4-cell, morula, and blastocyst stages in each
treatment group was recorded. Embryos were assessed morpho-
logically for differentiation to ICM and TE cells and for blastocoel
formation to ensure that nearly all reached the blastocyst stage
approximately 96 to 110 h post-hCG. The rate of development
of 1-cell stage-embryos to blastocyst stage (100% x number of
blastocysts/total number of 1-cell embryos) was calculated im-
mediately prior to terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end-labeling (TUNEL) assay, differential
staining, and cell counting.

Assays. TUNEL Assay. To determine the amount of apoptosis
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affecting in vivo-derived, in vitro-fertilized, and ICNI-derived
cloned embryos, blastocysts with intact zona pellucida were
selected randomly from each group and fixed, permeabilized,
and stained as described previously.® Briefly, blastocysts were
transferred into 50 ul of a 1-mg/ml solution of PVP in phos-
phate buffered saline (PBS; PVP-PBS), and fixed in 4% para-
formaldehyde in PBS for 1 h at room temperature or overnight
at 4 °C. After fixation, embryos were washed 3 times in PBS-
PVP, followed by permeabilization in 0.5% Triton X100 in PBS
for 1 h at room temperature. Embryos were incubated in and
labeled using fluorescein-conjugated dUTP and TdT (TUNEL
reagents, Boehringer Mannheim, Indianapolis, IN) for 1 h at
37 °C in dark, and then washed twice in 0.5% Triton X100-PBS
and once in PBS-PVP. Embryos were counterstained by incubat-
ing in 50 ug/ml propidium iodide (PI) and RNAse A for 1 h at
room temperature in dark. Embryos were washed 2 times in
0.5% Triton X100-PBS solution and once in PBS-PVP, mounted
on a slide in 15 pl antifade solution (50% glycerol in PBS), and
covered with a coverslip under gentle pressure. Finally, embryos
were observed under fluorescence microscope by using a blue
filter (excitation wavelength, 450 to 490 nm) for TUNEL-labeled
nuclei and a green filter (excitation wavelength, 512 to 560 nm)
for PI-stained cells. To determine DNA fragmentation, fluores-
cein isothiocyanate-labeled green fluorescent deposits (fluores-
cein—-dUTP-TdT) in the nuclei were visualized as bright-yellow
when counterstained with PI and were counted as apoptotic
cells (fragmented nuclei). PI-labeled (red) nuclei were counted
as intact cells (nonfragmented nuclei). The apoptotic index was
calculated as: number of dead (yellow) cells/total number of
cells (red and yellow). Blastocysts designated for positive con-
trols were preincubated in DNase (50 U/ml) before labeling in
TUNEL reagents, and negative controls were incubated in fluo-
rescein-dUTP without TdT enzyme.

Number of cells and differential labeling. To determine to what
extents the numbers of cells and ICM:TE ratio were affected by
treatment with neutralizing antibodies, ICM and TE cells were
differentially labeled using PI and bisbenzimide (Hoechst 33258)
by using a modification of a previously published protocol.®
Briefly, blastocysts with intact zona pellucida were incubated
in 500 ul HEPES-buffered HTF (Specialty Media) containing
1% Triton X100 and 100 pg/ml PI for 10 s, during which time
changes in the color and size of TE cells could be seen micro-
scopically. Blastocysts were transferred immediately into 500 ul
100% ice-cold ethanol containing 25 pug/ml bisbenzimide and
incubated overnight at 4 °C. Fixed and stained blastocysts were
mounted on a glass slide in 5 ul glycerol and gently flattened
with a coverslip, and fluorescence was visualized under a fluo-
rescence microscope. To analyze the total number of cells, cells
were visualized using a filter for DAPI (330 to 380 nm), whereas
differentially labeled ICM and TE cells were visualized using
different filters (460 nm for blue and red fluorescence, and 560
nm for red only).

