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ABSTRACT 

 

The cellular morphology of adhered cells depends crucially on the formation of a contractile meshwork of 

parallel and cross-linked stress fibers along the contacting surface. The motor activity and mini-filament 

assembly of non-muscle myosin II is an important component of cell-level cytoskeletal remodeling during 

mechanosensing. To monitor the dynamics of non-muscle myosin II, we used confocal microscopy to 

image cultured HeLa cells that stably express myosin regulatory light chain tagged with GFP (MRLC-

GFP).  MRLC-GFP was monitored in time-lapse movies at steady state and during the response of cells to 

varying concentrations of blebbistatin (which disrupts actomyosin stress fibers). Using image correlation 

spectroscopy analysis, we quantified the kinetics of disassembly and reassembly of actomyosin networks 

and compared to studies by other groups.   This analysis suggested the following processes: myosin 

minifilament assembly and disassembly; aligning and contraction; myosin filament stabilization upon 

increasing contractile tension. Numerical simulations that include those processes capture some of the main 

features observed in the experiments. This study provides a framework to help interpret how different 

cortical myosin remodeling kinetics may contribute to different cell shape and rigidity depending on 

substrate stiffness. We discuss methods to monitor myosin reorganization using non-linear imaging 

methods.  
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Chapter 1  

Introduction 

 

1.1 Introduction to the cellular cytoskeletal filaments. 

The cytoskeleton is very important to cells by regulating cell migration, proliferation, maintaining 

biochemical and mechanical stability, and transporting biochemical materials within cells. There are three 

types of filaments in the cytoskeleton: actin filaments, microtubules and intermediate filaments [1]. 

Actin filaments are polymer filaments assembled by actin monomers [2]. The actin filament has two 

strands that rotate around each other to form a helical structure. In each strand, each actin monomer binds 

with two other monomers on either side. The monomers bind ATP or ADP. The actin filament end with the 

ATP/ADP binding site exposed is referred as the pointed end, while the opposite end is referred as the 

barbed end. In cells, actin filaments are very dynamic, with the barbed ends growing by actin monomer 

addition while the older parts of the filament sever and depolymerize. This actin filament polymerization 

and depolymerization process is coupled with ATP hydrolysis, which includes the following steps: 

unpolymerized actin monomers (G-actin) binding with ATP; G-actin with bound ATP polymerization to 

form actin filaments (F-actin); F-actin hydrolyzing ATP to ADP+Pi and releasing Pi; F-actin with bound 

ADP depolymerization to G-actin with bound ADP; G-actin releasing ADP and binding ATP [2, 3]. The 

actin subunits with bound ADP dissociate from the pointed end slowly but ADP-actin disassembly is 

catalyzed by actin binding proteins (e.g. cofilin [4]).  

Actin filaments are involved in contractile processes in muscle and non-muscle cells. In muscle cells, 

actin filaments, which are also called thin filaments, together with myosin II bipolar thick filaments, 

crosslinkers (e.g. α-actinin) and actin decorating proteins (e.g. tropomyosin), form a permanent sarcomeric 

structure. Contraction occurs when myosin thick filaments pull towards the barbed ends of actin filaments 

[1]. In non-muscle cells, actin filaments and myosin form more disorganized and dynamic contractile 

networks related to the cell migration [5, 6], the assembly of contractile ring in eukaryotic cells [7, 8], and 

maintaining the cellular morphological stability.  The importance of myosin activity to the formation of 
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contractile cytoskeletal networks is the focus of this dissertation. This will be investigated in details in 

Chapter 4 and 5.  

There are numerous proteins that control the dynamics of actin filaments to realize a variety of 

functions in vivo. For example, N-WASP helps actin filaments polymerize by promoting actin filament 

nucleation through the activation of the Arp2/3 complex [9, 10]. Actin capping proteins [11, 12], bind to 

the growing end (barbed end) of the actin filament and prevent the actin from polymerizing. Also, actin 

filaments can be disassembled by severing proteins, such as gelsolin and cofilin [13-16]. Opposite to the 

severing proteins, there are crosslinker proteins, such as α-actinin and FilaminA [17, 18] , which help actin 

filaments to form bundles and networks with different architectures [19, 20].  

Microtubules, found in all eukaryotic cells, are tube shaped filaments assembled by tubulin dimers 

with a diameter of 25 nm [1, 21]. The microtubule has 13 protofilaments that bind to each other laterally to 

form a single tube. Each protofilament is composed by α and β tubulin dimers connected end to end where 

α-subunit of tubulin dimer connects to β-subunit of tubulin dimer. Therefore in a protofilament, if one end 

is exposed as α-subunit, the other end is exposed as β-subunit. In a microtubule, all the protofilaments bind 

to each other with the same polarity, so the microtubule has an α-subunit end and a β-subunit end, which is 

called plus (+) and minus (-) end, respectively. When a microtubule elongates in cells, new tubulin dimers 

are mostly polymerized at the (+) end. The assembly and disassembly rate of microtubule varies under 

different conditions. The microtubule polymerizes when the GTP-tubulin caps the (+) end of microtubule. 

This GTP-β-tubulin quickly undergoes hydrolysis into GDP-β-tubulin, which is unstable and will fall off 

the microtubule end. The switch of microtubule from growth to rapid depolymerization is called 

catastrophe [22, 23]. The catastrophe is stopped when GTP-tubulin binds on the (+) end of the microtubule, 

which starts to grow again, a process referred to as rescue [24, 25]. The processes of microtubule growth, 

catastrophe, and rescue depend on temperature, pH, and the concentrations of tubulin and GTP, and Mg
2+

. 

Although these processes are observed in vitro without the involvement of other proteins, the dynamics of 

microtubules in vivo is regulated by microtubule associated proteins (MAPs). MAPs play an important role 

in the formation of microtubule networks, the function of microtubules in neurons, cargo transportation 

along microtubules, and cell division [26, 27]. Several drugs have been discovered to be able to bind with 

tubulin and interfere with the dynamics of microtubule assembly/disassembly. For example, taxol [28] 
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stabilizes the GDP-β-tubulin at the tip of microtubules and stops their depolymerization,  thus inhibiting 

cell mitosis and division. Nocodazole is another drug that prevents microtubule from polymerization. Cells 

treated with nocodazole can enter mitosis, however, because the microtubules do not polymerize, they 

cannot anchor on the kinetochores to initiate cell division, thus cells are arrested in metaphase [29]. The 

above evidence demonstrates that the dynamics of microtubules is crucial to the growth and proliferation of 

cells.  

The third major component of cytoskeletal network is intermediate filaments (IF) [1]. The name 

“intermediate filaments” was given because their diameter is about 10 nm, which is between the diameter 

of actin filaments (~7 nm) and microtubules (~25 nm). There are five major types of intermediate filaments 

based on the protein that forms the IF, which are (i) keratin filaments in epithelial cells; (ii) vimentin 

filaments in the interstitial cells (iii) desmin filaments in muscle cells; (iv) neurofilaments in neurons; and 

(v) neuroglial filaments in nerve cells. The intermediate filaments in a cell appear in different forms. Some 

intermediate filaments interconnect to each other to form a network. Some intermediate filaments form 

thick bundles, and some others are dispersed in the cytoskeleton. Intermediate filaments form a scaffold in 

the cytoplasm to determine the location of cell nucleus and maintain the mechanical stability of the 

cytoskeletal network [30, 31]. They are also found to be important in embryo development and epidermal 

cells differentiation [32]. Some diseases have been found to be related to abnormalities of neurofilaments, 

particularly amyotrophic lateral sclerosis (ALS) has been discovered to be the result of the accumulation 

and abnormal assembly of neurofilaments [33]. Intermediate filaments, in crosstalk with actin filaments and 

microtubules, are crucial to cell function, such as regulating the structural organization and dynamics of the 

cytoskeletal network, and controlling the cell cycle and signal transduction.    

The properties of cell cytoskeletal filaments are important in the research of biomaterials on the 

microscopic scale (ten to a few hundreds of microns in length). The study of cytoskeletal network assembly 

can inform methods for the synthesis of polymeric organic materials, the design of new pathways for drug 

delivery in organs, and understanding the function and physiology of cellular behavior. 
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1.2 Introduction to molecular motors 

Another important component of the cytoskeleton is molecular motors [1]. Molecular motors act as 

crosslinkers in the cytoskeletal network, but also have more tasks, such as walking along filaments to 

transport cargos, or generating and maintaining the tension around the cytoskeleton. Different molecular 

motors bind and walk on different filaments in different directions, for example, kinesins move in the (+) 

direction along microtubules, and dyneins move in the (-) direction [34]. Molecular motors work together 

with passive crosslinkers to affect the assembly and properties of cytoskeletal networks. Networks 

containing molecular motors and passive cross-linkers can form a connected structure under tension; these 

stable networks are capable to deal with external forces and a varying mechanical environment.   

Depending on how molecular motors and passive cross-linkers bind to filaments, they can connect them in 

parallel or antiparallel orientations to form bundles (such as filopodial actin filaments cross-linked by 

fascin) or along multiple directions to form loose networks (such as actin networks cross-linked by α-

actinin). 

In this thesis we will discuss myosin molecular motors that can bind and pull on actin filaments. 

Myosin motors have a long tail that can be (1) attached with vesicles in the cytoplasm to deliver cargos to 

different regions in the cytoskeletal network in the cell; (2) tangled with other myosin to form a bigger 

complex and act collectively in cells. Myosin II can form minifilaments that assemble in stress fibers or 

myofibril fibers in muscle (see Fig. 2.2A). When myosin heads on the opposite side of the minifilament 

bind with different actin filaments, they can slide the actin filaments toward each other and produce 

contraction in the network [1, 35].  
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Figure 1.1. Confocal fluorescence images of microtubules, actin filaments, and intermediate filaments in 

cells. (A) Actin filaments with rhodamine phalloidin (red) in HeLa cells.  Insert cartoon shows the actin 

filament polymerization and depolymerization (modified from [36]).   

