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ABSTRACT

Transforming growth factor- 8 (TGF- B) has been shown to have a positive effect on in vitro fertilization (IVF)
and has been reported to stimulate meiosis at follicular level in variety of species. The study was designed to
determine the expression patterns of TGF-£1, TGF-£8 receptors type I, II and Smads gene in bovine oocytes and
embryos. TGF-£1 and their receptors were observed in the unfertilized oocytes. TGF-81 and type II receptor were
not expressed at the blastocyst stage, however, only type I receptor was exclusively observed at the same stage.
The blastocyst stage, in particular, showed high levels of mRNA expression patterns containing a TGF-£ type I
receptor. The mRNA expression pattern of Smad 2 at all stages of embryonic development was similar in all
respect with TGF-81 type I receptor. On the contrary, Smad 3 and 4 were expressed with high and low level
mRNA at the blastocyst stage. In conclusion, it is suggested that TGF- 8 signaling may be regarded as an important
entity during the preimplantation embryo development.
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INTRODUCTION

In spite of several efforts during past decades con-
ceming bovine in vitro fertilization (IVF), implantation
rates have invariably remained low and reaching only
64.3% per embryo transferred in large clinics (Seike et
al, 1989). Causes of implantation failure have been attri-
buted either to arrested development of embryos due
to chromosomal defects (Papadalos ef al, 1989; Jamie-
son ef al, 1994), suboptimal conditions or alternatively
transferred embryos to a non receptive endometrium. The
success of oocyte donation programs (Rozenwaks, 1987;
Navot et al, 1991) has allowed the implantation window
to be opened up and helped further in transferring oo-
cytes to an appropriately primed endometrium.

Growth factors, such as epidermal growth factor (EGF),
transforming growth factor- 8 (TGF- 8), platelet derived
growth factor (PDGF), insulin and insulin like growth
factor-I (IGF-I) have been demonstrated to act as mito-
gens and stimulate differentiation in murine and bo-
vine preimplantation embryonic development (Wood and
Kaye, 1989; Paria and Dey, 1990; Dardik and Schultz, 1991;
Harvey and Kaye, 1990, 1991; Larson ef al, 1992). In addi-
tion, the study of stage specific expression of growth
factors and their receptors in bovine preimplantation em-
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bryos forms a rational basic for formulating improved
culture media for in vitro development.

The growth of embryos is regulated by oviduct and
uteri factors; i.e., various processes of embryonic growth
are influenced by cytokines and growth factors, among
which TGF-# superfamily groups have been reported
to play an important role in embryonic event (Schimd
et al, 1991; Watson et al, 1992; Fischer ef al, 1994; Kliem
and Fischer, 1995; Das et al, 1997; Rappolle et al, 1998).
TGF-$ superfamily is a large group of extracellular growth
factors that play key roles in various biological pro-
cesses, including cell growth, proliferation and differen-
tiation, angiogenesis, apoptosis and extracellular matrix
remodeling (Massagu, 1998; Zwijsen et al, 2001; Atti-
sano and Wrana, 2002). TGF- 3 signals are conveyed through
serine-threonine kinase receptors at the cell surface to
specific intracellular mediators such as Smad proteins
(Moustakas et al, 2001). Activation of Smad proteins results
in their translocation to the nucleus and subsequent acti-
vation of gene expression (Wrana and Attisano, 2000).

Smad proteins have been identified as intracellular
mediators for members of the TGF-£8 superfamily. Cu-
rrently, eight vertebrate Smads have been reported (Der-
ynck et al, 1996; Roberts, 1999; Wrana, 2000). Based on
structural and functional features, Smads can be classi-
fied into three subfamilies. The first is receptor-regu-
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lated Smads (R-Smads) which interact transiently with
activated type I receptors and become phosphorylated
at their C-terminus. Smad 2 and 3 have been shown to
be specific mediators of the TGF-8 and activin path-
way, whereas, Smad 1, 5 and 8 are involved in bone
morphogenetic protein (BMP) signaling (Roberts, 1999; Mas-
sagu and Wotton, 2000; Wrana, 2000). The second group
of Smads associates with R-Smads and are referred to
as common Smads (Co-Smad). For example Smad 4 forms
hetero-oligomers with the R-Smads and is a common me-
diator of TGF- 8, activin and BMP 51gnalmg (Derynck et
al, 1996; Lagna et al, 1996; Roberts, 1999; Massagu and
Wotton, 2000; Wrana, 2000). The last group comprises
the inhibitory Smads (I-Smads) and includes Smad 6 and
7. They inhibit the signaling function of the first two
groups by interfering with phosphorylation of R-Smads
or by competitive inhibition of complex formation bet-
ween R-Smad (Roberts, 1999; Massagu and Wotton, 2000).
Smad 6 preferentially inhibits BMP (Hata ef al, 1998),
while Smad 7 inhibits activin, TGF-5 and BMP sig-
naling (Nakao et al, 1997).