Statistics. All data were analyzed using the SPSS 11.0 statisti-
cal program (Stat/Math Center, UITS Research and Academic
Computing Division, UCD). Univariate analysis of variance and
Tukey honest significant difference (HSD) multiple comparison
procedures for marginal means (post hoc tests), F tests, and ho-
mogeneous subsets were performed for all experimental and
treatment groups. A P value of less than 0.05 was considered
statistically significant for all data, which are presented as mean
* standard error.
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Growth factor immunoneutralization in mouse embryos

Table 1. Rate and percentage (mean * SE) of development of 1-cell stage to blastocyst stage of in vivo-derived, in vitro-derived, and ICNI-derived
(cloned) embryos after treatment with neutralizing antibodies to EGF, TGFa, and EGF-R; combined treatment with EGF and TGFo; and negative (no
antibody) and positive (anti-KLH) control treatments

Control treatments
Embryo group Negative

Positive EGF

Neutralizing antibody treatments
TGFo EGF-R

EGF + TGFa

In vitro-fertilized 36.2£0.50%(86%)  35.3 +0.492(86%)
In vitro-derived 30.3+0.534 (82%) 30.4 +1.014 (83%)

ICNI-derived (cloned) 4.5+ 0.30f (35%) 4.9 +0.34f (35%)

27.3+0.83%% (66%) 26.5+0.64 (63%) 263 +0.70° (63%) 12.6 % 0.61 (40%)
2264025 (57%) 21.5+0.22¢" (55%) 21.2 £0.58° (56%) 11.8 +0.37° (36%)
Not determined

Not determined Not determined Not determined

Values with different alphanumeric superscripts are significantly (P < 0.05) different.
Symbols indicate statistically significant (*, P < 0.05; t, P < 0.01) differences from control treatments within an embryo group.

Results

Rate of development and embryo morphology. Compared with
those after control antibody treatments, the numbers of blasto-
cysts (mean + standard error) that developed from in vivo-de-
rived 1-cell-stage embryos were significantly (P < 0.05) reduced
after treatment with neutralizing antibodies to EGF (27.3 £ 0.8
blastocysts), TGFa. (26.5 + 0.6 blastocysts), and EGFR (26.3 =
0.7 blastocysts; Table 1). Similar relative results were observed
after treatment of in vitro-fertilized embryos with neutralizing
antibodies to EGF (22.6 + 0.3 blastocysts), TGFa. (21.5 £ 0.2 blasto-
cysts), and EGFR (21.2 + 0.6 blastocysts). Compared with that of
in vivo-derived embryos, development of in vitro-fertilized em-
bryos was poorer after immunoneutralization. Further, the num-
bers of blastocysts that developed after combined treatment with
neutralizing antibodies to both EGF and TGFo. of in vivo-derived
embryos (12.6 + 0.6 blastocysts) and in vitro-fertilized embryos
(11.8 £ 0.4) were significantly (P < 0.01) fewer than after treat-
ment with either control or individual neutralizing antibodies.
After combined antibody treatment, the percentage of blastocysts
that developed from in vivo-derived (40%) and in vitro-fertilized
(36%) embryos was no different from the percentage of blasto-
cysts that developed from ICNI-derived (cloned) embryos (35%).
Further, after immunoneutralization, embryos were characterized
morphologically by shrinkage and fragmentation of nuclear chro-
matin. These changes were pronounced among in vitro-fertilized
embryos after antibody treatment and in cloned embryos (Figure
1A,D,and G).

Apoptosis. Apoptosis, or programmed cell death, is an impor-
tant parameter by which to assess the developmental competence
of preimplantation mammalian embryos. Apoptotic cells were
detected in all groups of embryos after treatment with neutral-
izing antibodies (Table 2 and Figure 1 B and E). Compared with
that after control antibody treatment, the numbers of cells (mean
+ SE) with apoptotic nuclei among in vivo-derived embryos were
significantly (P < 0.05) greater after treatment with neutralizing
antibodies to EGF (7.3 £ 0.4 cells), TGFa. (7.7 £ 0.5 cells), and EGFR
(7.5 £ 0.3 cells) and combined treatment with antibodies to both
EGF and TGFo (10.3 £ 0.3 cells). Similar relative and statistically
significant (P < 0.01) results were observed after treatment of in
vitro-fertilized embryos with neutralizing antibodies to EGF (9.4
+ 0.3 cells), TGFa (9.6 £ 0.4 cells), and EGFR (9.4 £ 0.2) and com-
bined treatment with antibodies to both EGF and TGFa (10.8
0.5 cells). In both groups of embryos, after treatment with neutral-
izing antibodies, 92% to 94% of apoptotic cells were in the ICM
(Figure 1 B and E). Further, after combined antibody treatment,
the percentage of apoptotic nuclei in in vivo-derived (13%) and in
vitro-fertilized (15%) embryos was no different from that in ICNI-
derived cloned embryos (15%; Table 2 and Figure 1 E and H).
Linear regression analysis revealed that the number of apoptotic

cells was negatively correlated (R? = 0.77) with the total number
of cells (Figure 2).