(B) Immunofluorescence staining image of microtubules in U2OS cell [37]. Insert cartoon shows the 

polymerization/depolymerization, catastrophe and rescue process of a microtubule [38]. (C) 

Immunofluorescent staining of intermediate filaments have a twisted, rope-like structure that supports the 

cell structural stability, which are partly located close to the nucleus, but may stretch throughout the cell 

[37]. Insert cartoon shows the intermediate filament is a strand of many polymer filaments [39]. Scale 

bar=10µm. 
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1.3 Focal adhesions and the cell cortex 

Another important subcellular structure, which is referred as focal adhesions (FA), is important to the 

cortical fibers and network formation and organization [40]. FA is a macromolecular assembly that links 

the cytoskeletal network to the extracellular matrix (ECM) and serves for mechanosensing and biochemical 

signal transduction for the cell that regulates the dynamics of cytoskeletal network. The major components 

of focal adhesions include integrin-linked kinase (ILK), focal adhesion kinase (FAK), talin, vinculin, α-

actinin, and paxillin. Vinculin is an important focal adhesion protein that links the integrin to the actin 

filaments of the cytoskeleton. Vinculin stained by fluorescent antibody is often used in microscopy to 

visualize the focal adhesions of cells (see Materials and methods in Chapter 3, and Fig.1.2). Focal adhesion 

assembly and disassembly is important to cell migration. In the leading edge and lamellar regions of a 

migrating cell, small focal adhesions (referred to as focal complexes) are continously assembled and 

disassembled. Some focal complexes stabilize and mature eventually and become the anchors of the cell 

and pull the cell forwards. In the trailing edge, focal adhesions are disassembled by various mechanisms 

[41-43]. In non-migrating cells that adherent on the extracellular matrix (ECM), the focal adhesions act as 

mechanosensors that inform the cells of the ECM conditions, and help the cytoskeleton maintain the 

mechanical stability.  

When cells adhere to substrates through focal adhesions, they also form cortical networks underneath 

the cell plasma membrane, which is mainly composed by actomyosin filaments, crosslinkers and membrane 

binding proteins. 3D fluorescence images of HeLa cells expressing MRLC-GFP show that actomyosin 

fibers are assembled and anchored in the cortical network over the membrane that adherent to the 

coverglass (see Fig. 1.2F and [44]). The cortical actomyosin network acts as a scaffold to maintain the 

shape and stability of cell membrane. The dynamics of the cortical network are closely related to the cell 

migration, division. Time lapse fluorescence imaging of cortical network shows that the medial cortical 

network in HeLa cells is very dynamic. As we will see in Chapter 4, we observed directed motion of 

myosin foci and foci turnover. Medial fibers form through this process of myosin foci assembly and 

disassembly, which will be investigated by image analysis and simulations in Chapters 4 and 5.     
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1.4 Mechanical properties of cytoskeleton network 

In this section we will provide a brief overview of experimental techniques used to measure the 

mechanical properties of cytoskeletal networks in cells. Cell mechanical properties are directly determined 

by the cytoskeleton, where not only the mechanics of the filaments themselves, but also the filament 

binding proteins and interaction between them play important roles. A number of techniques, such as 

microrheology [45, 46] and atomic force microscopy (AFM)[47], traction force microscopy (TFM), have 

been applied to study the mechanical properties of the cytoskeleton.  

In microrheology, polystyrene beads with diameter about 1µm are imbedded in cells for imaging. 

There are two types of microrheology: passive and active microrheology. In passive microrheology, the 

motion of the beads is driven thermally; in active microrheology, the motion of beads is driven by external 

forces, such as optical tweezers and magnetic field. By analyzing the trajectory of the beads over time, one 

can find the elastic and viscous properties of the cytoskeleton network or cytoplasm from the mean-square 

displacement of the particle motion using the generalized Stokes–Einstein relation. In a medium without 

the activity of molecular motors, the passive and active microrheology show similar viscoelasticity of the 

network at low strains. However, in a network with active myosin II, active microrheology experimental 

data show that network under high strain has non-linear viscoelastic behavior [48, 49]. This microrheology 

method, combined with high resolution confocal fluorescence microscopy, has become a widely used tool 

in studying the cytoskeletal network and molecular motor dynamics.  

AFM is often used to measure the mechanical properties of cells by pressing a cell with a cantilever, 

the Young’s modulus of the cell can be derived from the deflection of the cantilever [50, 51]. 

Microrheology and AFM are usually used to measure the local mechanical properties in cells. The 

micropipette aspiration method [52] can be used to access the global mechanical properties of cells. In the 

practice of micropipette aspiration, part of a cell or the whole cell is pulled into a micropipette with a 

diameter generally smaller that the cell [52]. One can obtain the mechanical properties of the cell cortex by 

comparing the applied suction pressure in the micropipette to the distance of the cell protrusion inside the 

micropipette.  
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Another widely used method to obtain mechanical information is cellular traction force microscopy 

(TFM). The mechanism of cell-ECM and cell-cell interaction is very complicated to be measured directly. 

However, these interactions are very important in organizing the cytoskeletal network, cell migration, 

wound healing and embryonic morphogenesis [53, 54]. The traction force microscopy uses elastic 

substrates, such as polyacrylamide (PAA) (see Chapter 3, materials and methods) or polydimethylsiloxane 

(PDMS) gel coated with ligands that cells can attach on (e.g. fibronectin or collagen) and imbedded with 

micro-sized fluorescence beads. When cells attach and spread on the substrates, or migrate on the 

substrates, the fluorescent beads undergo a displacement because of the traction force that cells exert on the 

substrates. With the information of Young’s modulus and shear modulus of the gel, and the position and 

displacements of the beads, one can extract the global and local information of cell-ECM interaction, such 

as magnitude and direction with time resolution. In recent years, more advanced computational algorithm 

and experimental methods, such as Fourier-transform traction cytometry, and traction reconstruction with 

point forces, were developed to achieve a spatial resolution of traction force as high as ~1µm [55].    

Many other techniques, such as protein separation and purification methods, protein structure 

measurement methods X-ray crystallography and NMR spectroscopy [56], fluorescence resonance energy 

transfer (FRET) [57], electron microscopy (EM) [58] and super resolution microscopy [59] have been 

developed to push the study of the cytoskeleton to individual molecular/protein level. Particularly, the 

discovery of green fluorescence protein (GFP) opened a door for new methods to study the dynamics and 

function of cytoskeletal networks in live cells. In Chapter 3 and 4, we will present the application of 

confocal fluorescence microscopy in study the dynamics of actomyosin network in vivo, and the analysis of 

confocal fluorescence images.   
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Figure 1.2 Focal adhesions and stress fibers in HeLa cells. (A-C) Confocal images of HeLa cells expressing 

MRLC-GFP (A), focal adhesions stained by vinculin antibody (B), and merged (A) and (B) into (C), 

respectively, where red indicates focal adhesions and green indicates myosin II in (C). (D) Structure of a 

myosin II molecular is composed of two heads, two regulatory light chains (RLC), two essential light 

chains (ELC), and a coiled-coil tail. A myosin bipolar minifilament contains 10-20 myosin II molecules on 

each side, with the length of ~1 µm [35]. (E) The MRLC-GFP image of a HeLa cell with stress fibers in the 

middle. (F) Side view of (E) Shows that the cortical actomyosin fibers anchored in the cortical network 

over the membrane that adherent to the coverglass. Scale bar: 10 µm.       
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1.5 Modeling cytoskeletal networks 

A number of mathematical and computational models have been developed to describe cytoskeletal 

filament growth and network assembly for both in vivo and in vitro experiments [60-62]. Many methods 

and techniques have been used, such as ordinary/partial differential equations (ODE/PDE) and Monte-

Carlo simulation. Some models address the dynamical process of stress fiber assembly [63, 64] and polarity 

structural feature of stress fibers [65]. Some models describe the reorganization of stress fibers in 

mechanosensing through interaction between focal adhesions and substrates [60, 66]. Some models study 

the mechanical properties of cytoskeletal networks regulated by crosslinkers and molecular motors [67-69]. 

Simulations based on coarse grained models have shown that molecular motors, working with crosslinker 

proteins, drive the filaments to form different patterns, such as bundles, stars, waves and networks [47, 70-

73]. These models help us further understand the mechanisms of cytoskeleton reorganization and the 

formation of cellular functional structures such as stress fibers [63], contractile rings [74], and mitotic 

spindles [75, 76].  

In this thesis, we proposed a simple 2D mechanical model to understand the dynamical properties of 

medial stress fiber assembly. The model and simulation results will be discussed in Chapter 4.   

1.6 Motivation and organization of this dissertation 

As discussed above, the assembly of actomyosin fibers and networks at the cell cortex is closely 

related to the activity of myosin II, molecular motors that crosslink the actin filaments and generate 

contraction throughout the actomyosin networks. Contractile actomyosin networks have been reconstructed 

by purified actin and myosin in vitro, which helps to understand the formation of actomyosin networks [20, 

77-79]. However, the actomyosin networks in cells are more complicated than in vitro systems. There are 

still many open questions concerning the mechanisms of medial fiber and network assembly by molecular 

motors and proteins in vivo [77, 80].  

