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During early embryonic development, endodermal cells leave the
inner cell mass (1CM) and migrate over an extracellular matrix (ECM),

located on the blastocoelic side of the trophectoderm, to form a continuous

layer of extraembryonic endoderm. Cell migration events depend on a
family of cell surface proteins known as integrins that bind specific ECM
proteins. In an effort to understand the mechanisms involved in bovine

endodermal cell migration, two experiments were conducted. In the first
experiment, expression of the ECM proteins fibronectin, laminin and
vitronectin was evaluated by immunofluorescent staining in

in vivo

and

in

vitro developing embryos during Day 6-10 and Day 7-10, respectively (Day

0 = onset of estrus). Fibronectin was detected in all stages of in

vivo

and

in

vitro embryos, however no difference (P>0.10) was observed due to day or
developmental stage. Laminin staining was moderately expressed in all
stages of in

vivo

embryos, with an increase (P<0.05) in Day 10

in vivo

embryos. Laminin staining in Day 9 in vitro embryos was less intense

(P<0.05) than Day 7 and 8 in

vitro

embryos. Higher (P<0.05) expression of

laminin was observed in Day lOin vivo embryos as compared to Day 10
vitro.

in

Vitronectin staining was expressed throughout all stages of

development. Day 6

in vivo

staining compared to Day 8

embryos exhibited more intense (P<O.05)
in vivo

embryos. Day 10

expressed more (P<0.05) vitronectin than Day 10

in vivo

in vitro

embryos

embryos. In the

second experiment, the effects of ECM-type and inhibitors of integrin
binding on bovine endodermal cell outgrowth from the 1CM were evaluated.

Day 7 embryos were nonsurgically collected and cultured for 96 h on either
fibronectin-layered microdrops containing 0 (control), 0.5 or 1.0 mg/mI RGD
and/or EILDV peptides or vitronectin-layered microdrops containing 0, 0.5
or 1.0 mg/mI RGD peptides. At 24-h intervals, 1CM were photographed and

the numbers of cells leaving the 1CM were counted. Areas of cellular

outgrowth were calculated from the photomicrographs. Compared to the
control, addition of 0.5 or 1.0 mg/mI RGD, EILDV or RGD and EILDV did
not (P>0.1 0) reduce the areas of cellular outgrowth from the 1CM on

matrices of fibronectin. Numbers of cells in outgrowths were greater
(P<0.05) in control 1CM compared to 0.5 mg/mI RGD, but this effect was
eliminated (P>0.1 0) when the inhibitor concentration was increased to 1 .0

mg/mi. Addition of 0.5 or 1.0 mg/mI RGD did not reduce (P>0.10) the area
of cellular outgrowth from the 1CM on vitronectin and had no effect (P>0.10)

on numbers of cells in the outgrowths. Detection of fibronectin, laminin and

vitronectin by immunofluorescence suggests these proteins are present in

the developing bovine embryo to support endodermal cell migration and
stabilization in extraembryonic endoderm formation. Because cell migration
over fibronectin and vitronectin was not inhibited by the RGD and EILDV
peptides, endodermal cells must use either an integrin that recognizes
alternative binding sites in fibronectin and vitronectin or an alternative cell
adhesion system.
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EXPRESSION OF EXTRACELLULAR MATRIX PROTEINS
DURING BLASTULATION IN BOVINE EMBRYOS AND
FACTORS AFFECTING BOVINE EN000ERMAL CELL
OUTGROWTH IN VITRO
CHAPTER 1

INTRODUCTION

The preimplantation blastocyst is organized as a single-celled layer
of trophectoderm surrounding a knot of inner cell mass (1CM) and a fluid

filled cavity called the blastocoel. The trophectoderm and 1CM,
respectively, will eventually give rise to the fetal membranes and the

embryo proper (Hafez et al., 1993). In bovine embryos, blastocyst
formation occurs on Day 6 (Day 0 = onset of estrus). Shortly after
blastulation, endodermal cells leave the 1CM and completely surround the

blastocoelic side of the trophectoderm. Attachment of the bovine embryo

to the uterus begins at approximately Day 19. Trophectoderm anchors to
the uterine glands to establish microvillar junctions between the

trophectoderm and maternal lumenal epithelium. Binucleate cells from the
base of the trophectoderm cross the microvillar junction and fuse with
maternal epithelial cells (MacLaren et al., 1995).

An important component of the cellular environment is the

extracellular matrix (ECM). During preimplantation embryonic
development, several processes have been proposed to require the

2

interaction between embryonic cells, ECM-degrading proteinases, and the

ECM. In bovine embryos, the events include endodermal and mesodermal

cell migration and expansion and elongation of the blastocyst. The
common factor in these events is remodeling of the ECM. Plasminogen

activators (PA) and matrix metalloproteinases (MMP) are known for their
involvement in ECM remodeling and cellular migration. Endogenous

proteinase inhibitors, such as PA inhibitors (PAl-I and PAI-2) and tissue
inhibitors of MMP (TIMP), control the degree of ECM degradation by
inhibition of proteolysis (Strickland et al., 1976; Behrendsten et al., 1992).

The interactions between the ECM and integrins on the cell surface
play a key role in the survival, differentiation and migration of edodermal

cells. Integrins are heterodimeric cell-surface receptors whose major
function is to mediate cell-to-cell and cell-to-substratum attachment (Bowen

et al., 2000). Integrins are capable of binding to a wide variety of ECM
components. The ECM is composed of glycoproteins, proteoglycans, and
glycosaminoglycans that are secreted and organized into a network to

which cells adhere. Two major ECM proteins, lammm and fibronectin,
appear early in embryo development (George et al., 1993).

Fibronectin is

a major component of the ECM and promotes cell adhesion, cell migration,

and cytoskeletal organization. Because of its widespread expression in
mammalian embryos, fibronectin is believed to play an important role in

development. It has been proposed that in porcine embryos endodermal

and mesodermal cells use fibronectin to migrate, and that laminin is
secreted when migration is complete to stabilize the cell-matrix interaction
(Richoux et al., 1989).

The molecular basis of mammalian embryo implantation into the
uterus is not well understood due to the complexity of the system.
However, isolated blastocysts can be cultured to form trophoblast
outgrowths in which cells attach to and spread out over a culture dish

forming a monolayer (Armant et al., 1986). This process of attachment and
subsequent outgrowth in vitro is similar to the adhesion and penetration
stages observed in utero.

Little is known about the mechanisms triggering the departure of
endodermal cells from the 1CM and supporting cell migration and formation

of extraembryonic endoderm. Therefore, the objectives of the research in
this thesis were to characterize the temporal expression of fibronectin,

laminin, and vitronectin in Day 6-10 bovine embryos and evaluate the
effects of integrin inhibitors on migration and outgrowth of bovine
endodermal cells.
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CHAPTER 2

REVIEW OF THE LITERATURE
Early Embryo Development
Preimplantation mammalian embryonic development is a complex
process that begins with fertilization and ends with implantation of the

conceptus into the endometrium. Implantation is the culmination of a
series of events initiated by the development of the follicle and union of the
gametes. Failure to initiate the critical early events of implantation during
this "window of receptivity" results in early pregnancy failure (Carson et al.,

2000). The early stages of embryonic development are characterized by an
incredible amount of cellular movement and reorganization as the essential

cell lines emerge which will give rise to the placenta and embryo itself

(Carnegie, 1991). In cattle, ovulation occurs approximately 30 h after the
onset of standing estrus (Day 0 = onset of estrus). Approximately 20 h
after ovulation, the first cleavage of the zygote occurs and the second

cleavage follows 10-12 h later. At the 16-cell stage, blastomeres start to
show polarity and by the 32-cell stage compaction is apparent.
Compaction is important for the process of forming the inner cell mass
(1CM), trophectoderm and the fluid-filled blastocoel. The 1CM is the small

group of cells that will form the fetus and the trophectoderm is a layer of
cells in the periphery of the blastocyst that will give rise to the fetal

membranes. In bovine embryos, blastocyst formation (cavitation) occurs
on Day 6 (Day 0 = the onset of estrus) and on Day 8 endodermal cells
leave the 1CM and completely surround the blastocoelic side of the

trophectoderm by Day 10 (Betteridge and Flechon, 1988). Richoux et al.
(1986) proposed that endodermal cell migration involves adhesion to an

extracellular matrix (ECM) underlying the trophectoderm. Further
development is characterized by continued expansion of the blastocyst and
shedding of the zona pellucida, in the process known as "hatching", on Day

10. After hatching, the bovine embryo undergoes a period of further
expansion and elongation in the establishment of fetal-maternal contact.
On Day 14, mesodermal cells have differentiated, migrated away from the
embryonic disc, and penetrated between the trophectoderm and

endoderm, forming a trilaminar yolk sac. The mesodermal layer in turn will
split into somatic and splanchnic mesoderm and will contribute to the
chorion and yolk sack of the fetal membranes, respectively (Betteridge and