The functional roles of EGF receptor and its ligands,
in particular, have been well demonstrated in rodent
embryos. In mice, EGF and its ligands increased pro-
tein synthesis, cell number, rate of cavitation and blas-
tocyst expansion (Wood and Kaye, 1989; Paria and Dey,
1990; Dardik and Schultz, 1991). Moreover, the role of
EGF and EGF receptor has been implicated in the ini-
tiation of implantation of both rat and mouse embryos,
respectively (Johnson and Chatterjee, 1993; Das et al, 1994).

This study was conducted to investigate the expre-
ssion patterns of TGF-B1 and TGF-8 receptors type
I and TI in bovine oocyte and early embryonic deve-
lopment, and the regulation patterns of specific genes
of Smad family (Smad 2, 3, 4 and 7) as well as TGF- £
and their respective type I and II receptors.

MATERIALS AND METHODS

In Vitro Maturation (IVM) and In Vitro Fertilization
(IVF)

Bovine cumulus-oocyte complexes (COCs) were ob-
tained by aspiration of 2 to 6 mm follidles of ovaries from
slaughtered cows. Oocytes surrounded by multiple layers
of compact follicular cells were washed twice in PBS
supplemented with 36 mg/l pyruvate, streptomycin and
0.5 mg/ml BSA (fraction V, Sigma, St. Louis, MO, USA),
and then once in the maturation medium. The matura-
tion medium was composed by TCM-199 (Gibco-BRL,
Grand Island, NY, USA) with Earle's salts supplemented
with 10% fetal cow serum (FCS), 1 pg/ml estradiol, 35
pg/ml FSH (Folltropin, Bioniche Animal Health), 10 IU/
ml hCG, 04 mM glutamine, 0.2 mM sodium pyruvate,
and 50 pg/ml streptomycin. The oocytes were matured

in 400 pl of the maturation medium, overlaid with
mineral oil, in 4-well culture dishes (NUNCLON, Cat
#. 176740; 4000 Roskilde, Denmark) at 38.5C, 5% CO;
in air with 100% humidity for 24 hr. After maturation,
the oocytes were washed four times in modified Ty-
rode's solution (TALP-HEPES) and once in fertilization
medium (TALP-F) containing hypotaurin (10 mM), pe-
nicillamine (20 mM), epinephrine (1.0 mM), heparin (10
pg/ml), and 0.6% BSA before being transferred to fer-
tilization wells. A discontinuous Percoll density gradient
(45 and 90% Percoll) was used to prepare spermatozoa
for IVF. Briefly, frozen-thawed pooled semen from six
commercial bulls was added on the top of 45% Percoll
gradient in a 15 ml centrifuge tube. The tube was cen-
trifuged at 700 xg for 25 min at room temperature. The
sperm pellet was removed from the bottom of the 90%
Percoll gradient and washed once by centrifugation in
1 ml of TALP-F, then resuspended in TALP-F. Fertili-
zation of oocytes was carried out with approximately 1
x 10°ml of motile sperm cells at 38.5C in 5% CO; in
air. At then 18 hr of insemination, cumulus cells were
removed from the oocytes by vortexing for 2 min in 1
ml of PBS. Subsequently, presumptive zygotes were
washed in PBS medium before being transferred to 500
ul of modified synthetic oviductal fluid (SOF) and in-
cubated for 7 days under mineral oil at 385C in 5%
COy, 5% Oy and 90% N, (Holm et al, 1999). The num-
bers of embryos cleaved and developed to the morula
or blastocyst stage were examined.