This work focuses on the dynamical features of cortical actomyosin networks in live cells. Chapter 

2 introduces nonlinear microscopy and SHG/THG microscopic system applied on biomaterials, which 

might be useful in future studies of the structural and dynamical feature of fibers and actomyosin networks 
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under tension as they undergo reorganization in cells. Chapter 3 describes the materials and protocol of 

preparing culture medium for HeLa cells, fixing and staining the actin filaments and focal adhesions, and 

making polyacrylamide substrates. We also introduce the methods of quantifying the MRLC-GFP and focal 

adhesions in fixed HeLa cells. In Chapter 4, we present the experiments that demonstrate how the activity 

of myosin II in cells determines the actomyosin network assembly and STICS analysis of the time-lapse 

MRLC-GFP images at the cortex adherent to the coverglass. In Chapter 5, we use 2D mechanical model 

and Monte-Carlo simulations to capture the dynamical feature of medial cortical fiber assembly and 

disassembly. Chapter 6 is the conclusion and discussion of this thesis.  
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Chapter 2 

Nonlinear microscopy on cytoskeletal network 
 

2.1 Introduction to nonlinear microscopy   

Nonlinear microscopy, including second/third harmonic generation (SHG/THG) microscopy, coherent anti-

Stokes Raman scattering (CARS) microscopy, and two-photon excitation microscopy (TPEM), has become 

an important imaging modality in optics and biology. TPEM is a method using two photons from high 

intensity infrared laser to excite one molecule of fluorophore. TPEM has the advantage of less 

photobleaching and higher probing depth into the biological tissue [81-83]. However, it still requires 

staining the target molecules with fluorophores or tagging the cells with fluorescent genes. SHG is 

generated due the non-centrosymmetric structure of the organic materials, such as stress fibers and 

microtubules, and THG is generated because of the inhomogeneity of the biological tissue (index of 

refraction), such as the cellular membrane and nucleus. Therefore, SHG/THG microscopy does not require 

staining the cells with fluorophores, and it requires a similar system setup as the TPEM [82-85], although 

some modification to the TPEM system is necessary to efficiently acquire the SHG/THG photons in the 

SHG/THG microscopy. Comparing with confocal fluorescence microscopy, SHG/THG microscopy has the 

following advantages: (1) SHG microscopy has deeper probe ability into the bio-tissue; (2) It does not 

require exogenous staining (e.g., green fluorescent proteins (GFP)), so there will not be photobleaching 

happening during the imaging process, and (3) SHG/THG microscopy shares similar optical setup as 

TPEM, so it is convenient to couple these two non-linear microscopy techniques to study the biological 

system. During the SHG/THG process, two photons with same frequency are converted into one and 

emitted out of the sample. So, there is zero photonic energy transferred into the cells, and the damage to the 

biological sample is minimized. However, in practice, we found that the sample could be damaged by the 

heat due to the absorption of infrared laser if the sample was overexposed under the highly focused laser. 

We will discuss the photon damage to the live cells further in section 2.6.  

SHG/THG microscopy has been applied in biomedicine to help diagnosing defects in tissues due to illness, 

gene defect or aging [86-88]. For example, the SHG/THG images of collagen tissue show the weakness and 
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defects due to the arthritis [89-91]. SHG image of human cornea shows the status of cataract [92-96]. And 

SHG images of rat cardiac muscle reveal the abnormal development of heart due to the gene defect [97-99]. 

In recent years, SHG/THG has been used to study the development of embryo cells by generating SHG 

signal from the spindles and microtubules and THG signal from cell membranes [100-103]. At present, the 

challenge to the SHG/THG microscopy is to obtain SHG/THG images of live cells in real time. According 

to the calculation and the fact that thick filaments in muscle tissue produce detectable SHG signal, it is 

possible to acquire SHG images of stress fibers or a contractile ring in vivo. In the following sections, we 

will firstly introduce the theory of SHG/THG microscopy (section 2.2) and its system setup (section 2.3), 

then we will use our home-made microscope system to obtain SHG/THG images of potassium niobate 

(KNbO3) microcrystals and starch granules (section 2.4). In the last section (section 2.5), we will discuss 

the limitation of our microscope system that has to be modified to meet the requirement to obtain the 

SHG/THG image in live cells.   
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Figure 2.1 Diagram of the processes of two-photon excitation microscopy. (A) and SHG microscopy (B). 

For the process of two-photon excitation microscopy, a fluorephore absorbed two infrared photons 

simultaneously and emitted one photon with shorter wavelength as fluorescence. For SHG process, the 

dipole in the medium interacted with the incident laser and turned two input photons into one with double 

frequency and the emitted double frequency photon was acquired through the confocal microscopic system.    
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2.2 Second harmonic generation microscopy 

SHG is generated from the interaction between atoms in noncentrosymmetric structures and electric field in 

the optical medium. It was first demonstrated by P.A. Franken etc., in 1961 that the frequency of an intense 

pulse laser with the wavelength of 694nm could be doubled crystalline quartz [104, 105]. In 1962, the SHG 

process was described by N. Bloembergen and P. S. Pershan based on Maxwell equations for 

electromagnetic field propagating in the medium with nonlinear electric susceptibility [106].  

Let’s assume the electric field of incident laser is kEjEiEE kji
ˆˆˆ 


. If the medium has a nonlinear 

electric susceptibility, the electric polarization in the medium is:  

                            ljiijlkjiijkiikk EEEEEEP )3()2()1(

0                                             (2.1) 

If we consider the second order term and calculate the nonlinear polarization   jiijkk EENLP )2( , the 

electric field of the incident laser can be written as: 

                          ..exp
2

1
cctiE ii                                                                                 (2.2) 

Where  is the frequency so  ii

ii eE   Re  . The average power of the incident wave is: 

  2

0
2

1
iI   . The nonlinear term of the polarization is:  

                       jijijijiijkk titiNLP  ****)2( 2exp2exp
4

1
                 (2.3) 

The first two terms in the nonlinear polarization (Eq.2.3) show that the polarized dipoles in the medium 

radiate the electric field with double frequency of the incident laser. In most of the optical materials, the 

second order susceptibility
)2( is zero at macroscopic scale because of their centrosymmetric crystalline 

structures. 

However, there are also many nonlinear optical crystals such as potassium niobate (KNbO3) that are 

noncentrosymmetric structures. For a biological object, such as stress fibers, it is convenient to neglect the 
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interactions between molecules to obtain the macroscopic susceptibility 
)2(  by assuming that each 

molecule (protein) assembled into the stress fiber has a non-zero molecular hyperpolarizability zzz . We 

use an “Oriented gas model” [107] for a 2D crystal assembled by one dimensional molecule with molecular 

hyperpolarizability zzz to illustrate how to calculate the components of tensor
)2( in the bulk.   

                  
 

zzzkzjzizkjiijk ffNf   coscoscos22                                                 (2.4) 

where N is the number density of molecules (myosin II S1 heads that binding on the actin thin filaments) 

with molecular hyperpolarizability zzz , 


if (
2

if ) is a local field correction factor. 


if is often 

calculated through the Lorentz model 
 

3

2
2





 n
f . iz is the angle between the direction of 

molecular polarization ( ),, zyx  and the dielectric axis ( kji ,, ).   

From Eq. (2.2) and (2.3), the intensity of SHG signal generated by a biological sample is: 

                             
       2.0

22   II
2

                                                                                (2.5)            

 2I is determined by the second order susceptibility 
 2

ijk  so that the intensity of 
 2I  relative to the 

polarization of input laser reveals microstructure of the optical media. We will use two examples, myosin 

thick filament and myofibrils, to show how the techniques of SHG microscopy have been applied to study 

the microstructure of the biological tissues during recent years.   
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Figure 2.2 Myosin bipolar filaments and actin thin filaments compose of sarcomeres in muscle tissue, an 

example of noncentrosymmetric assembly of one dimensional molecules with molecular 

hyperpolarizability zzz , (A) and the hexagonal model of myofibril filament that has nonzero components 

of macroscopic second order susceptibility tensor
 2 (B). 
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Figure 2.3 (A) Interferometric Second Harmonic Generation (ISHG) microscopy on muscle tissue demonstrates that 

myosin II molecules assemble into bipolar filaments and form sarcomere structure in muscle tissue [108]. (B) SHG 

intensity of myofibrils changes as a function of angle   between the fundamental polarization and myosin/actin 

filaments. 
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for myofibril can be determined by fitting the intensity to function in Eq. 2.6 [109].  
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The first example, as shown in figure 2.2A, is a sarcomere structure in muscle tissue. The components of its 

second order susceptibility
 2

111 ,
 2

133 , 
 2

331 , and 
 2

313  are vanished because the assembly of molecules is 

symmetric in the x̂  direction )1( x  so that the sum of the second order polarization was cancelled 

through the cosines components. The only non-zero components of 
 2  are 

  ,2

311  
 ,2

113  
 ,2

131  and
 2

333 . 

Although as far as we know, the components of 
 2 have not been determined experimentally, this bipolar 

filament model for myosin thick filament in muscle tissue was confirmed by Interferometric Second 

Harmonic Generation (ISHG) microscopy [108] by determining that the phase difference between the SHG 

from two opposite sides of the myosin filaments is   (see figure 2.3A).  

The second example of biological materials with nonzero
)2( is myosfibril, which is made of densely 

packed actin and myosin filaments. Myofibril is often modelled as a bundle of tube with a hexagonal 

symmetry on the cross section plane with its cylindrical symmetric axis along ẑ direction (figure 2.2B). 

The only nonvanishing components of 
)2( are

 2

311 ,
 2

333 , and 
 2

113 .  The second harmonic generation 

could be written as [109-114]: 

                    
           zExEPSHG

 222

311

22

333

22

113

2 sincos2sin                                     (2.6) 

where the intensity of SHG depends on (figure 2.2B), which is the angle between the incident light’ s 

polarization and the z-axis. With the SHG microscope system configured as figure 2.4 shows, the intensity 

of SHG emitted by the myofibril would be: 

                    
             4222

311

22

333

22

113

2 sincos2sin EISHG                                    (2.7) 

By fitting the intensity of 
 2

SHGI  vs. , which is the angle between the polarization of input laser and the 

symmetry ẑ axis of myofibril, one can obtain the ratio of 

 

 2

113

2

333




and

 

 2

113

2

311




. According to the Kleinman’s 

symmetry,  

 

 2

113

2

311




 should equal to 1. The experimental data of 

 

  09.0
2

113

2

333 



and 

 

  15.1
2

113

2

311 




demonstrated that (i) 
 2

333 is small, which means that the myofibril is largely symmetry along its symmetric 
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axis. (ii) the non-vanishing 
 2

311  and 
 2

113 indicate the chirality of the filaments along ẑ axis, and this 

chirality might cause the zz ˆˆ  asymmetry if the myofibril is symmetric along ẑ axis. (iii) 

 

 2

113

2

311





deviates from 1 might be caused by resonance because the SHG frequency in experiment was not far from 

the resonant frequency of muscle (see figure 2.3B for SHG images of myofibrils) [109].  

From these two examples we can see that SHG microscopy provides a novel method to image a biological 

system without staining it with fluorescence dye. Furthermore, SHG signal reveals the information of the 

microscopic structure of the proteins (molecules) of interest in the biological system. It  

is also capable of deeper probing into the tissue and less out of focal plane photo damage to the sample 

comparing with conventional confocal microscopy. Therefore, it’s of interest to apply this technique to 

study the process of stress fiber assembly and contractile ring during cytokinesis of cells with high 

spatiotemporal resolution.  