Flechon, 1988). These fetal tissues are comprised of trophoblast cells that
express a number of ECM receptors and ECM-degrading activities that
support interaction with and invasion into the maternal endometrium

(Cross, 2000; Carson et al., 2000). Cellular migration and proliferation are
complex processes that require interactions between cells, the surrounding
ECM and ECM-degrading proteinases.
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The Extracellular Matrix
During development, individual embryonic cells become integrated

to form a complex system of cell-cell and cell-matrix interactions. These
interactions between the cells and the ECM initiate an exchange of
information to regulate many essential processes of development. Some
of these processes include morphogenesis during organ formation,
modulation of growth and differentiation of cells and, of interest to this

thesis, cell migration in the early embryo. The ECM is a complex structural
entity that surrounds and supports cells that are found in mammalian
tissues. It is composed of glycoproteins, proteoglycans and

glycosaminoglycans that are secreted and organized into a network to

which cells adhere (Hay, 1991). The ECM consists of a meshwork of fibers
embedded in a gel-like base substance. The base substance consists of
glycosaminoglycans and proteoglycans, while the fibrous components are

glycoproteins that support the base substance (Zagris, 2001). From the 2cell stage, an ECM is present within mammalian embryos and is a
component of the environment of all cell types. However, the composition

of the ECM and the spatial relationships between cells and ECM differ
among tissues (Adams and Watt, 1993). It has been known for some time

that the ECM plays a part in regulating the differentiated phenotype of
cells. The mechanisms involved remained an enigma until recently when
cell-binding sites within ECM glycoproteins and specific ECM receptors

were discovered. Adams and Watt (1993) described three mechanisms by
which the extracellular matrix can regulate behavior. One is through the
ECM composition. The second is through interactions with growth factors
and the ECM. The third is mediated by adhesion to the ECM by cell
surface receptors.

Extracellular matrices contain a variety of glycoproteins, the major

ones being fibronectin and laminin. Of all the ECM glycoproteins studied to
date, fibronectins have been the topic of most research. Fibronectins are a
family of closely related, high molecular-mass adhesive glycoproteins,

composed of two nearly identical chains with disulfide bonds close to their
carboxy termini. The two chains have an approximate mass of about 250
kD and have about 30 intrachain disulfide bonds each. Dimeric fibronectin
is an extended and flexible molecule. Each subunit is folded into a series
of linearly arranged globular domains that are specialized for a particular

function (Hynes, 1990). Fibronectin is a multifunctional molecule that is
capable of interacting with the cell surface and various constituents of the
ECM (Schor et al., 1996). It is a major component of the ECM and

promotes cell adhesion, cell migration and cytoskeletal organization.
Fibronectin is a major ECM protein that appears early in embryo

development (George et al., 1993). Due to its widespread expression in
mammalian embryos fibronectin is believed to play an important role in

development. More specifically, fibronectins have been shown to endorse

the migration of cells in vitro and are present in embryos in areas of active
cell migration. Fibronectin is found during gastrulation in all vertebrates,
neural crest cell migration and endodermal cell migration from the 1CM

(Adams and Watt, 1993). Boucaut et al. (1984) provided direct evidence
that fibronectin is required for cell movement by injecting antibodies to

fibronectin into the blastocoel cavity and inhibiting gastrulation. Mouse
embryos that were null mutants for fibronectin undergo early embryonic

death due to defects in mesoderm, neural tube and vascular development
(George et al., 1993). Injection of RGD (Arg-Gly-Asp)-containing peptides
competitively bind to the cell surface for fibronectin and inhibit gastrulation

in salamander embryos (Boucaut et al., 1984b). This provides more
evidence that cell-matrix interactions are essential for cellular differentiation
and migration.

Laminin, another ECM protein found in the early embryo, is a large

hetero-trimeric glycoprotein that has three distinct polypeptide chains. The

three chains, al (-400 kD), 131 (-210 kD) and yl (-210 kD), are disulfidebonded into an asymmetric cross-like structure (Alberts et al., 1994).
Laminin has a variety of functions that can be designated to clearly defined

domains. Cell binding to laminin occurs by a wide array of integrins and
may trigger various intracellular transduction pathways (Mechan, 1991).
Cell interaction with laminin play an important role in cell attachment,
directional migration and cell survival (Kang et al., 1990; Zagris, 2001).
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The variability in spatial and temporal expression patterns in tissues and

organs suggest that different laminins can perform distinct functions

(Colognato and Yurchenco, 2000). In mice, disruptions of laminin genes
can result in various pathologies and even embryonic lethality. Mouse
embryos lacking laminin cx5 show mesodermal defects and die between

Days 9 and 10 of gestation (Miner et al., 1998). Hortsch and Goodman
(1991) described a null mutation in the laminin A gene in

Drosophila

that is

a recessive lethal in late embryogenesis.

Evidence for the importance of cell-matrix interactions during
development in a broad range of organisms has resulted from mutations

affecting the proteins of the ECM and their receptors. In
elengans,

Caenorhabditis

mutations in over 50 genes that affect morphology have been

identified and several of these are known to encode ECM proteins (Adams

and Watt, 1993). A majority of the ECM gene mutations mapped in other
vertebrate species have also been identified in humans. The phenotype of
each mutation depends on its effect on protein integrity and the extent to
which it is incorporated into the ECM.

Mutations in type I collagen result

in bone fragility, while type II collagen mutations result in cartilage
disorders (Byers, 1990).
Studies have been performed to explain the interactions between

endodermal cell migration and the ECM. Richoux et al. (1989) observed
the distribution of fibronectins and laminin in the early pig embryo.
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Fibronectin was present in the early blastocyst by Day 6 in porcine

embryos. By Day 8, fibronectin was found completely lining the
blastocoelic surface of the trophectoderm. Along this matrix, endodermal
cells migrated away from the 1CM to form a continuous layer of endoderm

by Day 10. Laminin first appears on Day 10, when the endodermal cell
layer is established on the inner face of the trophectoderm (Richoux et al.,
1989). It has been proposed that endodermal and mesodermal cells use

fibronectin to migrate, and that laminin is secreted when migration is

complete to stabilize cell-matrix interactions. Most endodermal cell
migration studies have been performed on rodents, such as mice and rats.

Reichert's membrane is a basement membrane found on the inner
surfaces of rat and mouse trophectodermal cells beginning at the

blastocyst stage of embryonic development. Carnegie and Cabaca (1991)
observed that three components (fibronectin, laminin, collagen IV) of this
basement membrane play a role in endodermal cell migration as they
differentiate from the inner cell mass and move to form parietal endoderm.
Carnegie (1994) proposed that the migration of the parietal endoderm-like
cells was promoted by positive gradients of fibronectin and laminin.

The

sensitivity of cell morphology and differentiation to individual basement
membrane components provides a key mechanism whereupon an
emerging basement membrane can regulate cell migration and

differentiation (Carnegie and Cabaca, 1993). Armant et al. (1986) reported
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that isolated mouse blastocyst cells can be cultured to form trophoblast
outgrowths in which cells attach to and spread over a culture dish forming

a monolayer. Along with cell-ECM interaction, the involvement of
proteolysis has been suggested in cell migration. Plasminogen activators
(PA) and matrix metalloproteinases (MMP) are two classes of enzymes

that are known for their involvement in ECM remodeling and cellular
migration. Inner cell masses isolated from ovine blastocysts attached,
rapidly developed outgrowths on matrices of fibronectin and liberated PA
as cells proliferated in the outgrowths (Bartlett and Menino, 1995).

Integrins and the Extracellular Matrix

Cells bind to the ECM as a means of anchoring themselves and to

derive traction for migration (Hay, 1991). The movement, shape and
polarity of cells depend on the cooperation of proteins outside the cell (the
ECM), proteins inside the cell (the cytoskeleton) and the cell adhesion

molecules on the surface of the cell. Recently, the mechanisms
surrounding the interactions of cells with the components of the ECM have
become clear with the isolation and characterizations of cell surface
receptors that play a role in adhesive strength, cell shape and cell
migration (Hemler, 1990). The earliest detectable adhesive cell-cell
interactions in embryo development are seen at the eight-cell stage when
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blastomeres of the mouse embryo undergo compaction (Ducibella and
Anderson, 1975).

