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Summary of thesis contents

Physical forces are considerable regulatory factors for a broad range of cellular
processes. Studies using cultured cells have shown that cells can sense various
mechanical stresses, and that these mechanical stimuli affect cell proliferation,
differentiation, polarity, and migration. In addition to molecules, such physical forces
have recently been found to have important functions in tissue morphogenesis and
animal development. Animal development involves successive cell movements and
tissue rearrangements that transform a mass of embryonic cells into complex organ
structures. Thus, given that these dynamic events occur under the spatial constraint of
the embryo size, shape changes and movements of particular cells and tissues are
thought to generate physical forces that deform neighboring cells and tissues.
However, important questions regarding to the force-involved processes have not been
fully answered, such as 1) which tissue generates the force, 2) how much force is
generated during tissue movements, and 3) which tissue and biological events were
affected by the generated force. For better understanding of how physical forces are
involved in the regulation of early embryogenesis, an integrated analysis of tissue
movements and characterization of the force in morphogenetic events is necessary.

In this study, I investigated the involvement of the physical force in the
gastrulation process. Gastrulation is a dynamic process of tissue remodeling during
early development in various kinds of animals. Gastrulation involves complex and
dramatic cell shape changes and tissue rearrangements to form organs at the right time
and location and to establish the proper body plan. Thus, it has been thought that
those tissue remodeling involved in gastrulation could generate physical forces and
that play important roles for later morphogenesis, in addition to chemical signals. The
cell movements and signaling pathways involved in gastrulation have been extensively
studied using Xenopus laevis. In addition, relatively large Xenopus embryos are easily
handled, which is advantageous for measuring and applying physical forces making
the Xenopus gastrula as an excellent model for addressing the above questions. Here, I
focused on an actively migrating mesodermal tissue, the leading-edge mesoderm
(LEM) which shows directional migration during Xenopus gastrulation.

The LEM consists of mesendodermal cells derived from the peripheral region of
the blastocoel floor and is attached to the blastocoel roof (BCR) of the early gastrula
embryo. Firstly, the most dorsal LEM involutes and contacts to the BCR. Next, LEM
migrates collectively toward the animal pole as a cell stream on the substrate that
coats the inner surface of the BCR, and then subsequent dorsal tissues invaginate. It
has previously been shown that collective cell migration can generate and exert forces
on the trailing cells. Therefore, I presumed that the actively migrating LEM could
generate physical forces during Xenopus gastrulation, and attempted to investigate
about the magnitude and possible functions of the force which had not been



G 2)
(Separate Form 2)

characterized to date but important to understand the possible role of the force in
gastrulation.

First, I constructed an assay system that measures the physical force generated by
the anterior migration of LEM. It was previously reported that the substrate coats on
the basal side of BCR could be transferred on culture dishes, and thus I used this
method with minor modifications. On the copied BCR substrate (BCR-coating), LEM
explant isolated from early-gastrula migrated unidirectionally, which reproduced the
movement in vivo, suggesting that the assay system I established is suitable for the
force measurement of LEM migration.

Next, I directly measured the actual force generated by LEM using a micro-needle
assay. To determine the amplitude of the force generated by the migrating LEM, I
prepared thin and flexible micro-glass needle whose spring constant was
pre-determined prior to the experiments. The needle was placed in front of the
migrating LEM, and the needle was bent by the migrating LEM. As the LEM migrated
anteriorly on the BCR-coated dish, the deflection of the needle increased. Based on
the maximum deflection of the glass needle and its known spring constant, the
maximum force generated by the LEM was estimated. Through this experiment, I
estimated that the physical force generated by LEM explant (500 x 500 um; almost
equal to the size of the LEM which locates at dorsal region) was approximately 40 nN
on average. Interestingly, I also found that the tissue-generated force increased in a
tissue-size dependent manner. These results indicated that LEM indeed act as a
considerable force generator during gastrulation.

The finding that LEM has an ability to generate the force by its migration also
suggested the possibility that LEM influences the force distribution of the neighbor
tissues during gastrulation. I next focused on the axial mesoderm (AM) which is the
prospective notochord located and connected at the posterior side of the LEM. It has
been known that the AM undergoes convergent extension (CE) movement from
mid-gastrula stage, that is a key process of body axis elongation during gastrulation.
However, in early to mid gastrulation stage, the AM neither show directional
migration toward the animal pole nor cause active elongation while the LEM actively
migrates anteriorly. Therefore, there was the possibility that the LEM pulls the AM
along anterior-posterior (A-P) direction by their directional migration in early-mid
gastrula. In order to investigate that, I performed laser ablation experiments and
observed the recoils generated on the tissues after ablation because the magnitude of
such recoils become large when the tissue receives tensions. In this experiment, I
prepared two types of explants: one containing migratory LEM, and one lacking it. I
found a high deformation field in the AM with LEM, but less recoil in the cutting
edges of the AM that lacked LEM. These results demonstrated that LEM indeed exerts
pulling forces on AM and affect the force distribution of the AM along A-P direction.
I also measured the force generated in the explants in which the connections between
the LEM, AM, and ectoderm were maintained (LAE explants). The magnitude of the
LEM-generated force in the LAE explants was smaller than in the LEM-only explants,
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suggesting that the AM consumed the force while LEM migrated. Thus, I proposed
that LEM has an ability to pull the AM along the A-P direction, like train with an
engine pulls passenger cars.

The next question was that whether migrating LEM has important functions for the
morphogenesis of the Xenopus gastrula embryo. To address that, I knocked down
fibronectin (FN) in BCR to inhibit the LEM migratory activity with a non-destructive
method. I performed BCR-targeted injection of antisense Morpholino oligonucleotide
specific to FN (FN-MO). It depleted FN protein exclusively in the BCR region but not
in the dorsal mesoderm, suggesting that only the interaction between the BCR and
LEM was inhibited. Using the migration assay and laser ablation, I confirmed that
BCR-targeted injection of FN-MO could reduce migratory activity of the LEM and
removed tension on the AM in both in vivo and in vitro. In this condition,
BCR-injected embryos (BCR FN-MO) exhibited a higher frequency of gastrulation
defects and wider and shorter notochord. Detailed observations revealed that the
notochord malformation in embryos with reduced LEM motility was due to the
misorientation and aborted elongation of the AM cells, indicating the CE movement
was hampered.

These results suggested that the force generated by the directional migration of
LEM is transmitted to AM and supports its elongation in vivo. Taken these results and
findings in previous reports together, I finally proposed several interpretations that
LEM plays a considerable role in AM elongation through a force-mediated process in
addition to the Wnt/PCP pathway.

In summary, this study unveiled the magnitude of force involved in a
developmental process and proposed mechano-regulatory mechanisms of Xenopus CE
movement and notochord formation.
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