Immunohistochemistry

Immunohistochemical localization of TGF- 31, recep-
tor [ and I was performed as described previously
(Das et al, 1992; Slayden ef al, 1993). TGF- 81, TGF-81
receptors from human expressed in sf 21 cells was pur-
chased from Sigma Chemical Company. Ovary tissues
at the follicle growth stage were fixed in 4% cold pa-
raformaldehyde in PBS for 1 hr, serially dehydrated in
ethanol and paraffin embedded in gelatin capsules.
Serial sections (4~6 um) were retrieved individually
on silane-coated slide prepared by method of Senior ef
al. (1988) taking care not to miss the first section. Im-
munohistochemistry was performed using mouse mo-
noclonal anti-human TGF-81 and anti-human TGE- £
receptor type I and II antibodies on individual dewaxed
sections of ovaries, which was located under bright-field
microscopy. All antibodies were obtained from Sigma

" Chemical Company and used at a dilution of 10 pl/ml.

Slides were incubated with 10 pg of either the TGEF- 3
ImAb or isotype control (IgGl; BD Pharmingen) for 2
hr at room temperature. Biotinylated secondary Abs and
streptavidin-HRP from the Vectastain ABC (avidin-bio-
tin complex) kit (Vector Laboratories) was added for 45
min at room temperature. Slides were developed with
diamino benzidine (DakoCytomation), counter stained
with haematoxylin (Sigma), and mounted with Vecta-
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shield (Vector Laboratories). For visualization of the TGF-
B1, receptor I and II, ovaries and COCs were fixed for
30 min in 3.7% paraformaldehyde. They were subse-
quently washed several times in PBS plus 0.1% Triton
X-100 and preincubated with 5% BSA for 1 hr to block
nonspecific binding of IgG, then incubated with the 1st
antibody (each dilution 1:100) for overnight at 4C. After
several washes as described above, ovary and oocytes
were incubated with the 2nd antibody (goat-anti rabbit
IgG, FITC; Sigma) for 1 hr (each dilution 1:100). The
secondary incubation took place at ambient tempera-
ture. As a negative control, ovary and oocytes were in-
cubated in non-immuno bovine serum. After monitoring,
slides were stored in the dark at 4C until observation.

Real-Time PCR

Isolated trophoblasts were lysed in TRIzol reagent
{Invitrogen Life Technologies), and total RNA was collected
according to the manufacturer's instructions (Invitrogen
Life Technologies). One microgram (u g) of total RNA
was reverse transcribed into cDNA. Real-time PCR was
performed on RocheLight Cycler using the FastStart SYBR
Green kit (Roche), and accession numbers were as fol-
lows: TGF- 81, 5-atacgtcagacattcgggaagcagtg-3' and 5'-
aatagttggtatccagggctcteeg-3', 447 bp; TGF- 81RI, 5-cgtta-
cagtgtttctgecacct-3, and agacgaagcacactggtccage-3', 315 bp;
TGF- B 1R1I, 5'-gctctacgtgegecaacaacatca-3' and 5-actgettg-
cccatcteegtettee-3', 279 bp; Smad 2, 5'-cteggcacacagagattc-
3, and 5'-cgactgagccagaagage-3, 650 bp; Smad 3, 5-gttg-
gacgagctggagaag-3' and 5'-gtagtaggagatggagcac-3', 526 bp;
Smad 4, 5'-gagagcaaggttgcacatag-3' and 5'-aatctcaatccag-
cacgg-3', 451 bp; Smad 7, 5-tcctgetgtgeaaagtgttic-3' and 5'-
agtaaggaggaggeooagac-3', 484 bp. PCR amplification was
performed under the following conditions: each cycle in-
volved 1) 95C for 10 min (enzyme activation); 2) 95C
for 5 sec (denaturation); 3) 63C for 5 sec for the first
10 cycles, a 0.5C temperature decrease over the next
16 cycles to a final annealing temperature of 55C for
26 additional cycles (a total of 55 cycles); and 4) 72C
for 14 sec (extension). Samples were run in duplicate.

Quantitation was performed by second derivative maxi-
mum analysis. PCR product size was confirmed by gel
electrophoresis.

RESULTS

Immunostaining of TGF-81 and Its Receptors

To examine whether TGF- 31 mRNA is translated in
the bovine ovaries, cellular distribution of TGE- 81 pro-
teins was examined by immunohistochemistry using a
mouse or human antibodies raised against recombinant
TGF-31. A similar distribution patterns was observed
in TGF- 41 and its receptors for both antibodies. At pre-
antrum stage, immunoreactive TGF- 81, TGF- 3 recep-
tor I and II were detected in the granulosa cells sur-
rounding the oocyte and along the pre-antrum chamber
(Fig. 1B-D). Preneutralization of the antibody with an
excess of antigen resulted in loss of specific staining in
similar pre-antrum sections (Fig. 1A). The immunostai-
ning patterns of TGF-B81 and its receptors were con-
sistent with the distribution of TGF-51 mRNA as des-
cribed above. Little of immunostaining was observed in
the theca cell site (data not shown).