A family of cell surface receptors, called integrins, seem to be the
major receptors by which cells attach to the ECM and are the primary
mediators of cell-ECM interactions. As the name implies, integrins create

an 'integrated' link between the inside and the outside of the cell. The
interactions of integrins with the ECM is a two-way street; not only do they

bind cells to the matrix, they also help to shape the matrix. Integrins differ
with respect to which cell surface, extracellular matrix or inflammatory
ligands they bind, the mechanisms by which their affinity for ligands is
activated and the types of signaling pathways that are activated within the

cell (Shimaoka et at., 2002). The cell's ability to bind to the ECM depends
upon the expression of a cell membrane receptor that recognize the

proteins comprising the ECM. There are many ligands for integrins.
Fibronectin, laminin, vitronectin and collagen are a few of the ECM proteins
that act as ligands.

Integrins are a large family of cation-dependent heterodimers
composed of noncovalently linked a and

subunits (Hynes, 1992; Bowen

and Hunt, 2000). Each subunit has a large N-terminal extracellular
domain, a transmembrane domain and a short C-terminal cytoplasmic tail.

The cytoplasmic domain interacts with the cytoskeleton which allows
integrins to provide an association between the cytoskeleton and the ECM
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(Simon et at, 1996). To date, 19 different integrin a-subunits and eight
different 13-subunits have been reported in vertebrates, and these subunits

form at least 25 known a13 heterodimers (Humphries, 2000). The diversity
of integrins is further extended because a single a-subunit can pair with
more than one 13-subunit. The ligand specificity for each heterodimer is

determined by the specific combination of the a- and 13-subunits. Some
integrins, such as the classic fibronectin receptor, a5131, bind only one ECM

protein. More commonly, a specific integrin recognizes several distinct
ECM proteins (Hynes, 1992). Two integrins that share ligands can either
recognize different regions of the molecule, or bind the same region of the

ECM protein (Sueoka et al., 1997). Consequently, many integrins are not
highly specific for individual adhesive ligands. The overlapping and
apparently redundant expression of integrins seems inconsistent. This
apparent redundancy may suggest that, in addition to mediating
attachment to a specific ECM ligand, different integrins perform specialized

signaling functions. In fibronectin, the Glu-lle-Leu-Asp-Val (EILDV)
adhesive sequence is recognized by the a431 integrin and the Arg-GIy-Asp
(RGD) site is recognized by the a5f31 (Hynes, 1992). Considerable
progress has been made in defining the integrin recognition sites in

ligands. The RGD sequence was the first binding site to be defined and is
present in fibronectin, vitronectin and a variety of other adhesive proteins.
The RGD sequence is recognized by at least five other integrins
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(Humphries, 1990). The a41 integrin is a fibronectin receptor that binds
the EILDV sequence in an alternately spliced segment of fibronectin. The
av133 integrin is the most versatile integrin; it is capable of binding to a wide

variety of ECM components, including vitronectin, fibronectin, oncofetal

fibronectin and osteopontin (Bowen and Hunt, 2000). The main integrin
that binds vitronectin is av1, whereas a6131 is recognized as the main
laminin receptor (Bodary and McLean, 1990; Sorokin et al., 1990). An
explanation for the multiplicity of receptors is that occupancy of different
receptors by the same ligand may convey different information to the cell.

Binding of ligands to integrins transmits information from the extracellular
environment into the cell and results in cytoskeletal rearrangements, gene

expression and cellular differentiation. The short cytoplasmic domains of
the a- and 3-subunits play a pivotal role in these bi-directional signaling
processes (Deryugina et al., 2002). The potential for diversity is
augmented due to the large number of integrin genes, possible
combinations of ci- and p-subunits and the redundancies in ligandrecognition preferences.

The ECM can regulate the transcription of genes associated with

differentiated functions. This is exemplified by both an induction and
repression of 13-casein in pregnant mouse mammary epithelial cells

(Boudreau and Jones, 1999). Production of 13-casein, a major milk protein,
is regulated by interactions with laminin through the 131-subunit (Streuli et
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al., 1991). Talhouk et al. (1991) showed that loss of milk protein
expression during involution resulted from alterations in the ECM, due to

degradation by matrix metalloproteinases (MMP). Consequently, by
increasing the levels of tissue inhibitors of MMP during involution milk
protein expression was maintained (Taihouk et al., 1992)
Recent studies have shown that unique information is transduced by

individual ECM-integrin interactions (Stephens et al., 1995). Wittaker and
DeSimone (1993) reported that a5131 is expressed at high levels in early

Xenopus and chicken embryos and may play an important role in
embryogenesis and differentiation. Yang et al. (1993) observed that in
mouse embryos a null mutation of a5 is a recessive embryonic lethal. The
ci5-null embryos display severe extraembryonic mesodermal defects.

However, the a5-null embryos developed further than null-fibronectin
embryos. Because a5131, which is a known fibronectin receptor, is not

present in the embryos the data suggests that there is involvement of other
fibronectin receptors to allow for further development compared to the null-

fibronectin embryos. In mice, cellular outgrowths from i-nulI blastocysts
and inner cell masses (1CM) isolated from 13i-null blastocysts on

fibronectin, vitronectin and laminin were highly retarded (Stephens et al.,
1995). These data suggest that 13i integrins are required for normal
morphogenesis and cell survival of the 1CM. Testaz et al. (1999)
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demonstrated that antibodies to the 13i integrin impair neural crest cell

adhesion to fibronectin and laminin-1 in mouse and quail embryos.

Protease Involvement in Remodeling the Extracellular Matrix
Matrix metalloproteinases (MMP5) and the plasminogen
activator(PA)-plasmin system are the two extracellular proteinase families
involved in early embryonic development.
Matrix Metalloproteinases

The breakdown of the ECM is essential for embryonic development,

morphogenesis, reproduction and tissue resorption and remodeling. Matrix
metalloproteinases (MMP) and tissue inhibitors of metalloproteinases
(TIMP) are thought to play a key role in these processes and are produced

by many cell types throughout embryogenesis. MMP are a family of more

than 20 related zinc-metalloproteinases (Curry and Osteen, 2001). All
MMP are synthesized as pre-pro-enzymes and, in most cells, secreted as

inactive pro-MMP (Nagase and Woessner, 1999). The proenzymes
consist of an N-terminal propeptide domain of approximately 80 amino
acids followed by a catalytic domain of about 170 residues that contains

the zinc-binding motif (Dong et al., 2002). Most MMP have a C-terminal
hemopexin-like domain, which has properties similar to vitronectin and the

heme-binding protein (Matrisian, 1992). This hemopexin-like domain may
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determine the substrate specificity of MMP or play a functional role in the

interaction with TIMP (Massova et al., 1998). In addition, some MMP have
a fibronectin type Il-like and/or a collagen domain that may be involved in

substrate binding (Matrisian, 1992). Enzymes that are members of the
MMP family must degrade at least one component of the ECM, contain a

zinc ion and be inhibited by chelating agents, secreted in zymogen form

and activated for proteolytic activity. Enzymes must also be inhibited by
specific TIMP. MMP are assigned into four broad classes: 1)
collagenases, 2) gelatinases, 3) stromelysins and 4) membrane-type MMP
(MT). Interstitial collagenases are comprised of MMP-1, MMP-8 and MMP13. MMP-1 (52 kD) degrades collagens type I, II, III, VII and X (Woessner,
1991; Dong et al., 2002), whereas MMP-8 (53 kD) and MMP-13 (53.8 kD)
are specific for type I, II, and III collagens. MMP-2 (72 kD) and MMP-9 (92

kD) are classified as gelatinases, because their substrates include gelatins,

collagen IV and V and elastin. Stromelysins include MMP-3 (stromelysin 1;
53.9 kD), MMP-7 (matrilysin; 29.6 kD), MMP-10 (stromelysin 2; 54.1 kD),
MMP-1 I (stromelysin 3; 54.5 kD) and MMP-12 (metalloelatase; 54.0 kD).
Stomelysins have a broad substrate specificity and can degrade ECM

proteoglycans, laminin, fibronectin, gelatin and the globular portion of
basement membrane collagens. Membrane-type 2, 3, 5 and 6 MMP play a
role in activation of proMMP-2 in addition to ECM proteolysis (Dong et al.,
2002).
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MMP are regulated at three levels: gene transcription, activation of

the latent enzyme and inhibition of the active enzyme. MMP-secreting
cells receive regulatory signals that can either induce or down-regulate

gene transcription. The effectors include growth factors, cytokines,
physical stress and oncogenic cellular transformation, while suppressive
factors include transforming growth factor 13, retinoic acid and

glucocorticoids (Nagase and Woessner, 1999).
Most MMP are secreted from the cell as inactive zymogens.

Secreted proMMP are activated by other proteinases in vitro and by nonproteolytic agents such as SH-reactive agents and denaturants. In all
cases, activation requires the disruption of the Cys-Zn2 interaction, known

as the "cysteine switch" (Nagase, 1997). Sato et al. (1994) demonstrated

that MT-i is an activator of proMMP-2. The activation process requires
both active MT-i and TIMP-2 bound to MT-i, and this complex binds to the
hemopexin domain of proMMP-2.