2.3 Third harmonic generation (THG) microscopy  

The application of SHG microscopy has been limited to a few biological objects becasue most biological 

samples do not exhibit SHG. In contrast, third harmonic generation occurs in all materials so that it is 

widely used as a microscopy method with resolution comparable to standard confocal fluorescence 

microscopy. From Eq. (2.2), the third order of the electric polarization is: 

                   
   ..3

8

1 *33)3(

0

)3(3 cceeEEEP ti

ii

ti

iijlkljiijlkk                                    (2.8) 

The intensity of THG is expressed as: 

                                              
       3.0

33   II
2

                                                                  (2.9) 

Unlike the two-photon or three-photon excitation fluorescence microscopy, the intensity of THG is not only 

determined by the number density of molecules in the sample, but also determined by the third order 

susceptibility and enhanced by the effect of interfaces of different materials in the sample. THG is very 

sensitive to the local inhomogeneity of the optical susceptibility and molecular density in the sample at the 

scale of micrometer that comparable to the focused beam. THG signal from a sample is strong when the 
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condition of phase-matching is satisfied. In the homogeneous medium in biological tissue, THG before and 

after the focal point is destructive to each other by interference [115-117], so THG image of a biological 

tissue reflects the inhomogeneity of the medium or the interface of two medium in a sample. For example, 

THG image of cells indicates the nuclear and cellular membrane and cell-cell junctions [102]. Comparing 

with the DIC or phase-contrast microscopy, THG signal is determined by the third order susceptibility of 

medium rather than its index of refraction, so it is more suitable to be used to take image of transparent 

samples [116].  

2.4 SHG/THG microscope system setup 

It requires a few modifications to the confocal fluorescence microscope system in Physics Laser 

Spectroscopy Lab, (Department of Physics, Lehigh University) to be able to take SHG/THG images of a 

biological sample.  

Figure 2.4 shows the diagrams of our SHG/THG microscopy system. The system has the following work 

modes:  

(1) Transmission setup by using CCD (EMCCD) camera to acquire SHG/THG images.  

(2) Transmission setup by using Olympus FV1000 scanning system to obtain SHG/THG                     

     images.  

(3) Reflection setup by import laser from the IR port of Olympus IX81 microscope and obtain         

     SHG/THG images through Olympus FV1000 scanning system.  

Compared to the reported SHG/THG imaging system, our system has the following features: (see Table 

2.1). Firstly, we have Ti-Sa pulse laser and pulse laser as the excitation laser source. The former is the 

typical laser source that people use to obtain SHG/THG imaging, the lateral has very low repetition rate (1 

kHz), which not only provides very high peak intensity that favors the SHG and THG, but also reduced the 

possibility of photodamage to live cells [118]. 

Equation (2.7) shows that the intensity of the second harmonic generation is proportional to the square of 

the incident laser’s intensity, and the intensity of the third harmonic generation is proportional to the cube 

of the incident laser’ s intensity. The average power illuminated on the cells are 5 mW with transmission 

set-up (see Fig 2.4A), and 5 mW for Ti-Sa laser with reflection set-up (set Fig 2.4B). The Ti-Sa laser was 
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conducted into the IR port of FV1000 system (see fig2.4B), but the microscope system has not yet been 

modified for IR laser and a large portion of power was lost when it goes through the diachronic mirrors (fig 

2.4B).  

The average output power of our pulse laser was about 45mW. With low repetition rate (1kHz) 

and the pulse width is 1 ps, the peak laser power would be as high as 4.5x10
7
 W, which makes it possible to 

produce strong SHG signal through transmission setup (see fig2.4A) if the laser was highly focused on the 

material that has non-zero second order susceptibility. The laser was focused on the sample with beam 

waist as 0.65 µm by microscope lens. So the peak intensity of focused laser is 3.4x10
7
 W/µm

2
. It is 

necessary to compare the average power of SHG signal in different microscopic systems.  

The average power of SHG produced in our system could be 4 orders larger than the SHG 

generated by Ti-Sapphire laser commonly used in SHG microscopy [119-122] according to the calculation. 

This is an estimation of SHG power obtained from biological tissues. From Eq. (2.5), the power of SHG 

can be expressed as: 

                                     
   222

2   PAP                                                                                   (2.10) 

where A is a constant determined by the sample and microscopic system, and P is the power of 

incident laser. From the comparison in Table 2.1, we can see that when the average power of Ti:Sapphire 

laser with high repetition rate (80 MHz) is the same as the pulse laser with low repetition rate (1 kHz) in 

our lab, the peak intensity of our pulse laser is 10
4
 times larger than the Ti:Sapphire laser. Because of the 

nonlinear relation between input laser power and the output laser power (see Eq. 2.5 and 2.10), the peak 

power of SHG produced by our laser is 10
8 

times larger than by Ti:Sapphire laser. Although the longer 

pulse length and lower repetition rate of our laser leads to a factor of 10
4
 loss of average power of SHG 

compared to the Ti:Sappire laser, the average power of SHG signal generate from our system is still 

1.2x10
4
 times larger than the system using Ti:Sapphire laser (see table 2.1).  

 However, we found that there must be a threshold value for the peak intensity of input laser, which 

is much smaller than the peak intensity produced by the pulse laser, to avoid photodamage. Figure 2.8 

shows that highly focused laser beam destroyed the cells in one second (IR absorption and photodamage to 

biomaterials will be discussed in the next section). Therefore we have to use the input laser with the 
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peaking intensity lower than 3.4x10
7
 W/μm

2
. We didn’t measure the threshold peak intensity of laser that 

damages the cells, but we measured the power of input laser that damages the cells to be ~5 mW before 

focused by microscope objective. Even if the input power of our laser is reduced to 1 mW, the average 

power of SHG signal is calculated to be 4.1x10
-7

 W, which is still larger than the power of SHG produced 

by Ti:Sapphire laser shown in table 2.1. We will then take samples of KNbO3 (Potassium Niobate) crystals, 

starch granules, fixed and live cells for nonlinear microscopy in our system.         
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  Table 2.1. An estimation of the power of SHG excited by different lasers. 

Excitation lasers Ti-Sa laser 
† 

Pulse laser (Lab) 

   

Average power 45 mW (880nm) 45mW (1200nm) 

Pulse duration 150 fs 1 ps 

Repetition rate 80 MHz                1 kHz 

Peak power (W)              3.75x10
3
                      4.5x10

7
                       

Beam diameter(μm)                  1.3                   1.3 

Peak intensity (W/μm
2
)              2.8x10

3
                      3.4x10

7
                       

Avg. Power of SHG (W)                222

 PA *                         4222 102.1  PA                       

                  † V.Nucciotti, et al. PNAS, Vol 107, 7763-7768 (2010).  

     * P is the peak power of Ti-Sapphire laser. A is an constant determined by sample 

         (see Eq. (2.10))    
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In the transmission setup type (1) (figure 2.4A), pulse laser was conduct into the upper side port, 

reflected by silver mirror and focused on the sample through a 10x (or 100x) condenser. We took 

SHG/THG images of Potassium Niobate (KNbO3) crystal powder to test our transmission setup (1), 

because it is the material that has large nonlinear coefficients for wavelength conversions. To avoid the 

synchronizing issue we disscussed in section 2.3, we used CCD camera as the detecting instrument. The 

images of bright view, the second harmonic generation and the third harmonic generation are shown in 

figure 2.5. The SHG/THG images of KNbO3 show that our pulse laser with wavelength of 1200nm-

1500nm is strong enough to generate bright SHG/THG images from nonlinear optical crystals. In fact, the 

intensity of laser projected on the KNbO3 crystal is so strong that we could defocus the laser beam to make 

the illumination area larger than 10x10μm
2
. Also, because the SHG/THG signals were strong, the image 

acquiring time could be as short as 200 ms per frame. These images demonstrate that our system is 

technically viable, and it is promising to use this system to obtain SHG/THG image of live cells. 

More efficient way to achieve SHG/THG imaging is to import IR pulse laser from the IR port of the IX 81 

confocal microscope, and synchronize the scanning/detecting system with the input laser. This scheme is 

illustrated in figure 2.4B. In this type (3) setup, one could make use of the scanning system built in the 

microscope to take both SHG/THG images and TPEF images of the cells. In order to do so, we have to 

make a few modifications to the microscope system. One issue is that the diachronic mirror in the FV1000 

system (see figure 2.4B) is not for IR laser. If we use the reflection setup, we will loss more than 80 percent 

of laser intensity by reflection because currently the dichromatic mirror in the system is not for IR laser, so 

that we will not be able to collect enough laser intensity on the cells to obtain detectable SHG or THG 

signal. Another problem is how to synchronize the pulse laser with the scanning unit inside the FV1000 

system. A TTL signal from laser will be used to trigger data acquisition of the scanning in FV1000 system. 

The detailed plan will be discussed in section 2.6.   
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Figure 2.4 Transmission and reflection setup for SHG/THG microscopy. The excitation lase can be 

conducted into microscope from the top left port for transmission setup(A,B), and from the laser port in the 

scanning unit (upper right) for reflection setup (C). CCD (or EMCCD) camera was used in type I 

transmission setup (A), and PMT was used in type II transmission setup (B) and reflection setup (C) to 

acquire images.   
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2.5 Results and discussion 

There are many biological objects in cells that can generate SHG/THG signal, such as myofibrils, 

stress fibers, microtubules and cell membrane. It was suggested that the SHG signals from HeLa cells are 

obtained from myosin-actin filaments. Recent studies demonstrated that in myosin-actin filaments, the 

main source of intrinsic SHG signal comes from the myosin heads [123, 124]. Myosin is a motor protein 

that plays an important role in the cells mitotic process. Myosin consists of two heavy chains, two heads 

and two light chains. The structure of heavy chains and heads in myosin II has large hyperpolarizability 

zzz . When the myosin II moleucules are assembled into a bipolar thick filament., the local structure of the 

myosin thick filament is noncentrosymmetric (see figure 2.1), therefore the myosin thick filament is a good 

object for second harmonic imaging microscopy (SHIM) in live cells and biological tissues, such as stress 

fibers and muscle tissues. ]. In epithelial cells and fibroblast cells, the myosin thick filaments and actin 

filaments together with crosslinker proteins compose of contractile actomyosin bundles called stress fibers 

[125].  Studying the assembly of stress fibers in these cells through SHIM provides insight view of the 

mechanism of the cellular cytoskeletal formation. During the cytokinesis stage in eukaryotic cells, actin and 

myosin are assembled into filaments and form a contractile ring around the cells equator. A model was 

developed to describe the self-assembly process [126-128]. Applying SHIM on the assembly of contractile 

ring would help to better understand this important and interesting phenomena during cytokinesis.  