Immunofluorescence of Preimplantation Stage Em-
bryos

Micrographs of sectioned ovaries illustrating the ob-
served pattern of staining with immunofluorescence an-
tibodies to TGF- 31, TGF-8 receptor I and II shown in
Fig. 2. In most of oocytes and embryos, zonae dissolved
during the 90% dehydration step, so almost all the spe-
cimens had no zonae. In general, intense cytoplasmic stai-
nings peripherally were observed in metaphase I (MII)
oocyte, 4- and 8-cell embryos (Fig. 2). Similarly, with the
all antibodies, variable intensities of staining observed wi-
thin the same embryo even though same concentrations
of antibodies were used. These could reflect the variable

Fig. 1. Immunohistochemistry of TGF-#1, TGF-81 receptor I and II in the bovine pre-ovulation ovary. Note distribution of TGF- 31
(B) and TGF- 81 receptor [ (C) and II (D) in granulosa cells surrounding the maturing oocyte in the pre-antrum stage (Red deposits,
arrow heads). No immunostaining was noted when similar sections were incubated with the 1st antibody prenutralized with excess
antigen (A). All magnifications are x280. GC, granulosa cell; O, oocyte.
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Fig. 2. Expression patterns of TGF-81, TGF-81 receptor I and II in perimplantation bovine oocytes and embryos. Negative controls
(line c) showing greatly reduced immunostaining were included by incubation with either non-immuno bovine serum or 1st antibody
preneutralized with an excess of blocking peptide. Green: TGF-£1, TGF-81 receptor 1 and II immunofluorescence positive reaction;

Red: Propidium Iodide. All magnifications are x400.

amount of growth factors and between difference em-
bryos.

Real-Time PCR

To determine the temporal sequence of TGF-41 and
its receptors (type 1, II), and Smads (Smad 2, 3, 4 and
7) expression, RNA was extracted from oocytes and
embryos at various stages during preimplantation deve-
lopment using real time PCR. TGF- 41, receptor type I
and II, and Smad 4 and 7 were detected at morula and
blastocyst stages, whereas, TGF- 31 receptor type II and
Smad 2 and 3 were highly detected at the MII stage. The
Smad 3 was detected at all stage, especially MII to 8-
cell stages, except the morula stage (Fig. 3 and Table 1).

DISCUSSION

We demonstrated the concurrent expression of the
TGF- 81, TGF- 81 receptors and its related Smad genes
during bovine preimplantation development by immuno-
reaction and real time PCR. In the present study, ex-
pression of TGF- 31 and receptors type 1 and II were
observed in pre-antrum stage bovine ovaries (see Fig. 1),
Co-expression of TGF- 31 in serial sections of individual

embryos was also observed from MII oocytes up to
16-cell stage embryos, but not observed in the morula and
blastocyst stage embryos (see Fig. 2). The combination
of these techniques provided a powerful approach to
study of growth factors in bovine preimplantation em-

Table. 1. Gene expression patterns by preimplantation stages of
bovine MII ococytes and embryos*

Stages of oocytes and embryos

M 2- 4- 8- Mo- Blasto- Hatched

Cell Celll Cell rula cyst(BL) BL

TGF-p1 -~ - - - + + A
TGFR- 1 + += += +— + + s

"TGFR-II  +H  +— 4= 4=+ + -
Smad 2 +H+ 4+ += += - +— +=
Smad 3 +H+H  H+ += + +
Smad 4 + += += -+ + +H+
Smad 7 - - - - + +H +H

"MII oocytes and preimplantation embryos were analyzed by real
time PCR for the expression of TGF- 81, TGF- 81 receptor (TGFR)
I and I, and Smad 2, 3, 4 and 7. Expression levels: -, not
detected; +, weak; ++, mid; ++, strong
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Fig. 3. Relative expression levels of TGF-#1, TGF-81 receptor I and II and substrate protein Smad 2, 3, 4 and 7 in bovine em-
bryos by real time PCR. H2a gene expression was used as an internal standard. Results are the meanstSE from three individual ex-

periments and are represented as a percentage of the control value.