Activity of MMP in the extracellular space is controlled rigorously by
inhibitors. Tissue inhibitors of MMP (TIMP) are a gene family that are

produced to regulate MMP degradation of the ECM. The family consists of
four proteins, TIMP-1, -2, -3 and -4. Inhibition of MMP action occurs
through the interaction of the N-terminal domain of TIMP with the catalytic

domain of the MMP (Curry and Osteen, 200i). TIMP-i preferentially binds
to collagenases and MMP-9, whereas TIMP-2 has a high affinity for MMP-2
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(Gomez et al., 1997). TIMP-3 is bound to the ECM and is proposed to act
as an additional stop for MMP action (Curry and Osteen, 2001). TIMP-4 is
a recent addition to the TIMP family and limited information suggests that it

has properties similar to TIMP-2. Not all TIMP action inhibits MMP
function. For example, one action of TIMP-2 is to facilitate the activation of

MMP-2. lIMP regulate MMP proteolysis and have been shown to regulate
growth as well. Evidence for this report has been shown in studies where
TIMP promote embryo growth and development (Satoh et al., 1994).
Matrix Metalloproteinases in Embryo Development
MMP are produced by many cell types throughout embryogenesis,

being first expressed during the early cleavage stages. As the ECM is
formed in the embryo, a more extensive repertoire of ECM-degrading MMP
are expressed and speculated to play a role in endodermal and
mesodermal cell migration and implantation (Behrendtsen and Werb,
1997).

Stromelysin and gelatinases are produced by the trophoblast cells

in the pen-implantation mouse embryo, suggesting a role in endodermal

differentiation and implantation (Brenner et al., 1989). Behrendtsen et al.
(1992) discovered that trophectoderm expresses gelatinase B and uses it

to degrade the ECM in culture. Gelatinase B (MMP-9) is the major MMP
secreted by embryonic carcinoma cells induced to form parietal endoderm

cells in mice (Adler et al., 1990). MMP-2 and MMP-9 were observed in
conditioned medium from porcine embryos during the period of
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endodermal cell migration (Chamberlin and Menino, 1995). The likely
substrates for MMP are fibronectin and laminin. These glycoproteins
surround the blastocoelic cavity in porcine embryos and are believed to be
the matrix upon which endodermal and mesodermal cells migrate (Richoux

etal., 1989).

Plasminogen Activators and Plasmin

Plasminogen activators (PA) are serine proteinases that convert the
pro-enzyme plasminogen into the broad spectrum serine proteinase,

plasmin. Plasmin is capable of degrading fibrin and ECM and basement
membrane protein components. Plasminogen activators exist in two forms
based on molecular weight, fibrin affinity and immunological reactivity:

tissue-type plasminogen activator (tPA) and urokinase-type plasminogen
activator (uPA). The presence of plasminogen in extracellular fluids is a
prerequisite for the action of uPA and tPA. Tissue-type plasminogen
activator has a molecular mass of 70 kD and is active in fibrinolysis and

enhanced by the presence of fibrin. Urokinase-type PA (55 kD) was first
discovered in human urine and has been associated with inflammation and

cellular migration (Dano et al., 1985; Gudewicz and Gilboa, 1987). In
addition, uPA binding to its receptor can influence cell migration either by
directly cleaving a variety ECM proteins such as fibronectin, laminin and
vitronectin or indirectly by activating MMP (Resnati et al., 1996; BIasi,
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1999). Urokinase-type plasminogen activator receptor (uPAR) is a heavily
glycosylated, 3-domain, glycosyl-phoshatidylinositol (GPI)-anchored

protein that has been shown to transduce signals to the cell interior
(Behrendt et al., 1995; Koshelnick et al., 1999). Urokinase-type PAR is
pivotal to the many functions of uPA by modulating and concentrating uPA

activity at the required sites of the cell surface. Urokinase-type PAR has
an amino-terminal domain that has a high affinity for uPA while the other

two domains bind vitronectin (Hapke et al., 2001). In a recent study by Li
et al. (2001), uPA auto-up-regulates its own expression via the uPAR.

The extent of plasminogen activation and plasmin action are
controlled by different serine protease inhibitors: plasminogen activator

inhibitor-I (PAl-i) and a2-plasmin inhibitor (Wiman and Hamsten, 1990).
Plasminogen activator inhibitor-I must be bound and stabilized to the

extracellular matrix in order to maintain its activity. Vitronectin is the major

binding component for PAl-i. Investigations have shown that PAl-I
affects cell migration by competing with uPAR and the aI33 integrin site of

vitronectin (Stefansson and Lawrence, 1996). By interfering with cell

adhesion to vitronectin, PAl-I represses integrin-mediated cell migration on
vitronectin, suggesting an inhibitory role in angiogenesis. However, lsogai
et al. (2001) found that PAl-I acts as a positive switch for angiogenesis by
promoting endothelial cell migration away from the vitronectin perivascular
space to fibronectin-rich tissues.
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Plasminogen Activators in Embryo Development

Embryonic production of PA has been identified in a variety of
species including mice (Strickland and Reich, 1976), swine (Mullins, 1980),

cattle (Menino and Williams, 1987) and sheep (Menino et al., 1989). In
embryos, PA activity has been detected in trophoblast giant cells and

endodermal cells. Plasminogen activator is expressed in a phase specific
manner in association with hatching, endodermal cell migration,
implantation and mesodermal cell migration during embryo development.
In mouse embryos, PA expression is correlated with parietal endodermal
cell migration and trophoblastic penetration into the endometrium

(Strickland and Reich, 1976). Menino and Williams (1987) found that
bovine embryos expressed PA during the period of blastocoel expansion

and hatching. In sheep, PA production increases during development from
the morula to blastocyst stages and remains elevated throughout

blastocoel expansion and hatching (Menino et al., 1989). In embryonic
developmental processes were PA has been observed, uPA was the
prominent of the two serine proteases. Day 12-14 bovine embryos treated
with anti-uPA antibodies lose PA activity whereas treatment with anti-tPA
antibodies had no effect, suggesting that embryos produce only uPA during
this period (Berg and Menino, 1992).
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CHAPTER 3

EXPRESSION OF EXTRACELLULAR MATRIX PROTEINS
DURING BLASTULATION IN BOVINE EMBRYOS
Abstract
Expression of the extracellular matrix (ECM) proteins fibronectin, laminin
and vitronectin was evaluated by immunofluorescent staining in Day 6-10
(Day 0 = onset of estrus)

in vivo-

and Day 7-10 in vitro-developing

embryos. Day 6-10 bovine embryos were collected non-surgically and
cultured for either 2

(in vivo)

or 24 h

(in

vitro) before fixation with 4%

paraformaldehyde and processing for immunofluorescence. Embryos were
exposed overnight to primary antibodies against fibronectin, laminin or

vitronectin. Embryos were washed, exposed to goat anti-rabbit lgG FITCconjugated secondary antibody for 2 h, observed for visible staining,

quantified for fluorescent emission and photographed. Fibronectin was
detected in all embryonic stages and no difference (P>0.10) in expression
was observed by day of development or between

in vivo-

and

in

vitro-

developing embryos. Laminin staining was moderate in all stages
observed until Day 10 where fluorescent intensity was greater (P<0.05)
compared to Day 6-9 embryos

in vivo.

Day 7 and 8 embryos

in

vitro

demonstrated more (P<0.05) laminin staining than Day 9 embryos in vitro.
Laminin staining on Day 10 was greater (P<0.01) in embryos

in vivo
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compared to embryos

in

vitro. Vitronectin was observed in all embryonic

stages evaluated. Day 6 embryos
staining than Day 8 embryos

in

in

vivo exhibited greater (P'zO.05)

vivo. Day 10

in

vivo-developing embryos

expressed more (P<0.05) vitronectin than Day 10 embryos

in

vitro.

The

results demonstrate that the ECM proteins, fibronectin, laminin and
vitronectin, are present during blastulation and endodermal cell migration in

bovine embryos. Expression of laminin and vitronectin is affected by in
vitro conditions and varies by day of development. Temporal changes in
these proteins may play a key role in initiating and maintaining endodermal
cell migration.

Introduction
The preimplantation mammalian blastocyst is organized as a knot of
inner cell mass (1CM) surrounded by a single layer of trophectoderm.