The third harmonic imaging microscopy (THIM) from HeLa cells give the information of cell’s 

heterogeneity, especially the cell’s lipids of membrane and nucleus. THIM is often used in studying 

embryotic development [101, 103], biological tissue synthesis and growth [129-134] , biomedical diagnosis 

[135, 136] .  

Considering the features of SHIM and THIM, we will use these techniques to study: (1) the 

mechanisms that regulate actomyosin filament assembly in vivo, and (2) how the cells adjust their 

cytoskeletal network in response to the stiffness of substrates.  

Firstly, we use the transmission setup (figure 2.3A) to take image of SHG and THG from KNbO3 

crystal powders. Figure 2.4A shows the bright field image of KNbO3 powder immersed in oil. Each granule 
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consists of many single crystals with diameter less than 1µm. Figure 2.4 (B) and (C) are the SHG and THG 

image of the same KNbO3 crystals. Because each single crystal in the granule has different orientation of  

crystalline plane, each single crystal generates SHG with different intensity detected by CCD camera.  

Then we change the KNbO3 sample to starch powder sample, which is immersed in oil as well. SHIM of 

starch granules has been studied to distinguish starch from different species (rice, corn, potato, etc.) [137, 

138]. We found our CCD camera was not sensitive enough to detect the SHG signal. So we used EMCCD 

camera as image acquiring instrument. With the same system as in figure 2.3A (using EMCCD camera), we 

obtained a SHG image of single starch granule. In order to obtain a SHG image, we have to focus the input 

laser beam to a smaller beam size (diameter~5 µm), so we could only obtain a SHG image of one starch 

granule each time. The SHG intensity profile along the red dotted line and green contour (figure 2.6B) 

indicate that the granule of starch has crystalline structure on the outer layer, which agrees with previous 

studies [138, 139].    
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Figure 2.5 (A) Bright field image of KNbO3 crystals. (B) SHG image collected by CCD camera with the 

excitation wavelength=1264nm. (C) THG image collected by CCD camera with the excitation 

wavelength=1500nm. Scale bar: 5 µm. 
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However, damage caused by the IR pulse laser is severe. As the starch granule was exposed under 

focused laser beam for a long time, we lost the SHG signal from the starch granule. Live cells are easily to 

be damaged by high intensity laser as well (see figure 2.9).  

Calculation shows the intensity of laser we used (see table 2.1) was 3.4x
710 W/µm

2
, under such a 

high intensity, the photodamage to the biological samples caused by linear and nonlinear effects are 

significant [37]. One major issue we need to concern is the water absorption of IR laser. See figure 2.7A, 

the absorption of laser by water has two peaks at the wavelength of ~1460nm and 1940nm [140-142]. The 

absorption coefficient increases 20 times from 810nm to 980nm (from 96.1a  to 9.44a ) and 

reaches the peak at 1460 nm (
31015.3 a

1m ). The best choice for us is to avoid using the 

input laser with wavelength between 1400nm to 1500nm, to reduce the heat damage to live cells and 

biological tissue. The culture medium also contains many other ingredients that have different optical 

absorption coefficients. We observed that the focused laser beam ( nm1200 ) heated up the culture 

medium and created a bubble by vaporizing the medium when the power of IR laser was 5 mW, which is 

also reported by earlier studies [143]. When pulse laser beam were focused on HeLa cells adhered on 

coverglass, damage to the cellular cytoskeleton occurred within a few seconds (see figure 2.8). The optical 

absorption by cells in culture medium is complex, therefore the wavelength of input laser should be 

carefully chosen in SHG/THG microscopy to minimize the photodamage to the sample. There have been 

some studies conducted to explore relation between the photodamage threshold intensity and the features of 

pulse laser, such as pulse duration and repetition rat [119, 144]. Figure 2.7B shows the threshold energy of 

laser damage (for fused silica and calcium fluoride) decreases with decreasing pulse duration. However, the 

threshold energy is not sensitive for pulse duration less than 1ps (on the left side of the red line).  K. König, 

et al. have shown that the photodamage threshold intensity to cells with 150-fs is 
3105.8  W/μm

2
 (~7mW 

with the repetition rate of 80-MHz)
 
[145]. Chu et al found that with repetition rate of 2GHz Ti:Sapphire 

laser (pulse duration:130 fs), one could increase the incident  
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laser’s average power after objective to ~200mW while keeping the peak intensity to be 
3103  

W/μm
2
, which increases the SHG signal by 2 orders without damaging the sample (muscle fibers) [119]. If 

we have to limit the power of input laser to ~7mW, then the power of SHG would be 1.5x10
-5

 W, which is 

3 orders larger than the power of SHG generated by Ti:Sapphire laser shown in table 2.1 (7.2x10
-8 

W).   

In our lab, we have three types of lasers available, in which the repletion rates are 80MHz, 20kHz, 

and 1kHz specifically. It is interesting to investigate the SHG microscopy on biological tissues or cells with 

these lasers.  
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Figure 2.6 (A) Bright field image of starch granules. (B) Zoom in bright view(1) and SHG(2) image 

collected by EMCCD camera with the excitation wavelength=1264nm. (C) Intensity profile along the red 

dot line in (B). (D)Intensity profile along green dot line in (B) Scale bar: 5 µm. 
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Figure 2.7.(A) The absorption coefficient of water for wavelength ranging from 800nm to 2000nm, 

reproduced from [146, 147]. (B) The photodamage threshold intensity to fused silica and calcium fluoride 

with laser pulse duration from 100 fs to 1 ns [129-130]. 
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2.6 Future work  

The SHG microscopy provides a novel method to imaging a biological system without staining it 

with fluorescence dye. It also provides information about microscopic structures of the biological system. 

As the process of SHG only happens within the focal plane, it enables higher resolution along vertical 

direction than confocal microscopy. Meanwhile, because it use IR pulse laser as excitation laser and there 

is no energy transferred into cells by SHG process, it reduces photobleaching and photodamage to the cells 

comparing with the confocal microscopy that uses blue/violet light as excitation laser. IR pulse laser also 

has a longer penetration distance than the blue light, so SHG/TPEM has a deeper detection range than 

confocal microscopy.    

However, in practice, we found that the damage to cells by IR pulse laser was serious when we 

focused the laser on the sample. Studies suggest that under the input laser with same wavelength and mean 

intensity, biological sample can sustain integrity under pulse laser with high repetition rate. Comparing 

with the Ti:Sapphire laser that commonly used in SHG microscopy (45mW, 80MHz, 100-150 fs), our laser 

has the same mean power (45mW), but much lower repetition rate (1kHz) and longer pulse duration (1ps), 

resulting in the peak intensity several orders higher than Ti:Sapphire laser (see table 2.1). Further 

investigation of photodamage to biological tissue or live cells is necessary to help to choose proper laser 

(such as power and peak intensity, wavelength, pulse duration and repetition rate, etc.) in SHG/THG 

microscopy.  

Another problem is the input laser was not synchronized with the scanning system in confocal 

microscope. The repetition rate of our Clark pulse laser is 1kHz, while the slowest scanning speed of our 

microscope is 200µs per pixel, so ideally, the scanning system misses 4 out of 5 pixels for each scanning. 

From figure 2.9B we can see that even when we project 300 scanning images into one image, we still can 

see the stripes in the image, which indicates that the PMT still missed a lot of pixels when it was scanning 

over the selected region. At present, we can tune the scanning speed through Fluoviewer (Olympus, Inc.), 

but synchronizing the pulse laser with the FV1000 scanning system in Olympus IX81 microscope is still 

necessary to obtain SHG/THG images of live cells. In order to do so, we need to use TTL signal from pulse 

laser to synchronize the scanner with the 1kHz pulse laser. In addition, we’d like to access the PMT signal 
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and choose the proper termination resistor for the PMT so that we can use a gated integrator to process the 

PMT signal before transmitting it further to the scanning unit. In order to use the reflection setup (Type 3), 

the dichromatic mirrors (#2) in figure 2.3C has to be changed to work for IR laser by reflecting IR light and 

let blue-green light pass through. For the next step, we will take SHG/THG image of muscle tissue, then we 

can monitor the stress fiber assembly in vivo by nonlinear microscopy. 
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Figure 2.8 The photodamage caused by pulse laser. Comparison of MRLC-GFP image of HeLa cells 

before (A) and after (B) exposing the cells under focused laser beam. Scale bar: 5 μm   
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Figure 2.9 Image acquiring by PMT is not efficient without synchronizing the input pulse laser and the 

scanning system of the microscope. (A) Bright view of starch granules with zoom in image at the upper 

right corner in red box. (B) SHG image of starch granules in (A) obtained by PMT built-in Olympus 

FV1000 scanning unit. The images in (B) are a sum of images by scanning for 100 times and 300 times (ii).  
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Chapter 3  

Materials and methods 
 

3.1 HeLa cell culture and treatment  

HeLa cells stably expressing GFP-tagged myosin regulatory light chain (GFP-MRLC) were 

obtained from Dr. K. Kamijo [148]. The culture medium was prepared with the following ingredients: 500 

mL Dulbecco's Modified Eagle Medium DMEM with high glucose (4.5%) (Invitrogen #11960-044); 6 mL 

Glutamine (200 mM) (Invitrogen #25030-081); 5mL sodium bicarbonate (7.5%) (Sigma #S8761); 50 mL 

fetal bovine serum (10%, heat activated in 56°C for 30 minutes) (Invitrogen #10082-147); 5 mL penicillin-

streptomycin antibiotic solution (10,000 U/mL) (Invitrogen #15140-122).  