Number of cells and differential labeling. As the total number of
embryonic cells decreases, the developmental potential of preim-
plantation mammalian embryos decreases. Compared with that
after control antibody treatments, the total number of cells (mean +
SE) in in vivo-derived embryos was significantly (P < 0.05) less af-
ter treatment with neutralizing antibodies to EGF (68.8 £ 0.9 cells),
TGFo (67.8 £ 1.6 cells), and EGFR (68.0 + 2.2 cells) and combined
treatment with antibodies to both EGF and TGFa. (59.4 £ 0.7 cells;
Table 3 and Figure 1 A, D, and G). Similar relative results were ob-
served after treatment of in vitro-fertilized embryos with neutral-
izing antibodies to EGF (63.8 + 0.7 cells), TGFa. (63.0 £ 1.2 cells),
and EGFR (63.6 = 1.3 cells) and combined treatment with antibod-
ies to both EGF and TGFa (57.4 + 0.5). Cell size was decreased
after immunoneutralization treatment (Figure 1 D). Further, after
combined antibody treatment, the percentage of total number of
cells in in vivo-derived (77%) and in vitro-fertilized (77%) em-
bryos was no different from that in ICNI-derived embryos (78%;
Table 3, Figure 1 G).

ICM:TE ratio. The ratio of ICM:TE cells is an indication of dif-
ferences in the pattern of the cell division and rate of cell death
between the 2 cell lineages in early preimplantation embryos
(blastocysts). Compared with that after control antibody treat-
ments, the ICM:TE ratios (mean + SE) of in vivo-derived embryos
did not differ (P = 0.097) after treatment with individual neutral-
izing antibodies but were significantly (P < 0.01) different after
combined antibody treatment (1:3.16 + 0.03; Table 4, Figure 1 F).
In contrast, significantly (P < 0.05) different relative results were
observed after treatment of in vitro-fertilized embryos with neu-
tralizing antibodies to EGF (1:2.94 + 0.02), TGFa. (1:2.96 + 0.02),
and EGFR (1:2.95 + 0.02) and combined treatment with antibod-
ies to both EGF and TGFa. (1:3.24 £ 0.02). Further, after combined
antibody treatment, the mean ICM:TE ratios of fertilized embryos
were not significantly different from those of cloned embryos
(1:3.21 £ 0.03; Table 4, Figure 1 C, F, and I).

Discussion

In the present study we determined that the development of
mouse embryos derived by either natural mating or IVF was neg-
atively affected by immunoneutralization of mitogenic growth
factors and their receptor. Treatment with immunoneutralizing
antibodies to EGF, TGFo, and EGFR decreased the rate of devel-
opment of 1-cell-stage embryos to blastocysts, reduced the total
number of differentiated cells in the ICM and TE, decreased cell
size, reduced the ICM:TE ratio, and increased the fragmentation
of nuclear DNA (that is, apoptosis). These differences were accen-
tuated, in most cases, when embryos were treated simultaneously
with neutralizing antibodies to both EGF and TGFo. In vitro-fer-
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Number of cells and size

Control

Anti-EGF
and TGF-a

Cloned

Apoptotic cells

ICM:TE cells

Figure 1. Fluorescent labeling of cells after control and neutralizing antibody treatments of fertilized embryos compared with ICNI-derived (cloned)
embryos ([A, D, and GJ; arrow points to normal-appearing cells, and arrowhead points to markedly shrunken cells), apoptotic cells ([B, E, and HJ; arrow
points to normal appearing cells [red to red-green], and arrowhead points to apoptotic cells [yellow]), and differentiation (C, F, and I) of ICM (blue) and
TE (red to pink). Magnification, x630; resolution, 1300 x 1030 pixels at 150 pixels per in.