Following the emergence of these two cell types, endodermal cells
differentiate and appear on the inner face of the 1CM and migrate along the

blastocoelic side of the trophectoderm. Studies in the mouse blastocyst
suggest that cell-cell and cell-ECM interactions play an influential role in
endodermal cell differentiation (Gardner, 1983; Rosenstrauss et al., 1983).
Glycoproteins of the ECM, such as laminin and fibronectin, are proteins

characterized by covalently linked oligosaccharide chains expressed on the
outer surface of plasma membranes and play a key role in cell-matrix
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interactions. Fibronectin and laminin appear early in embryo development
and are involved in cell migration (Adams and Watt, 1993). Fibronectin is
widespread in vertebrate embryos and expressed beneath the ectoderm at
the position of potential mesodermal cell migration (Hynes 1990; George et

al., 1993). Injection of fibronectin antibodies in amphibian embryos
blocked mesodermal cell migration (Johnson et al., 1992). Laminin is also
detected on the cell surface of migrating cells and is known to influence

migration and attachment (Mecham, 1991; Zagris, 2001). Thorsteinsdottir
(1992) observed a peak of fibronectin expression in mouse blastocysts

prior to expression of significant amounts of laminin. Richoux et al. (1989)
evaluated the distribution of fibronectin and laminin in Day 5 to 15 porcine

embryos. Richoux et al. (1989) proposed that fibronectin was used by
endodermal and mesodermal cells to migrate and laminin was secreted
when migration was complete to stabilize cell-matrix interactions. Haun and
Menino (2002) observed that fibronectin and, to a lesser extent, laminin,

supported cellular outgrowth from the bovine 1CM. Little is known about

the factors affecting bovine endodermal cell outgrowth. The focus of this
research was to characterize the temporal expression of fibronectin,
laminin and vitronectin in bovine embryos during Day 6-10
7-10 in vitro.

in

vivo and Day
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Materials and Methods:
Embryo Collection:

Twenty-one cross-bred cows were estrous synchronized with two 25
mg i.m. injections of prostaglandin F-2a (Lutalyse; Pharmacia & Upjohn,
Kalamazoo, Ml) eleven days apart and a third 12.5 mg i.m. injection 12 h

after the second injection. Cows were superovulated with 24 (twice daily
injections of 5, 4, 2 and I mg on Days 9, 10, 11 and 12, respectively) or 36

(twice daily injections of 6,5,4 and 3mg on Days 9, 10, 11 and 12,
respectively) mg of porcine follicle-stimulating hormone (pFSH; Sioux
Biochemical, Sioux City, IA) and heat checked twice daily starting 24 h
after the second Lutalyse injection. Donor cows were artificially

inseminated at 0, 12, and 24 h after onset of estrus. A I 00-pg injection of
GnRH (Sigma, St. Louis, MO) was administered at onset of estrus or at the

first insemination. Embryos were collected non-surgically on Days 6, 7, 8,
9 and 10 (Day 0 = onset of estrus) by flushing the uterus with Dulbecco's
phosphate buffered saline (DPBS) containing 2 mi/L heat-treated cow
serum and 10 mi/L antibiotic-antimycotic solution (Sigma, St. Louis, MO).
Embryos were recovered from the flush by aspiration from search dishes,

washed three times in microdrops of Ham's F-12 with 1.5% BSA (HF-12
with BSA; Sigma, St. Louis, MO) under light mineral oil (Fisher Scientific,

Tustin, CA) and evaluated for morphology. In vivo embryos were cultured
for 2 h in a humidified atmosphere of 5% CO2 in air at 39°C before fixation
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and immunofluorescence. For in vitro-developing embryos, Days 6-9
embryos were cultured for 24 h before fixation and immunofluorescence.

Experimental Procedures:

Embryos were removed from culture, washed three times in DPBS
supplemented with 0.5% BSA and fixed in 4% paraformaldehyde in DPBS

for 2 h at room temperature. Fixed embryos were washed three times in
DPBS with 0.5% BSA and permeabilized with 0.05% Non idet P40 (Sigma,
St. Louis, MO) in DPBS for 30 mm at room temperature. After three

washes in DPBS with 0.5% BSA, embryos were randomly assigned to a
control (0.5% BSA in DPBS) or primary antibody treatment: rabbit anti-

human fibronectin (Sigma, St. Louis, MO; 1:200 in 0.5% BSA in DPBS),
rabbit anti-mouse laminin (Sigma, St. Louis, MO; 1:25 in 0.5% BSA in
DPBS) or rabbit anti-human vitronectin (Calbiochem, La Jolla, CA; 1:100 in
0.5% BSA in DPBS). Embryos were incubated in the dark overnight in 15-

p1 drops of primary antibody under light mineral oil (Fisher Scientific,

Tustin, CA) in 3OxlOmm culture dishes (Becton Dickinson Labware,

Franklin Lakes, NJ) at room temperature. Following incubation, embryos
were washed three times in 0.5% BSA in DPBS, moved tol 5-p1 drops of

secondary antibody, goat anti-rabbit lgG-FITC conjugate (Sigma, St. Louis,
MO), for 2 h at room temperature in the dark and washed three final times.

Control embryos were incubated in the dark overnight in I 5-pl drops of
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DPBS with 0.5% BSA and then moved to the secondary antibody for 2 h at
room temperature and then washed three final times. Embryos were

observed for immunofluorescence using a Leitz inverted stage, phase
contrast microscope equipped for epifluorescence and photographed.
Intensity of fluorescent emission for each embryo was quantified with a
Leitz MPV compact microscope photometer.

Statistical Analysis

Because changes in ECM proteins were evaluated over 5 and 4
days of development for

in vivo-

and

in

vitro-developing embryos,

respectively, a separate analysis was initially conducted for the

in vivo-

developing embryos. The effects of day of collection on fluorescence
intensity for a given ECM protein in Day 6-10 embryos developing

in vivo

were analyzed by one-way ANOVA. Differences due to developmental
conditions, in vivo or in vitro, and day of development on fluorescence
intensity for a given ECM protein for Days 7-10 embryos were analyzed

using two-way ANOVA. For both analysis, differences between means
were determined using Fisher's lsd procedures. All analyses were
performed using the NCSS statistical software program (Number Cruncher
Statistical System; 2000, Jerry Hintze, Kaysville, UT).
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Results
Expression of the ECM proteins fibronectin, laminin and vitronectin

was evaluated by immunofluorescent staining in in vivo and in vitrodeveloping Day 6-10 and Day 7-10 bovine embryos, respectively.
Fibronectin (Figure 3-1) was observed in all stages of in vivo and in vitro

development, and there was no difference (P>0.10) in fluorescence
intensity due to day or developmental conditions (Figure 3-2). Distribution

of fibronectin was observed primarily in the trophectoderm with little
staining in the 1CM. Laminin expression (Figure 3-3) was present in all

stages evaluated with Day 10 embryos in vivo demonstrating more intense

staining (P<0.05) than Day 6-9 embryos in vivo (Figure 3-4). Day 9
embryos in vitro demonstrated less (P<0.05) staining than Day 7 and 8

embryos in vitro. Day 10 embryos in vivo exhibited more staining (P<0.05)
than Day 10 embryos in vitro. Vitronectin (Figure 3-5) was also present in
all stages of embryos observed. Day 6 embryos in vivo exhibited greater
(P<0.05) fluorescence than Day 8 embryos in vivo. No differences
(P>0.10) in vitronectin expression were observed among in vitro-

developing embryos, however Day 10 embryos in vivo expressed more
(P<0.05) vitronectin than Day 10 in vitro embryos (Figure 3-6).
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Figure 3-2. Fibronectin expression in Day 6-10
bovine embryos.
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Figure 3-4. Laminin expression in Day 6-10
bovine embryos.

in vivo

and Day 7-10

in vitro

5.0
in vitro/in vivo

D

ci)

0

in vitro

in vivo

ci)

0

C,)

ci)

0

3.0

'4-

ci)

>

2.0

Fs

1.0

6

7

8

9

10

Day

Means without similar letters for in vivo developing embryos are different
(P<0.05).
c,d
Means without similar letters for in vitro developing embryos are different
(P<0.05).
*
Different from corresponding in vivo developing embryos (P<0.05).
a,b

44

Figure 3-6. Vitronectin expression in Day 6-10 in vivo and Day 7-10 in
bovine embryos.
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Discussion
The aim of this research was to evaluate the expression of the ECM

glycoproteins, fibronectin, laminin and vitronectin, during blastulation and

endodermal cell migration in the bovine embryo. Endodermal cells
differentiate in the bovine 1CM on Day 8 and migrate beneath the

trophectoderm to form a continuous layer of extraembryonic endoderm by
Day 10 (Betteridge and Flechon, 1988). Immunofluorescent staining
demonstrated that fibronectin was present in the early blastocyst as early

as Day 6 in vivo. In mouse embryos, fibronectins appear in the early
blastocyst prior to the migration of endodermal cells along the blastocoelic
side of the trophectoderm (Waritovaara et al., 1979). Thorsteindottir (1992)
observed peak fibronectin expression in mouse blastocysts before the

expression of extracellular laminin. In porcine embryos, fibronectin
appears in the early blastocyst (Day 5) before migration of endodermal and

mesodermal cells. Fibronectins are located at the interface of the
trophectoderm and endoderm in the expanded porcine blastocyst.
Fibronectin is proposed to serve as a substrate for endodermal cell

migration (Richoux et al., 1989). Fibronectin and its receptor have been
detected by indirect immunofluorescence on the surface of bovine eightcell embryo blastomeres (Larson et al., 1992). Fibronectin expression
observed in this experiment for bovine embryos is similar to the expression
pattern in mouse and pig embryos.