Live HeLa cells were cultured in a flask in a NuAire CO2 incubator (5% CO2 at 37°C) in 5 mL 

DMEM and split every 3 days with the addition of 40 μL antibiotic G418 sulfate (Invitrogen #10131-035)). 

For live imaging, cells were cultivated on 1 inch culture dishes with thin cover glass bottom  for at least 48 

hours before imaging or treatment with blebbistatin. 

Blebbistatin (powder, Sigma #B0560) was dissolved in DMSO (Sigma #C6295) to make 100 mM 

solution and stored at -20°C. For blebbistatin treatment, 3 μL blebbistatin solution (100 mM) was mixed 

with 3 mL regular DMEM medium to make 100 μM blebbistatin medium. HeLa cells were incubated in 

blebbistatin medium for 60 minutes before staining for focal adhesions or actin filaments. To wash out 

blebbistatin we used regular DMEM medium (5mL each time) to wash the cell buffer 3 times. Washed-out 

cells were incubated in 5mL DMEM medium for 60 minutes before staining focal adhesions or actin 

filaments.   

3.2 Staining actin filaments and focal adhesions 

We cultured cells on coverglass for 2 days to let them fully spread before staining them. The procedure of 

staining actin filaments and focal adhesions in HeLa cells is as the following steps [64, 149-151]: 
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1. Cell fixation:  cells were treated with 10% formalin solution (3.7% formaldehyde in PBS) for 15 

minutes. 500 μL of solution were added to ensure the glass cover slips are totally covered with the 

formalin.   

2. PBS saline solution was used to rinse 3 times, for 2 min each time.  

3. Permeabilization: 0.1% Triton X-100 was used for 15 min.   

4. Blocking: 1% BSA was used for 30 min.  BSA was stored in a -20°C freezer.  

5. Rhodamine phalloidin was used to label actin filaments and vinculin primary antibody to label 

focal adhesions. The dye and antibody were used at 1:100 in PBS (500μL on each coverglass). 

The antibody and dye solution was allowed to react for at least 1 hour at 37°C. For imaging at a 

different day the sample was covered in aluminum foil stored at 4°C. 

6. PBS solution was used to rinse 3 times (2 minutes each time).  

7. Nuclei were also stained with Hoechst dye (0.002 mg/ml in aqueous solution) for 2-5 min (using 

500μL).   

8. dH2O was used to rinse off the unbound dyes 3 times (2 minutes each time). The sample was then 

washed and stored in PBS solution. 

3.3 Microscopy and image process 

We used an Olympus FV1000 confocal microscope to take time-lapse images of HeLa cells.  The 

lens we used was an Olympus UPLAN 100X oil immerse objective (NA=1.3). We focused on the adhered 

part of the cells above the glass slide. Multi-channel excitation allowed us to obtain images of MRLC-GFP, 

actin filaments, focal adhesions and nuclei of cells after staining them with different fluorescence dyes. To 

achieve the best S/N and minimum photo-bleaching, and obtain the comparable images of HeLa cells with 

different treatments, we used the following settings for the microscopy consistently,  

1. Scanning speed: 2μs/pixel. 

2. Image resolution in x-y plane: 1024x1024 pixel, 62nm/pixel. 

3. Z-step size when taking 3-D image: step size=0.5μm. 

4. When taking time lapse images, the speed is 10 sec/slice for short movies, and 1min/slice for long 

movies. 



 

41 

5. Other parameters: 10% of maximum power of excitation laser, HV=640V, offset=10 to achieve 

the best S/N and minimum photo-bleaching effect for the images. 

 

Photobleaching correction was performed as follows. Firstly, we subtracted the out-of-cell 

background separately at each frame. We then calculated total intensity of each slice vs. time. Next, we fit 

this curve with a single exponential decay    00 /exp ttI=tI   to obtain 0I  and 0t .  Finally, we 

multiplied each frame with  0/exp tt .  

 The cell boundary was manually selected in ImageJ. The MRLC-GFP intensity within the selected 

region (ROI) was measured on the photobleached corrected images. The cell spread area was measured by 

fitting an active contour to the cell boundary using JFilament2D [152]. To measure the number of focal 

adhesions in vinculin-stained cells we binarized the images, applied a band-pass filter and used the analyze 

particles function in ImageJ, see Fig. 3.1 and [153].  

3.4 Preparation of polyacrylamide substrates 

Polyacrylamide substrates are widely used to study how cells respond to their environment 

mechanically and physiologically. The Young’s modulus of the polyacrylamide substrate is tunable by 

tuning the volume concentration of crosslinker N-methylene-bis-acrylamide (BIS) in the gel [154, 155], 

ranging from 400Pa to 60kPa. 

Making polyacrylamide thin gels consists of the following steps.  

1. A 22mm
2
 is put under flame and is then let cool down. 

2. A cotton swab is used to evenly and thoroughly coat the coverslip with sterile filtered   

      0.1% NaOH. The coverslip is dried in air until a filmly coat appears. 

3. A p100 pipette tip is used  to spread an even but thin coat of silane onto the surface of    

       The coverslip (30μL). The silane coating is allowed to dry (at room temperature, 5-10   

       minutes). The coated coverslips are places with the silane side up in a Petri dish.  

4. The coverslips are washed thoroughly with ddH2O (3 times, 10 minutes each), tapping 

 the dish vigorously to remove excess liquid. 
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5. The coverslips are incubated in 70% glutaraldehyde (1:140 in (volume) in PBS) at room  

       temperature for 30 minutes. (1.2mL 25% solution in 60mL PBS). 

6. The coverslips are washed thoroughly with ddH2O (3 times, 5-10 minutes each). 

7. The coverslips are placed face up to dry. 

8. After fully drying, the activated coverslips were used immediately or stored for several  

      weeks in a dry environment (under tissue paper). 

9. In a microcentrifuge tube, the solutions required for gel preparation are mixed with 0.5M     

       HEPES, PH 4.22: 5.95g in 50 mL H2O, PH to 4.22 (see table 3.1 for procedure). 

10. The gel solution is degased using a vacuum flask or chamber for at least 30 minutes. 

11. While the solutions are being degassed, an additional set of equivalent-sized  

coverslips (18mm round) are evenly coated with Rain-X. The Rain-X coating is allowed to dry at 

room  temperature for 5-10 minutes, before gently buffing the coverslip using a Kimwipe. 

12. The activated coverslips are placed face-up on a secured piece of paraffin. 

13. 5μL of freshly made 10% ammonium persulphate (w:v in ddH2O) are added per 1 mL of  

 fully degassed acrylamide solution, mix well, and quickly despense 20 μL of solution onto                

each activated coverslip. The Rain-X treated coverslip was carefully placed on top without  

trapping air bubbles and allow the gel solution to polymerize at room temperature for 25-60 

minutes (usually 45 minutes).  

 

  



 

43 

 
 
Figure 3.1. Measurement of focal adhesions from a confocal fluorescence image of a HeLa cell [153]. (A) The original 

confocal fluorescence image of a HeLa cell stained with vinculin antibody. (B) Image of panel (A) converted into a 

binary image with proper threshold. (C) Bandpass filter is used to select spots that have the size of focal adhesions. (D) 

The particle analyze function of ImageJ is used with proper threshold (of intensity and size) to obtain the information 

of focal adhesions. (scale bar=5 μm) 
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.Functionalization of Polyacrylamide thin gels: 

1. The following items are prepared: 

 Sulfo-SANPAH (note: must turn off lights when in use): 0.5mg. 

 DMSO: 5 μL 

 50mM HEPES (PH 8): 1mL.  

2. DMSO is added first, then slowly the HEPES is added to the Sulfo-SANPAH while  

vortexing. 

3. 100 μL of above solution is placed onto polymerized polyacrylamide, making sure it is  

well spread. 

4. The sample is incubated under UV light for 15 minutes. 

5. The pink liquid is aspirated off. 

6. Each plate with 50 mM HEPES is washed twice and then put on shaker with HEPES for  

10  min.  

7. The secondary substrate is then placed onto the activated polyacrylamide and  

      incubated  for 4 hours under UV at room temperature (collagen I: 0.2 mg/ml, Fibronectin:   

      5-30 μg/ml).  

 

The thickness of the polyacrylamide film was controlled by the volume of the gel deposited on the 

circular coverglass. We dropped 100μL gel on the coverglass first, then put on 1mm circular coverglass on 

the top of the gel to press the gel into a thin round film with fixed area and fixed thickness (~150μm).  

The Young’s modulus of the polyacrylamide substrate could be measured by using atomic force 

microscopy (AFM) by using the probe tip of AFM to press beads on the gel and measure the force- 

displacement relationship [156].  
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Table 3.1 Preparation of 1ml Polyarylamide Gel Solutions for Given Elastic Modulus (Yeung et al., 

2005) 

 

Elastic modulous (Pa)     140     400    1050     5000    60,000 

      

Acrylamide (%)       3       3       3      5.5      10 

Bis-acrylamide (%) 0.04 0.05 0.1 0.15 0.5 

40% Acrylamide(μL)      75      75      75    137.5     250 

2% Bis-acrylamide(μL)      20      25       50      75     250 

0.5M HEPES. PH 4..22 (μL)     100     100     100     100     100 

TEMED (μL) 0.5 0.5 0.5 0.5 0.5 

ddH2O (μL)    648.9   643.9    618.9    541.4    243.9 
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Figure 3.2. Images of HeLa cells expressing MRLC-GFP cultivated on polyacrylamide substrates with 

Young’s modulus of stiffness ranging from 140 Pa TO 60 kPa. The adherent area of the cells increases 

from about 400 µm
2
 on 140 Pa substrates to 900 µm

2
 on 60 kPa. With the increasing stiffness of the 

substrates, cells are shown to be more polarized in morphology with more actomyosin bundles in the 

medial cortex.   
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Chapter 4  

Fluorescence microscopy of medial cortex in  

HeLa cells and image analysis  
 

4.1 Introduction 

The ability of cells to adhere and exert forces on substrates of different chemical and mechanical 

composition relies on their ability to form adhesions and transmit signals to the cytoskeleton [157]. The 

actin filaments and myosin motors in the cell cortex connect to focal adhesions (FAs) and adjust to form 

networks below the plasma membrane that maintain tension and traction, which in turn determines cell 

shape and cell mechanical rigidity [158-160]. Bundled actomyosin structures, such as stress fibers anchor at 

focal adhesions and at the cell nucleus, are important subcellular structures for generating cell traction and 

adhesion [77]. Stress fibers are bundles of actin filaments containing myosin-II motors and α-actinin cross-

linker proteins. They can form from different pathways and can have different orientation with respect to 

the cell axis as well as varying distribution of actin filament polarity [64, 161, 162].  

