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The present thesis describes the results of quantitative experimental studies focused on
understanding the regulatory mechanism of the actin cytoskeletal structure dynamics during cell
migration. The actin cytoskeletal structure is a mechanical system whose dynamics is critical for
protrusive force generation, as well as cell-substrate interactions during cell migration; a process
fundamental to various physiological phenomena, including cancer metastasis, immune response,
and tissue and organ morphogenesis. The main body of the thesis consists of 6 chapters as
detailed below.

Chapter 1 presents a general and broad background introduction to cell motility, and outlines
both the physiological and engineering importance of the process. In addition, the chapter
introduces the major cellular components involved in cell migration, and the fundamental steps of
the process.

Chapter 2 describes the actin cytoskeleton system with focus on the mechanical aspects of the
system that govern its structure-function dynamics during cell migration. The structural features
of the system and the biochemical factors that regulate its dynamic reorganization are highlighted.
Moreover, molecular forces involved in cell migration are reviewed and correlated with network
dynamics. Furthermore, cell-substrate interactions are discussed with emphasis on the relationship
between actin network dynamics and traction force development. Finally, the molecular clutch
mechanism proposed for the coupling interactions between actin cytoskeleton and the substrate is
reviewed, and its importance for the regulation of actin network flow dynamics is discussed.

Chapter 3 focuses on the dynamic coupling between actin network flow and turnover. It
describes a unique reductionist approach of using fragments derived from fish keratocytes as
simple but elegant motility systems for the quantitative analysis of the actin network dynamics.
The chapter highlights the procedures for extracting fragments from fish keratocytes, and also for
labeling the actin network with quantum dots for fluorescence speckle microscopy (FSM). In
addition, quantitative flow maps of the actin network obtained by particle imaging velocimentry
(P1V) based on FSM images are presented. The flow maps reveal the centripetal organization of
actin network flow consisting of retrograde flow at the anterior periphery of the lamella, and
anterograde flow at the posterior region. Moreover, the flow maps demonstrate that the two flows
converge at the middle of the lamella to create a convergence zone of reduced flow intensity, and
increased network deformation. Furthermore, the results of network turnover analysis elegantly
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reveal that polymerization, which drives protrusion, is predominant in the anterior periphery
of the lamella while depolymerization, which recycles monomers, is confined to the
posterior region. Thus, it is demonstrated that network flow and turnover are dynamically
coupled.

Chapter 4 examines the mechanical significance of actin network deformation for the
reorganization of the actin cytoskeleton in the lamellipodia of fish keratocytes. A novel
approach is presented that utilizes continuum mechanics to quantitatively evaluate network
strain analysis based on actin network flow maps obtained by the procedures described in
Chapter 3. The results of this analysis highlight the existence in the lamellipodia of a
negative (compressive) strain whose direction is parallel to that of cell movement.
Moreover, the distribution of this strain is shown to be closely correlated with that of actin
network density in the lamellipodia, suggesting that tension release may stimulate network
depolymerization. Based on this finding, a model is proposed for the involvement of
negative strain in actin network depolymerization. The model suggests that by coupling
with biochemical factors such as cofilin, negative strain, which implies tension release in
the actin network, could promote selective depolymerization of actin filaments oriented in
the direction of the deformation, since such filaments experience relatively higher levels of
the strain. Thus, using the model, the observed reduction in filament density from the
leading edge toward the rear of the lamellipodia, as well as the realignment of actin
filaments in the lamellipodia of migrating fish keratocytes can be explained.

Chapter 5 investigates the role of mechanical forces generated from the interactions
between the actin network and myosin Il motors (actomyosin interactions) in modulating
actin network dynamics and deformation discussed in Chapters 3 and 4. To do this, the
actomyosin system is perturbed by treating keratocytes with calyculin to activate
actomyosin interactions, and also with blebbistatin to partially inhibit the interactions. Then,
using the techniques outlined in Chapters 3 and 4, it is demonstrated that network flow and
deformation directly depend on contractile forces generated by actomyosin contractility.
Based on these results, it is proposed that the actin cytoskeletal structure is a
spatiotemporally self-regulating mechanical system whose dynamics is modulated by the
actomyosin contractility. This is a unique and fascinating concept that is bound to have
tremendous impact on the study and modeling of cell migration. In addition, a new
mechanism for the mechanical regulation of cell migration is proposed that integrates the
different mechanochemical processes of cell migration described in Chapters 3, 4 and 5.

Chapter 6 presents the major conclusions and future prospects of the study. Here, the
future directions of mechanobiology as a new field that is expected to discern the complex
structure-function relationships undelying many biological processes are addressed.
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