Laminin expression was also observed throughout Day 6-10 of

development. A significant increase in laminin content was observed in
Day 10 embryos

in vivo

and Day 10

in

vitro-developing embryos exhibited

less laminin. This observation strongly suggests that either the culture
conditions or the absence of the uterine environment disturbed laminin

expression. In previous reports, laminin expression was not usually
observed until after fibronectin was detected. In mouse embryos
(Thorsteindottir, 1992), laminin was not detected in significant extracellular
amounts until fibronectin had been firmly established. A clear difference in
the distribution pattern of laminin and fibronectin has also been reported in

swine (Richoux et al., 1989). Specifically, fibronectin was observed at the
boundaries of cells while laminin was seen in patches under the center of

cells. Richoux et al. (1989) also reported that laminin appeared after
fibronectin was detected in the porcine blastocyst. In swine blastocysts,
intracellular laminin was detected on Day 8 and extracellular laminin on

Day 10, when the layer of extraembryonic endoderm was established. The
results of the present experiment suggest that bovine endodermal cells
migrate on the fibronectin matrix lining the blastocoelic side of the

trophectoderm and then synthesize laminin on Day 10, when the
endodermal cells have completely lined the blastocoel. Laminin deposition
is proposed to stabilize cell-matrix interactions.

Vitronectin, a glycoprotein very similar to fibronectin, was also

observed during all days of in vivo-and
expression in Day 10 embryos

in vivo

in

vitro-development. Vitronectin

was more intense than Day 10

embryos in vitro. Production of vitronectin occurs in early human
embryonic cells and is needed for the growth of these cells (Cooper and

Pera, 1988). Vitronectin appears to be a very diverse ECM protein, in that
it can interact with many ligands in addition to plasminogen activator

inhibitor-i (PAl-I; Minor and Peterson, 2002). Plasminogen activator
inhibitor-I is an inhibitor to urokinase-type plasminogen activator (uPA) and
tissue-type plasminogen activator (tPA) and plays a role in cell adhesion

and migration. Both uPA and PAl-i are produced by early bovine embryos
(Dyk and Menino, 1991). Even though little is known about the role of
vitronectin in the bovine embryo, expression during endodermal cell

migration suggests that this matrix is available to support migration of
these cells.

The present study demonstrated that the ECM proteins fibronectin,
laminin and vitronectin are present at specific times during endodermal cell

migration in the bovine embryo. Fibronectin and vitronectin expression
may be involved in supporting endodermal cell migration along the inner

face of the trophectoderm. Laminin expression intensifies at Day 10, upon
completion of endodermal cell migration, presumably to stabilize cell-cell
and cell-matrix interactions.
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CHAPTER 4

FACTORS AFFECTING BOVINE ENDODERMAL CELL
MIGRATION IN VITRO
Abstract
Effects of extraceHular matrix-type and inhibitors of integrin binding
on bovine endodermal cell outgrowth from the inner cell mass (1CM) in vitro

were determined. Day 7 (Day 0 = onset of estrus) bovine embryos were
collected non-surgically and cultured for 24 h to the expanded blastocyst
stage and 1CM were isolated by immunosurgery. In the first experiment,
1CM were cultured on matrices of fibronectin for 96 h in medium containing

0 (Control), 0.5 mg/mI or 1.0 mg/mI RGD and/or EILDV peptides. At 24-h
intervals, 1CM were photographed and the number of cells leaving the 1CM

were counted. Areas of cellular outgrowth were calculated from the
photographed images. Compared to Controls, addition of 0.5 mg/mI RGD,
EILDV, or RGD and EILDV reduced the (P<0.05) areas of cellular

outgrowth from the 1CM on fibronectin at 72 and 96 h of culture. Number
of cells in outgrowths was greater (P'zO.05) in Control 1CM compared to 0.5

mg/mI RGD, EILDV, or RGD and EILDV at 72 and 96 h of culture. These
effects were eliminated (P>0.10) when the inhibitor concentration was
increased to 1.0 mg/mI. In the second experiment, 1CM were cultured on
matrices of vitronectin in medium containing 0, 0.5 or 1.0 mg/mi RGD.

51

Addition of 0.5 or 1.0 mg/mI RGD did not reduce (P>0. 10) the areas of
cellular outgrowths from the 1CM on vitronectin and had no effect (P>0.10)

on numbers of cells in the outgrowths. These data suggest that
endodermal cells must use either integrins which recognize alternative
binding sites in fibronectin and vitronectin or an alternative cellular
adhesion system during outgrowth from the 1CM.

Introduction
The early mammalian blastocyst is organized as a single-celled
layer of trophectoderm surrounding a knot of inner cell mass and a fluid

filled cavity called the blastocoel. In bovine embryos, blastocyst formation
occurs on Day 6 (Day 0 = onset of estrus) and on Day 8, primitive
endodermal cells differentiate and migrate away from the 1CM and

completely surround the blastocoelic side of the trophectoderm by Day 10

(Betteridge and Flechon, 1988). Richoux et al. (1989) proposed that
endodermal and mesodermal cell migration in porcine embryos was
supported by fibronectin, and laminin was secreted when migration was
complete to stabilize cell-matrix interaction.

Cell-matrix interactions are mediated by integrins. Integrins are a
large family of heterodimeric cell-surface receptors that are capable of
binding to a wide variety of ECM components (Bowen et al., 2000). The
fibronectin tripeptide sequence, Arg-Gly-Asp (RGD), functions as a
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receptor for several integrins and serves as a cell adhesion inhibitor
(Hynes, 1992). The Glu-lle-Leu-Asp-VaI (EILDV) sequence, also found in
fibronectin, is recognized by the a4131 integrin. Vitronectin, another ECM

protein, also contains the RGD sequence which is recognized by the

v135

integrin (Hynes, 1992). George et al. (1993) demonstrated that fibronectin

null mutant mouse embryos were embryonic lethals. Injection of RGDcontaining peptides inhibited neural crest cell migration in avian embryos

and gastrulation in amphibian embryos (Boucaut et al., 1984). Haun and
Menino (2002a) demonstrated that the ECM proteins, fibronectin and, to a
lesser extent, laminin, supported migration of endodermal cells from

isolated bovine 1CM. Little is known about the mechanisms in the early
bovine embryo that trigger endodermal cell differentiation and migration,
and how these cells reach their proper destinations in the developing

embryo. Therefore, the objective of this research was to evaluate the
effects of integrin inhibitors on migration and outgrowth of bovine
endodermal cells on matricies of fibronectin and vitronectin.

Materials and Methods:
Embryo Collection:

Fifty-two cross-bred cows were estrous synchronized with two 25
mg injections i.m. of prostaglandin F-2a (Lutalyse; Pharmacia & Upjohn,

Kalamazoo, Ml) injections eleven days apart with an additional 12.5mg

h%1

injection 12 h after the second 25mg injection. Cows were superovulated

with 24 (twice daily injections of 5,4,2 and 1 mg on Days 9, 10, 11 and 12,
respectively) or 36 (twice daily injections of 6, 5, 4 and 3 mg on Days 9, 10,
11 and 12, respectively) mg of porcine follicle-stimulating hormone (pFSH;
Sioux Biochemical, Sioux City, IA) and heat checked twice daily starting 24
h after the second Lutalyse injection.