Stress fibers can form from actin filaments polymerized at cell protrusions: in motile cells, actin 

filaments nucleated at lamellipodia and filopodia undergo retrograde flow and are pulled together into 

bundles as transverse actin-arcs and dorsal stress fibers [64, 161]. Cortical actomyosin fibers can also form 

at the cell cortex away from leading edge protrusions (or away from the contractile back for the case of 

cells using bleb-based motility). It was recently shown that the cortex of adhered cells consists of dynamic 

formin, actin and myosin-II foci that contract and coalesce into clumps when actin filaments are 

depolymerized with Latrunculin A [163]. Constant turnover of the foci was found to be necessary for the 

observed patterns [163]. This ability of the animal cell cortex to reorganize into a different dynamic steady 

states upon a perturbation reflects its inherent plasticity and is reminiscent of the morphological changes 

seen in simpler organisms such as fission yeast where, depending on the concentration of cross-linker 

proteins, the mitotic medial actin network can organize into different morphologies such as clumps, 

contractile rings, and extended meshworks. In vitro experiments reconstituting actomyosin structures from 
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a set of purified components demonstrate cytoskeletal plasticity and hold promise for a systematic 

understanding of the dynamical phase diagram of actomyosin systems [20, 77-79].  

In this Chapter we study live cells and present experiments that further explore the idea that the 

cell cortex exists in a dynamic state that allows it to readily change morphology in response to a 

perturbation. For the case of adherent cells this perturbation is the linking of the cytoskeleton to a substrate 

through focal adhesions. In addition to the kinetics of turnover and contraction mentioned above, we 

anticipate an important role of mechanical forces and tension: the cortical actin and myosin concentrations 

respond to both external and internal forces: myosin-II and cross-linkers accumulate at sites of micropipette 

aspiration in a manner that depends on actin filament cross-linker concentration [155, 164].  

The precise kinetics of cortical cytoskeletal dynamics depend on many proteins and signaling 

pathways [161]. Here we do not attempt to address the precise molecular regulation but instead look at the 

collective behavior of myosin-II distribution. Using statistical analysis of our data we outline the basic 

mechanisms that should combine to generate the observed patterns. We also do not try to describe the full 

pathway leading to stress fiber formation, which may involve a cascade of stabilization processes [165], but 

rather describe the mechanisms that provide the initial geometric and mechanical properties necessary to 

stabilize an aligned actomyosin structure. To address this question experimentally we used confocal 

microscopy to study HeLa cells stably expressing MRLC-GFP (that binds to myosin-II) adhered to a glass 

slide. We chose this system for its simplicity and for allowing imaging the medial cell cortex. Numerical 

simulations presented in Chapter 5 based on our measurements provide support for our proposed 

underlying mechanisms. 

  

4.2 The activity of myosin II is important for the assembly of a medial    

       actomyosin network in HeLa cells 

We cultured HeLa cells tagged with MRLC-GFP on cover glass for two days before experiments. 

On the third day, we prepared the cells on coverglass in 3 ways. 1) Cells cultured in regular DMEM 

medium were taken as control cells. 2) Cells treated by 100uM blebbistatin for 60 minutes were taken as 

myosin II inhibited cells. 3) Cells firstly treated by 100uM blebbistatin for 60 minutes, then washout 
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blebbistatin and cultured in regular DMEM medium for 60 minutes were considered as myosin II 

reactivated cells. After all the treatment and preparation, cells were fixed and stained for F-actin and focal 

adhesions following the procedure and protocol in section 3.2.  

Figure 4.1 shows the MRLC-GFP images of HeLa cells in control state. Based on the morphology 

of the actomyosin network in the central region on the basal plane of the cells, we defined 3 types of 

actomyosin networks of HeLa cells. In Type I cells, there are long filament bundles with a number of 

mature FAs in the middle of the cells. In Type II cells, there are short fibers or meshwork with a few FAs in 

the middle of the cells. In Type III cells, there is neither visible filament nor meshwork, with very small 

amount of FA s (usually less than 5 per cell) in the middle of the cells. There is no significant difference for 

the mean MRLC-GFP intensity of Type I, II and III cells, however, when comparing the MRLC-GFP 

intensity in the middle of the cells (without cell boundary), the MRLC-GFP intensity in Type II and III 

cells is about ½ of the intensity in Type I cells (see figure 4.1). For control cells, the number of FAs is 

80±23, 60±25 and 44±21 per cell in Type I, II and III cells, while the spreading area has no significant 

difference in three different cell types (1000±400, 870±290, 950±400 µm
2
 respectively). 

The standard deviation for the number of FAs is large because it is difficult to isolate and distinguish the 

FAs on the boundary of the cell (see Chapter 3 for methods of quantifying FAs by ImageJ). It is interesting 

to notice that the number of FAs in the middle of Type II cells is larger than that in Type I cells (23±11 vs. 

11±7), which is opposite to the MRLC-GFP intensity in the middle of Type I (470± 230) and II (180±90) 

cells. The density of FAs in the middle of Type I and II cells are 1.4±1.1 and 3.9±2.4 per 100 µm
2
 

individually. Type III cells are very different from Type I and II cells as there are virtually no actomyosin 

network or FAs (2.3±0.6) except myosin II minifilaments and foci in the middle of these cells, although 

Type III cells have similar spreading area as Type I and II cells do. Because of the smaller density of 

myosin II minifilaments and FAs in Type III cells, it is probably difficult for these cells to form a stable 

filament bundle or network in their middle as in Type I or Type II cells. From the analysis above, we 

conclude that a certain level of density of myosin II minifilament and FAs is important for a cell to be able 

to assemble an actomyosin network in the middle. With decreasing myosin minifilament and FA density, 

the actomyosin network in the middle of a cell changes from thick bundles/ meshwork, to no fiber or or 

fiber network at all.  
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To understand how the activity of myosin II affects the process of actomyosin network assembly 

in the middle of HeLa cells, we conducted experiments with myosin-II inhibitor blebbistatin [166] (see 

Materials and Methods). Fig. 4.2 A shows cells expressing MRLC-GFP cultured with the same procedure 

as the control cells in Fig. 4.1 but treated with 100 µM blebbistatin for 60 min before fixing and staining for 

vinculin.  We observed a lower fraction of Type I cells and increased Type II and III as compared to control 

cells, reflecting the disassembly of myosin fibers. This indicates that myosin motor activity is important in 

the maintenance of long fibers. Fig. 4.2 B shows results with cells treated with 100 µM blebbistatin for 60 

min and then washed out by regular DMEM medium for 60 minutes before fixing and staining. The 

fraction of Type I cells increased to a value near that in control cells (Fig. 4.1), which indicates that MRLC-

GFP fibers are restored after restoring myosin motor activity.  

The number of focal adhesions found in the middle of Type II cells also decreases in the presence of 

blebbistatin (see Fig. 4.2 C), indicating that focal adhesions are also stabilized by stress. This result is 

consistent with other studies [20, 160, 167, 168], such as in [164] whose authors found the number of 

nascent focal adhesions in fibroblasts decreases upon blebbistatin treatment. Thus, blebbistatin perturbs the 

medial network in Type I and II cells that lose medial adhesions and some Type I cells become Type II or 

III; upon blebbistatin removal, a medial  network of fibers can reform within 60 min but the overall number 

of medial adhesions does not recover to the control level. 
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Figure 4.1.Actomyosin fibers and networks in HeLa cells adhered to glass slides. (A) Fluorescence 

microscopy images (single confocal slice through the bottom part) of control cells showing myosin labeled 

with MRLC-GFP and actin filaments stained with rhodamine phalloidin. (B) Images of cells expressing 

MRLC-GFP and focal adhesions stained with vinculin antibody. All cells show peripheral stress fibers but 

structures in the medial cell part vary among cells on the same glass slide. We classify cells into three types 

(n = 70 cells for A and n = 41 in B). In Type I cells, medial myosin and actin form fibers of length 

comparable to the cell size; these fibers connect focal adhesions located at the boundary and in the middle 

cellular region. In Type II cells, medial myosin and actin form short fibers and networks anchored by focal 

adhesions located at the boundary and in the middle cellular region. In Type III cells, there are no 

detectable medial fibers, networks or focal adhesions. (C) Comparison of ratio between average MRLC-

GFP intensity in cell middle and whole cell within a single confocal slice through the bottom part of the 

cell (n = 41). Type I and Type II cells have larger a larger ration compared to Type III. (D) Total number of 

focal adhesions for three cell types (n = 41). Type II cells have the most adhesions in the cell middle while 

Type III have close to none. *: p < 0.05; **: p < 0.01. Bars: 10 μm. 
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Figure 4.2.Images of HeLa cells expressing MRLC-GFP (green) stained with vinculin (red) after treatment 

with blebbistatin. (A) Cells treated with 100 µM blebbistatin for 60 min. Red arrow indicates fibers in Type 

I cells that remain after treatment. (B) Cells treated with 100 µM blebbistatin for 60 minutes followed by 

washout with regular DMEM medium. Images were taken 60 min after the washout. (C) Cell area for 

different cell types. Type II cells are cells with smaller area in the presence of blebbistatin. (D) Total 

number of focal adhesions for different cell types. Type II cells are cells with less adhesions in the presence 

of blebbistatin and after washout. (E) Ratio of average MRLC-GFP intensity in cell middle over the 

average intensity over whole cell for different cell types. The ratios for a given cell type are similar in 

control cells and for cells in blebbistatin and following blebbistatin washout. Cells analyzed: control n = 41; 

blebbistatin n = 62; washout n =54. * p < 0.05. Bar: 10 μm. 
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We did not detect a statistically-significant change in the ratio of MRLC-GFP intensity in the cell 

middle over the whole cell by blebbistatin (see Fig. 4.2 E).  Interestingly, the absolute average MRLC-GFP 

intensity in the medial cortex in Type II and III cells is unchanged by blebbistatin (see Fig.4.3 B and C). 