bryos as it possible to co-amplify TGF-51, TGF-£ re-
ceptors and Smad consistently from cDNA aliquots,
which are equivalent to 2/5 or 1/2 of an oocyte and em-
bryo. Furthermore, 10 (MII oocyte and cleavage stages)
and 10~14 (blastocysts) serial sections from individual
oocytes or embryos were available for analysis with dif-
ferent antibodies. The presence of transcripts in unfer-
tilized oocytes and the cleavage and blastocyst stages
suggests that maternal transcription occurs in the oocyte
and that these transcripts- persist at the cleavage stages
before activation of the embryonic genome. Autoradio-
graphic studies have revealed that usually zygotic tran-
scription begins at the 4~8-cell stage in human emb-
ryos due to inhibition of the synthesis of polypeptides
with transcriptional inhibitor, ¢-amantin (Braude et al,
1988), and absence of uridine labeling of nascent RNA
transcripts in the nucleoli prior to the 6- to 8-cells (Te-
sarik et al, 1986). However, in the mouse, there is an
evidence of persistence of maternal mRINA and proteins

which are functional throughout preimplantation deve- .

lopment, e.g. gap junction protein connexon 32 (Barron
et al, 1989) and glucose phosphate isomerase (Kidder,
1993).

The concurrent expression of TGF- 51 and other growth
factors in bovine oocytes varies in their expressed pat-
tern compared to other species. In the mouse, sheep
and pig, TGF-£1 and EGF are absent throughout preim-

plantation development (Watson ef al, 1994 Mummery,
2001; Wei et al, 2001). Preimplantation mouse embryos
produce TGF-31; in turn, the embryos and reproductive
tract are responsive to TGF- 81 during the preimplan-
tation period (Chow ef al, 2001). In the sheep, paracrine
growth factor circuit may exist in the oviduct epithelium
and the early ovine embryo. Transcripts for insulin, epi-
dermal growth factor (EGF) and nerve growth factor (NGF)
were not detected in any stage of the ovine preimplan-
tation embryo or-within the oviduct cell preparations
(Watson et al, 1994). In the pig, mRNA expression of EGF
receptor in compact morulae and blastocysts were in-
fluenced by exogenous EGF in vitro (Wei ef al, 2001).
TGF- 41 and receptors has been suggested to play an
important role in regulating the development and
functions of the cattle preimplantation embryos. How-
ever, the expression of TGF- 81 and its receptors in the
cattle preimplantation embryos have not been demons-
trated.

Recent studies have identified Smads as molecules
that transducer TGF- 8 signals from the cell surface to
the nucleus. In the present study, we examined Smads
expression in the cattle MII stage oocytes and the ex-
pression pattern of Smads in the TGF- 8 1-mediated tran-
scriptional response (see Fig. 3). We demonstrated, for
the first time, that the Smads expressing patterns are
functional in preimplantation cattle embryos. On balance,
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the real time PCR analysis showed that the expression
patterns of various developmentally regulated genes in
the Smads are mediated by some of their TGF-81 and
its receptors genes. However, our analysis was limited
by the semiquantitative character of the PCR analysis
on culture conditions of embryos, and a conclusion can
not be drawn as to whether TGF- 51 and its receptors,
which appeared to show little difference between Smad
2, 3, 4 and 7, might show some up-down regulation upon
development in the cattle embryos or not. In the pre-
sent study, the mRNA expression of Smad 2 appeared
low at all embyronic stages, whereas, that of Smad 4
and 7 were expressed after the morula stage, especially
at the hatched blastocyst stage. These findings are con-
sistent with previous reports on several human cell
lines in which an induction of Smad 7 by TGF- 81 (Na-
kao et al, 1997, Afrakhte ef al, 1998). Smad 7 is known
to the inhibit TGF-£ action by interrupting the Smad
signaling cascade (Nakao ef al, 1997, Roberts, 1999;
Massagu and Wotton, 2000; Wrana, 2000). Therefore, it
is possible that Smad 4 and 7 are involved in a nega-
tive feedback loop that regulates TGF- 8 signaling. TGF-
B may initiate Smad 4 and 7 transcriptions via TGF- 3
receptor/Smad pathway and up-regulation of Smad 4
and 7, which in turn inhibits TGF-2 signaling. This
study provides the first evidence of TGF-£1 and its re-
ceptors/Smads genes are expressed in cattle MII oocytes
and preimplantation embryos.

Condlusively, TGF- 8 and Smads signaling are there-
fore, assumed to play important roles during the ma-
turation of the oocyte and the preimplantation embryo
development in cattle.
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