Donor cows were artificially

inseminated at 0, 12, and 24 h after onset of estrus. A 100 pg injection of
gonadotropin releasing hormone (GnRH; Sigma, St. Louis, MO) was

administered at onset of estrus or at the first insemination. Embryos were
collected non-surgically on Day 7 (Day 0= onset of estrus) by flushing the
uterus with Dulbecco's phosphate buffered saline (DPBS) containing 2 mi/L
heat-treated cow serum and 10 mi/L antibiotic-antimycotic solution

(Sigma). Embryos were recovered from the flush by aspiration from the
search dish, washed three times in microdrops of Ham's F-12 with 1.5%
BSA (Ham's F-12 with BSA) under light mineral oil (Fisher Scientific,

Tustin, CA), and evaluated for morphology. Embryos were cultured for 24
h to the expanded blastocyst stage in Ham's F-12 (Sigma) supplemented

with 1.5% BSA (Sigma) and incubated at 39°C in a humidified atmosphere
of 5% CO2 in air.
1CM Isolation:

Expanded blastocysts were transferred to I % pronase for 5-7 mm to

dissolve the zona pellucida. Once the zona pellucida had dissolved,
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embryos were removed immediately and washed in culture drops of HF-12

with 1.5% BSA. 1CM were immunosurgically isolated from the expanded
blastocysts using the procedures described by Haun and Menino (2002).
Embryos were incubated in microdrops of 25% anti-bovine serum (ABS;
Sigma) in HF-12 for 80 mm, washed three times in HF-12 + 1.5 % BSA,
incubated in 25% guinea pig complement (GPC; ION ImmunoBiochemical,
Lisle, IL) for 80 mm and washed three times in HF-12 + 1.5% BSA.
Trophectodermal cells were removed from the 1CM by repeated pipetting

through silconized micropipettes.
Experimental Procedures:
1CM were cultured on fibronectin or vitronectin-coated plastic 60 x

15 mm plastic tissue culture dishes (Becton Dickinson Labware, Franklin
Lakes, NJ) and placed in 1 5-p1 microdrops of culture medium under light

mineral oil. Culture plates were prepared by plating 15-pI drops of 10
pg/mI fibronectin or vitronectin in sterile DPBS under light mineral oil.

Plates were incubated overnight at 39° C in a 5% 002 in air atmosphere.
Fibronectin and vitronectin solutions were removed from the microdrops
and the matrix was washed three times with HF-12 + 1.5% BSA.

Experiment 1.

In the first experiment, 1CM were cultured on matrices of fibronectin

for 96 h in HF-I 2 + 1.5% BSA containing 0 (Control), 0.5 or 1.0 mg/mI Arg-
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GIy-Asp peptide (RGD; Sigma), 0.5 mg/mI or 1.0 mg/mI GIu-lIe-Leu-AspVal peptide (EILDV; Peninsula Labs, Belmont, CA), or 0.5 and 1.0 mg/mI
combinations of the RGD and EILDV peptides.
Experiment 2.

In the second experiment, 1CM were cultured on matrices of

vitronectin for 96 h in HF-i 2 + 1.5% BSA containing 0, 0.5 or 1.0 mg/mI

RGD. For both experiments, 1CM were observed at 24-h intervals for
attachment and cellular outgrowth and photographed using a Kodak DC

120 Zoom digital camera on a Leitz inverted stage microscope. Cells
migrating away from the 1CM were counted and the area of the cellular

outgrowth was determined by tracing the photographic image with a
compensating polar planimeter (LAS ICO, Los Angeles, CA).
Confirmation of cell numbers.

Confirmation of cell numbers at 96 h was determined by staining

with bis-benzimide (Hoechst dye; Sigma). Treatment medium was
removed and the matrix was washed gently three times with DPBS.
Hoechst dye was placed over the matrix and allowed to incubate for 1

hour. Matricies were washed three times with DPBS, examined by
fluorescence microscopy and stained cells were counted to confirm cell
number counts at 96 h.
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Laminin Detection.

Following Hoechst staining, cell outgrowths were evaluated for
laminin. Cells in outgrowths were fixed with 4% paraformaldehyde for 2 h
at room temperature, washed three times with 0.5% BSA in DPBS and

permeabilized with 0.05% Nonidet P40 (Sigma, St. Louis, MO) in DPBS for
30 minutes at room temperature. The outgrowths were washed, incubated
overnight at room temperature with rabbit anti-mouse laminin primary
antibody (Sigma, St. Louis, MO; 1:25 ratio with 0.5% BSA in DPBS),

washed again and then incubated in the dark for 2 h with secondary

antibody, goat anti-rabbit lgc-FITC conjugate (Sigma, St. Louis, MO),
washed a final three times and observed with a Leitz inverted stage, phase
contrast microscope equipped for epifluorescence and photographed.

Statistical Analysis.
Differences in 1CM and outgrowth areas and number of cells in the

outgrowths for a specific ECM protein were analyzed by repeated

measures of ANOVA where concentration of inhibitor and day of

development were the main effects. Differences in cell numbers at 96 h
due to inhibitor concentration for either fibronection or vitronectin were

analyzed by one-way ANOVA. Differences between means were
evaluated using Fisher's lsd procedures. All analyses were performed
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using the NCSS statistical software program (Number Cruncher Statistical
System; 2000, Jerry Hintze, Kaysviile, UT).

Results
Experiment 1.

1CM isolated from cultured expanded blastocysts were observed for

outgrowth on matrices of fibronectin in medium containing 0, 0.5 or 1.0
mg/mi RGD and/or EILDV. A representative sequence of cellular outgrowth
from the bovine 1CM is depicted in Figure 4-1. Number of cells in
outgrowths and area of outgrowths on fibronectin (Table 4-1) for 1CM
cultured in 0 or 0.5 mg/mI RGD and/or EILDV increased (P.czO.05) over time

in culture. Cell numbers in the outgrowths at 24 h were less (P<0.05) than
at 48, 72 and 96 h, and at 48 h were less (P<0.05) than at 72 and 96 h.

Outgrowth areas at 0 h were less (P<0.05) than 24, 48, 72 and 96 h, and at

24 h were less (P<0.05) than 48, 72 and 96 h. There was a significant
Treatment x Time interaction in 1CM cultured in medium containing 0.5

mg/mi peptide (Figure 4-2). Compared to the Control, numbers of cells in
outgrowths on fibronectin in medium with 0.5 mg/mI RGD, EILDV or RGD
and EILDV were fewer (P<0.05) at 72 and 96 h. At 96 h of culture, 1CM in
medium with RGD had fewer (P<0.05) cells compared to EILDV and

RGD/EILDV treatments. Compared to the Control, outgrowth areas from
1CM treated with 0.5 mg/mI RGD, EILDV or RGD and EILDV were smaller

(P<0.05) at 72 and 96 h of culture and the outgrowth area for 1CM cultured

in EILDV was greater (P<0.05) than in RGD/EILDV (Figure 4-3).

Cells in the outgrowth were confirmed to be endodermal cells by

staining for laminin, a known endodermal cell marker. All (20/20; 100%)
1CM and outgrowths (20/20; 100%) exposed to anti-laminin antibody

stained positively for laminin (Figure 4-4).

The effect of the inhibitor on cell numbers and outgrowth areas was
eliminated when the inhibitor concentration was increased to 1 .0 mg/mI.

Cell numbers (Figure 4-5) and outgrowth areas (Figure 4-6) on fibronectin
for 1CM cultured in 1.0 mg/mI RGD, EILDV or RGD and EILDV did not

differ (P>0.10) compared to the Control. Cell numbers in the outgrowths
increased (P<0.05) over time in culture, where cell numbers at 0 < 24 <48,
72 and 96 h. Similarly, outgrowth areas increased (P<0.05) where areas

atO <24<48<72 and 96 h of culture.
Experiment 2.

Number of cells in outgrowths and area of outgrowths on vitronectin
(Table 4-2) in 0, 0.5 and 1.0 mg/mI RGD increased (P<0.05) over time in
culture. Cell numbers for 1CM cultured in 0 and 0.5 mg/mI RGD at 24 h

were less (P<0.05) than 48, 72 and 96 h, and area outgrowths at 0 h were
less (P<0.05) than 72 and 96 h of culture. Neither area outgrowths from
the 1CM (Figure 4-7 and 4-8, respectively) nor cell numbers in the
outgrowths (Figure 4-9 and 4-10, respectively) were reduced (P>0.10) on
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vitronectin with the addition of 0.5 or 1.0 mg/mI RGD. At 1.0 mg/mI RGD,
cell numbers in the outgrowth increased (P<0.05) over time in culture

where cell numbers at 24 were less than (P<0.05) 48, 72 and 96 h and
outgrowth areas were less (P<0.05) at 0 and 24 versus 72 and 96 and 48
versus 96 h.

Table 4-1. Main effects means for outgrowth areas (pm x 1 0) and
numbers of cells in outgrowths for bovine 1CM cultured on fibronectin in
medium containing 0 (control), 0.5 or 1.0 mg/mI RGD, EILDV or RGD and
EILDV.