Table 2. Number and percentage (mean + SE) of apoptotic cells in in vivo-derived, in vitro-derived, and ICNI-derived (cloned) embryos after treat-
ment with neutralizing antibodies to EGF, TGFo, and EGF-R; combined treatment with EGF and TGFa; and negative (no antibody) and positive
(anti-KLH) control treatments

Control treatments

Neutralizing antibody treatments

Embryo group . s

Negative Positive EGF TGFa EGF-R EGF+ TGFa
In vitro-fertilized 3.4£0.19% (4%) 3.7 £0.26% (5%) 7.3+0.37"" (9%) 7.7 054" (10%)  7.5%0.33% (9%) 10.3 £ 0.30* (13%)
In vitro-derived 3.8 £0.37% (5%) 4.0 £0.322 (5%) 9.4+0.25% (13%) 9.6 £0.40°" (13%)  9.4+0.24" (13%)  10.8 £ 0.45" (15%)

ICNI-derived (cloned) 10.5+0.58°(15%) 10.4 £0.51¢(15%)

Not determined

Not determined Not determined Not determined

Values with different alphanumeric superscripts are significantly (P < 0.05) different.
Symbols indicate statistically significant (*, P < 0.05; +, P < 0.01) differences from control treatments within an embryo group.

tilized embryos appeared to be more sensitive than in vivo-de-
rived embryos to immunoneutralizing antibodies. Therefore, the
negative effect of neutralizing antibodies to mitgoegnic growth
factors on the growth and differentiation characteristics of fertil-
ized embryos indicates a direct relationship between the actions
of EGF and TGFo and normal development of mouse embryos.
In comparison, the changes observed in ICNI-derived cloned
mouse embryos were very similar to those in both in vivo-derived
and in vitro-fertilized embryos after immunoneutralization of mi-
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togenic growth factors. Cloned embryos showed reductions in the
rate of blastocyst development, numbers and ratio of ICM and TE
cells, and total number of differentiated cells and increases in the
frequency of apoptotic nuclei identical to those after combined
treatment of fertilized embryos with neutralizing antibodies to
EGF and TGFa. Except for the mean number of apoptotic cells
in in vitro-fertilized embryos, the similarities between fertilized
and cloned embryos were made only after combined antibody
treatment. These results are consistent with findings from our
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Figure 2. Linear regression plot demonstrating negative correlation (R?=
0.77) between apoptotic cells and total number of cells in in vivo-derived
(@), in vitro-fertilized (M), and ICNI-derived (cloned; A) embryos.

previous study in which ICNI-derived cloned embryos exhibited
reduced levels of expression of EGF, TGFo, and EGFR.® Although
the etiology remains unknown, these results strongly suggest that
altered expression of EGF, TGFa, and EGFR is related to poor
development of cloned mouse embryos.

Our findings are consistent with results that indicate a lower
rate of development and a greater incidence of programmed
cell death (that is, apoptosis) in IVF and cloned embryos than in
vivo-derived embryos.315 To a variable extent, these earlier ob-
servations were dependent on culture conditions,'%1%1% 20 which

Growth factor immunoneutralization in mouse embryos

likely affect gene expression and nuclear reprogramming.”3%3

Our experimental design controlled for this variable by applying
identical culture conditions to all 3 embryo groups. In this way,
we could compare and contrast results between fertilized and
cloned embryos in order to specifically address the role of mito-
genic growth factors in preimplantation embryo development.

Although DNA fragmentation and apoptosis are normal fea-
tures of mammalian embryo development,®*° we found that the
extent of apoptosis increased in embryos after treatment with
neutralizing antibodies and became particularly prominent in
cells of the ICM. These findings are not unexpected and are con-
sistent with previous reports showing that cell death in blasto-
cysts occurs primarily in cells of the ICM and only occasionally
in cells of the TE.>*13 Recent results also have revealed a negative
correlation between the frequency of DNA-fragmented nuclei
and the total number of cells in in vitro-fertilized and cloned blas-
tocysts, 024 suggesting that differences in cell death between the
ICM and TE are likely due to differences in the patterns of cell
proliferation and rate of cell death after formation of these 2 cell
lineages.?”

The use of immunoneutralizing antibodies to study the role of
mitogenic growth factors on embryo development has been vali-
dated previously.5'® Antibodies to EGFR that specifically interact
with and block an epitope corresponding to the major autophos-
phorylation site of the EGFR have been shown to inhibit activity
of the intracellular cascade induced by mitogen-activated protein
kinase and receptor tyrosine kinase, thus negatively affecting pre-
implantation embryo development.?225%42 The effect of blocking
this critical cytoplasmic signaling mechanism is to decrease amino
acid uptake, protein synthesis, Na*/K*-ATPase activity, and Na*-

*—ClI- transport. ¥04! These changes are reflected in a reduction
in cell size, which is consistent with our findings. Further, the ab-
sence of any effect of anti-KLH antibodies (positive control) com-
pared with no antibody treatment (negative control) on embryo
development eliminates nonspecific and toxic effects of antibodies
on embryo development. These factors all provide a high degree
of assurance that the changes in developmental characteristics that
we measured in fertilized embryos were affected specifically by
immunoneutralization of mitogenic growth factors.