Outgrowth Area
Main Effect
Fibronectin (0.5 mg/mI)
Control
EILDV
RGD
RGD/EILDV

Mean

SE

49.18a
31.55a

7.17
6.75
6.75
7.08

3457a
28.62a

Number of cells
SE
Mean
70.6a

457ab

433b
47.5

9.1

8.8
9.0
9.4

TIME
0

24
48
72
96

Fibronectin (1.0 mg/mI)
Control
EILDV
RGD
RGD/EILDV

5.84 a
16.81

b

38.37c

5818d
6069d

45.69a
27.87a
31.78a

4599a

3.68
3.68
3.68
3.68
3.85

8.63
8.95
9.06
8.95

29.2 a

509b
65.6c
61.5c

66.4a
51.2a
55.4
84.1

a

34.1

a

3.2
3.2
3.2
3.2

11.8
11.8
13.2
13.2

TIME
0

24
48
72
96

a,b,c,d

5.11

19.05b
41.63

5814d
6523d

4.21
4.21
4.21
4.21
4.21

646b
793C
79.1

4.5

C

Means within a main effect without similar superscripts are different
(P<0.05).
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Figure 4-2. Numbers of cells in outgrowths from bovine 1CM cultured on
fibronectin in medium containing 0 (Control) or 0.5 mg/mI EILDV, RGD or
RGD/EILDV.
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Means without similar letters within a time interval are different
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Figure 4-3. Outgrowth areas from bovine 1CM cultured on fibronectin in
medium containing 0 (Control) or 0.5 mg/mI EILDV, RGD or RGD/EILDV.
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Figure 4-5. Numbers of cells in outgrowths from bovine 1CM cultured on
fibronectin in medium containing 0 (Control) or 1.0 mg/mi EILDV, RGD or
RGD/EILDV.
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Figure 4-6. Outgrowth areas from bovine 1CM cultured on fibronectin in
medium containing 0 (Control) or 1.0 mg/mI EILDV, RGD or RGD/EILDV.
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Table 4-2. Main effects means for outgrowth areas (pm x 1 O) and
numbers of cells in outgrowths for bovine 1CM cultured on vitronectin in
medium containing 0 (Control), 0.5 or 1.0 mg/mI RGD.

Outgrowth Area
Main Effect

Mean

Vitronectin (0.5 mg/mI)
Control

345a

RGD

TIME
0

24
48
72
96

Vitronectin (1 .0 mg/mI)
Control
RGD

41.3a

47a
77a
25.8a

529b
98.6c

457a
40.7a

SE

8.7
9.2

Number of cells
SE
Mean
78.5 a
69.7a

13.2
13.4

24.6a

7.0
7.0
7.0

75
7.5
7.5
7.8

15.0
15.5

797b
928b
994b

70.3a

574a

20.6
20.6

34.la
646b

4.5

793C

45

TIME
0

7.0

24
48
72
96

8.3a

a,b,c

407ab

512b
108.8

12.5
14.0
12.5
13.0
14.0

79.1

C

Means within a main effect without similar superscripts are different
(P<0.05).

Figure 4-7. Numbers of cells in outgrowths from bovine 1CM cultured on
vitronectin in medium containing 0 or 0.5 mg/mI RGD.
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Figure 4-8. Outgrowth areas from bovine 1CM cultured on vitronectin in
medium containing 0 or 0.5 mg/mI RGD.
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Figure 4-9. Numbers of cells in outgrowths from bovine 1CM cultured on
vitronectin in medium containing 0 or 1.0 mg/mI RGD.
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Figure 4-10. Outgrowth areas from bovine 1CM cultured on vitronectin in
medium containing 0 or 1.0 mg/mI RGD.
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Discussion
Fibronectin and vitronectin supported the migration and outgrowth of
bovine endodermal cells from the 1CM. Fibronectin has been detected in
mouse, rat, swine and bovine embryos (Thorsteinsdottir, 1992; Carnegie,

1991; Richoux et al., 1989; Larson et al., 1992). Fibronectin is proposed to
support endodermal cell migration during embryonic development in these

species. Vitronectin is a glycoprotein somewhat similar to fibronectin that
is also involved in cellular migration (Gladson et al, 2000). Little is known
about the involvement of vitronectin in embryos and endodermal cell
migration. Vitronectin is a functionally diverse protein, in that it can interact

with many ligands as well as PAl-I and often cellular receptors (Minor and
Peterson, 2002).

Endodermal cell migration was observed in the presence of 0.5 or I
mg/mi RGD and/or EILDV peptides. Since both RGD and EILDV are
sequences found in fibronectin and, RGD is found in vitronectin, outgrowth
should be inhibited if endodermal cells only use integrins that recognize the
RGD or EILDV sequence. The a5131 integrin is the main cell surface
receptor for fibronectin and recognizes the RGD sequence. The cx431

integrin is also a receptor for fibronectin, but recognizes the EILDV
sequence (Bowen and Hunt, 2000). The most versatile integrin is the ciVI33

integrin capable of binding to vitronectin as well as fibronectin and a few

other ECM proteins (Illera et al., 2000). This study showed that there was
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an inhibitory effect on bovine endodermal cell migration and outgrowth on

fibronectin with 0.5 mg/mI of either RGD or EILDV. This suggests that
RGD is binding to fibronectin receptors and reducing cellular migration and

outgrowth from the 1CM. However, migration was not completely

eliminated and cell numbers in outgrowths were reduced approximately by
a factor of 0.5. This observation suggests that bovine endodermal cells are
using an alternative system to migrate. When the inhibitor dose was
increased to 1.0 mg/mI this partial inhibitory effect was eliminated.
Because there was no observed decrease in attachment on fibronectin with
RGD and EILDV peptides at this higher concentration several possibilities
exist to explain these events. It is possible that more fibronectin receptors

were upregulated to allow for migration, or endodermal cells can either
bind fibronectin through another integrin which recognizes an alternative

sequence or use an entirely different cell adhesion system. Haun and
Menino (2002b) observed a similar phenomenon in porcine endodermal
cells where migration was not inhibited on fibronectin in 0.5 mg/mI RGD,
suggesting that porcine endodermal cells did not exclusively use the RGD
sequence.

Bovine 1CM cultured on vitronectin in the presence of 0.5 or 1.0

mg/mi RGD developed similarly to 1CM cultured in control medium. Bovine

endodermal cells can migrate on vitronectin without requiring an RGDrecognizing integrin. It is very likely that migration of these cells may be
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through urokinase-type plasminogen activator (uPA) and its receptor, uPA
receptor (uPAR), binding to vitronectin. The uPA/u PAR system has been
involved in processes such as embryogenesis, tumor cell invasion and

metastasis (Vassaili et at., 1991). The up-regulated expression of uPA
and/or its receptor are associated with increased cellular activity.
The results of this research suggest that the ECM proteins,

fibronectin and vitronectin, support bovine endodermal cell migration. Cell
migration was impaired on fibronectin when cultured with inhibitors at 0.5
mg/mi, however this effect was obviously dose-related because RGD and
EILDV had no effect at 1.0 mg/mI. It is very likely that endodermal cells are

using an alternate pathway when perturbed with the high concentration of
inhibitors. An RGD-recognizing integrin was not necessary for endodermal

cell migration on vitronectin, hence cell migration may be through the

uPA/uPAR pathway. To gain more knowledge on the mechanisms of
bovine endodermal cell migration, future studies may be directed toward
evaluating the expression and production of uPA and uPAR and the
interaction of these proteins with the ECM during migration.
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CHAPTER 5

SUMMARY

This thesis evaluated the expression of the ECM proteins,

fibronectin, laminin and vitronectin, and the interaction between bovine
endodermal cell migration and fibronectin and vitronectin. Fibronectin and
laminin are seen in early embryo development and can play a key role in

development and cell migration (George et al., 1993). Fibronectin is found
before endodermal cell migration in rat and swine embryos (Carnegie,
1991; Richoux et al., 1989), while laminin expression is delayed until after
formation of the extraembryonic endoderm.
In the first study, expression of fibronectin, laminin and vitronectin
was observed in Day 6-10

in

vivo and Day 7-10

in

vitro-developing bovine

embryos. Fibronectin and vitronectin were expressed early in

development, whereas laminin significantly increased on Day 10. This
implies that fibronectin and vitronectin are present in the early bovine

embryo and may function to support endodermal cell migration. Laminin
would intensify after endodermal cell migration is complete to stabilize the
interaction with the trophectoderm.

In the second study, migration of endodermal cells from the bovine
1CM on fibronectin may be inhibited in a dose-dependent fashion by

78

peptides that mimic the recognition sequence in fibronectin. If endodermal
cells use an integrin that recognizes the RGD or EILDV peptide, then

cellular outgrowth in the presence of RGD or EILDV peptides should be
inhibited. However in this study only the 0.5 mg/mI dose reduced cell
numbers in outgrowths and outgrowth areas. When the peptides were
increased to 1.0 mg/mI no inhibition was observed. This could be due to
either the upregulation of more receptors to allow migration or an

alternative pathway for migration. Vitronectin supported the outgrowth of
endodermal cells and no inhibition was seen in the presence of 0.5 or 1.0

mg/mI RGD. Clearly, an alternative pathway is viable for cell migration on
vitronectin and it is possible that endodermal cells utilize the uPA/u PAR
complex to migrate on this ECM.
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