Table 3. Total number and percentage (mean * SE) of cells in in vivo-derived, in vitro-derived, and ICNI-derived (cloned) embryos after treatment
with neutralizing antibodies to EGF, TGFa, and EGF-R; combined treatment with EGF and TGFo; and negative (no antibody) and positive (anti-
KLH) control treatments

Control treatments

Neutralizing antibody treatments

Emb
PLYO BTOtP Negative Positive EGF TGFa EGF-R EGF+ TGFo,

In vitro-fertilized  79.4+0.68%(100%) 79.6+0.93%(100%) 68.8+0.86" (87%) 67.8+1.6" (85%) 68.0%£22% (86%)  59.4%0.68° (77%)

In vitro-derived 738+037° (93%) 74.0+0.55°(93%) 6384073 (86%) 63.0+12° (85%)  63.6+13¢ (86%)  57.4% 051 (77%)

ICNI-derived (cloned) 58.0+0.71¢ (78%)  57.6 + 1.0° (78%)

Not determined

Not determined Not determined Not determined

Values with different alphanumeric superscripts are significantly (P < 0.05) different.
Symbols indicate statistically significant (*, P < 0.05; 1, P < 0.01) differences from control treatments within an embryo group.

Table 4. ICM:TE ratios (mean * SE) in in vivo-derived, in vitro-derived, and ICNI-derived (cloned) embryos after treatment with neutralizing antibodies
to EGF, TGFo, and EGF-R; combined treatment with EGF and TGFe; and negative (no antibody) and positive (anti-KLH) control treatments

Control treatments

Neutralizing antibody treatments

Emb

HPLYO BTOtP Negative Positive EGF TGFao EGF-R EGF + TGFa
In vitro-fertilized 12,64 +0.02° 1:2.65 +0.02° 1:2.70 +0.05° 1273 +0.042 1271 +0.06° 1:3.16 +0.03°
In vitro-derived 1272 % 0.03° 1273 % 0.03° 1294 +0.02¢ 1296 +0.02¢ 12.95+0.02¢ 1:3.24 + 0,020

ICNI-derived (cloned) 1:3.20 +0.03" 1:3.21 +£0.03

Not determined

Not determined Not determined Not determined

Values with different alphanumeric superscripts are significantly (P < 0.05) different.
Symbols indicate statistically significant (*, P < 0.05; +, P < 0.01) differences from control treatments within an embryo group.
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Mitogenic growth factors are thought to play key regulatory
roles in preimplantation embryo development by promoting
nuclear and cytoplasmic maturation,3®! increasing fecundity and
rates of fertilization,'>?% optimizing cellular cleavage, and syn-
chronizing embryonic and maternal maturation.”*2! Our results,
in the context of our earlier work,® strongly support the conten-
tion that mammalian embryos are particularly sensitive to the
presence of mitogenic growth factors and that adequate levels
and appropriately timed expression of these factors are crucial for
successful preimplantation embryo development. This necessary
role in development indicates that EGF and TGFa. expression and
in turn EGFR activation are essential for ensuring appropriate cell
proliferation and differentiation and thus promote survival and
normal preimplantation development.”? Therefore, our results
indicate that the rate of embryo development, total number of
differentiated cells, rate of programmed cell death, and ICM:TE
ratio are useful parameters for assessing the developmental com-
petence of preimplantation cloned mouse embryos. For example,
the onset of apoptosis is related to the start of activation of the
embryonic genome, which takes place at the 2-cell stage.>"”

In summary, immunoneutralization of endogenous EGF,
TGFa, and EGFR disrupts preimplantation development of in
vivo-derived and in vitro-fertilized mouse embryos. As reported,
the ultimate effect is premature and extensive apoptosis lead-
ing to a low rate of embryo development, similar to that seen in
cloned embryos. These observations complement findings from
our previous study® in which cloned embryos revealed severely
impaired expression of mitogenic growth factor genes, thus in-
dicating a critical role in preimplantation embryo development.
Whether mitogenic growth factors are necessary and sufficient
for normal development and survival of mouse embryos awaits
future studies to determine whether supplementation with EGF
and TGFo can improve the developmental potential of cloned
mouse embryos.
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