This means that differences in medial myosin organization after blebbistatin treatment are due to changes in 

the contractile properties of a network that contains the same amount of myosin. The medial MRLC-GFP 

intensity of Type I cells decreases in blebbistatin (see Fig. 4.3 A), likely due to the disassembly of some 

stress-stabilized medial fibers in these cells.  

We also noticed that total cell adhesion area decreases slightly when adding blebbistatin and 

increases again after blebbistatin washout (see Fig. 4.4). This trend is also seen in analysis of fixed cells in 

Fig. 4.2 C and most notably for Type II cells that have smaller area (some cells, not included in Fig. 4.2 C, 

lost adherence to the substrate and become round, see middle row of Fig. 4.2 A). Loss and recovery of 

adherence in the medial cortex as well as in the peripheral stress fibers and protrusions likely accounts for 

this trend. 

As a summary, we found that the activity of myosin II and existence of FAs are important to the 

assembly of actomyosin network. Both the morphology and dynamical process of the actomyosin network 

assembly in the middle of cells were correlated to the myosin II concentration and activity in the cells as 

well as the number of FAs, which help to anchor and stabilize the bundles and maintain the stiffness of the 

cytoskeletal network of the cells. In the next sections, we will  use image correlation spectroscopy (ICS) to 

study how the activity of myosin II affect the dynamical process of actomyosin network 

assembly/disassembly in the medial cortex of HeLa cells. 
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Figure 4.3. The MRLC-GFP intensity of adhered part of cortex in Type I (A), II (B) and III (C) HeLa cells. 

Red indicates the mean MRLC-GFP intensity of whole cells including the peripheral fibers. Green indicates 

the mean MRLC-GFP intensity in the medial. MRLC-GFP intensity were measured by ImageJ (NIH) on 

untreated cells (41 cells), blebbistatin-treated cells (62 cells), and cells that recovered from blebbistatin (54 

cells), see Materials and Methods. Panel A shows that blebbistatin treatment results in a decrease of the 

intensity of MRLC-GFP in the medial cortex of Type I cells, which is largely due to the disassembly of the 

permanent fibers in Type I cells.  There is no significant change of MRLC-GFP intensity before and after 

blebbistatin treatment in Type II and III cells (B,C).  * p < 0.05. 
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Figure 4.4. Images of same cells before and after blebbistatin treatment (A,B) or before/after blebbistatin washout 

(C,D). On average, the adhesion area of HeLa cells decreases after addition of blebbistatin, and recovers when washing 

out blebbistatin with DMEM medium (Fig. 4D). Panels A and B show images of HeLa cell expressing MRLC-GFP 

before and after 60 min in 100 µM blebbistatin. Images show disassembly of medial fibers and a decrease in the 

adhesion area by 10% (from 646 µm2 to 575 µm2) for the cell at the top left. The bottom right cell transformed from 

Type I into Type III (lack of medial fibers).  Panels C and D show changes after 60 min in blebbistatin (C) and 60 min 

after blebbistatin washout (D).  Medial network and fibers were recovered; the ahesion area for this cell decreased from 

679 to 662 µm2 but for other cells (mostly Type II) the area was found to increase (see also Fig. 4.2C). Bar: 10 μm. 
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4.3 Dynamics of medial cortical myosin in adhered HeLa cells.  

By imaging a single confocal slice focused at the adherent part of the cell, we observed that peripheral 

stress fibers labeled by MRLC-GFP maintain their position and shape over 30 min. The medial part of the 

cell cortex however is very dynamic over the same timescale, as shown in Fig. 4.5.  

Fig. 4.5A shows a Type I cell in which MRLC-GFP foci appear and disappear near more stable 

peripheral and medial fibers. During this turnover process, the foci align to form transient fibers over ~ 5 

μm (see panel at 6:00 min in Fig. 4.5 A). The foci turnover process is more evident in the volume 

kymograph in the first panel of Fig. 4.5D, which is constructed from cell region of the panels in Fig. 4.5 A. 

In this kymograph the transient MRLC-GFP foci appear as bright spots.  

Fig. 4.5 B  shows a Type II cell where MRLC-GFP foci turnover and transient alignment is 

evident in the panels showing an enlarged region of cell cortex. This turnover is also seen in the transient 

spots in the volume kymograph in the middle panel of Fig. 4.5 D. The kymograph highlights another 

process: directed foci motion. Foci motion is evidently a result of contraction and the likely origin of 

transient clumping (see panel at 1:40 in Fig. 4.5B). Similar dynamics to the Type II cell of Fig. 4.5 B are 

observed in the cells of Fig. 4.5 C, which we would classify as Type III, and the corresponding volume 

kymograph in the last panel in Fig. 4.5 D.  

Taken together, Fig. 4.1 and 4.5 indicate that the process of medial cortical fiber formation results 

from myosin foci assembly and disassembly at the cell cortex (likely in the form of mini-filaments 

minifilaments on cell cortex [160, 169]), alignment (likely through pulling on actin filaments nucleated 

near the cell cortex) and stabilization of linear elements. Since similar dynamics are observed in all three 

cell types, the different cortical morphologies observed seems correlated with the ability of cells to form 

fibers anchored at focal adhesions in the medial part of the cell cortex. These results also highlight a 

pathway to actomyosin fiber formation different to that of more motile cells. In many motile cells 

peripheral arcs and fibers form through myosin-mediated collapse of peripheral lamellipodial protrusions 

[64, 151, 170, 171]. By contrast, the fiber pattern of Hela cells on glass slides is dependent on the steady 

state properties of non-protruding medial cell cortex. In some cells such as Fig. 4.5B, an outward rather 

than inward flow can be observed.  
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Figure 4.5. Time-lapse fluorescence microscopy images of HeLa cells expressing MRLC-GFP reveal a dynamic 

cortical network in which MRLC-GFP foci appear, disappear, clump and contract. Single confocal slices through cell 

bottom. Montage panels to the right of A, B, C correspond to red box of left panel. (A) MRLC-GFP foci in a Type I 

cell assemble into linear structures and subsequently disassemble within 3 min. (B) MRLC-GFP foci 

appearance/disappearance and contraction in a Type II cell.  In this cell the intensity of the medial MRLC-GFP network 

increases towards the periphery. MRLC-GFP foci in the medial region flow, on average, towards the cell periphery. (C) 

MRLC-GFP foci appearance/disappearance and contraction in Type III cells. The top right cell can also be classified as 

Type II.  (D) 3D kymographs of montages of panels A, B and C. Foci appearance and disappearance are evident as 

bright spots. Total time is indicated in each panel. Contraction corresponds to diagonal features in second and third 

kymograph. Bars: 5 μm.    
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4.4 Spatial-temporal image correlation spectroscopy (STICS) analysis of               

       cortical MRLC-GFP in adhered HeLa cells 

To quantify medial MRLC-GFP dynamics, we used spatio-temporal image correlation 

spectroscopy (STICS) [172]. We used this method since the density and complexity of foci motions 

precluded methods such as single-particle tracking even with manual editing [173]. STICS allows 

measurement of average correlations of intensity over space and time, which provides information on the 

diffusive, transport, and turnover kinetics of the fluorescently-labeled molecules [172, 174-176]. It is a 

useful tool in images such as those of Fig. 4.5 in which intensity correlations persist from frame to frame 

but the motion of individual myosin foci cannot be tracked with good accuracy. The STICS function of 

relative distances  and  (along the x and y directions) and relative time  is: 

         
   

)()(

,,,,
,,











tItI

tyxItyxI
r                                                     (4.1) 

where  tyxI ,, is intensity at pixels x,y of an NxN pixels image at frame corresponding to time t , )(tI is 

the average intensity at time t and     )(,,,, tItyxItyxI  . The averages in Eq. (1) are averages 

over x,y and t.  

We calculated   ,,r by selecting regions of 100x100 pixels (6.2 x 6.2 μm) in movies of cells 

expressing MRLC-GFP imaged every 10 sec at a single confocal slice focused on the adhered part of the 

cell cortex, see Fig. 3A. The total number of frames was 16, which was sufficiently long to observe the 

decay in correlations over time. Since the focus of this analysis was to quantify the dynamic parts of the 

cell cortex, we used the following criteria to select regions for STICS: (1) The average intensity does not 

change by more than 2%, since we did not want to measure correlations due to net accumulation or 

disassembly, see Fig. 4.6 B; (2) The region does not contain permanent fibers or other intense spots that 

dominate the correlations; (3) The region does not exhibit net cortical flow, since we are interested in the 

dynamics at the rest frame of the 6.2 x 6.2 μm cortical patch; (4) we did not include regions that lack 

MRLC-GFP foci. Panels in Fig. 4.5B, 4.5C and 4.6A are examples of regions used in the analysis. Because 
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of the presence of medial fibers in Type I cells, all regions that fulfilled the above criteria were in cell 

Types II and III. We grouped data from Types II and III together in the following analysis. 

The panels selected for STICS analysis (such as in 4.5B, 4.5C and 4.6A) are large enough to 

contain MRLC-GFP foci aligned in different directions so that, on average, there is no preferred 

orientation. In addition, since there is no net flow, function   ,,r is peaked at the origin for all  .To 

simplify the analysis we thus performed an average over the polar angle to obtain a STICS function that 

depends on the distance to the origin
22   : 

                                  





 dlrr ,,
2

1
, .                                                                    (4.2) 

Fig. 4.6C shows  ,r  for the region in Fig. 4.6A, after removing the sharp peak at  0,0r due 

to white noise correlations [174] (see Materials and Methods). We observe that spatial correlations extend 

to distances longer than the microscope’s resolution (about 0.2 μm) and persist at long times: the FWHM, 

defined here as twice the distance ρ at which   2/),0(,2/  rr  , is 0.65 μm at  =0. This is 

consistent with the organization of myosin-II into bipolar minifilaments of size 0.8-1 μm [169, 177-180] 

and the alignment of these filaments along short fibers.  

The function  ,r  decreases with increasing  for a given ρ, which reflects loss of correlation 

due to myosin assembly and disassembly at the cortex as well as movement due to local contractions. Fig. 

4.6D shows that the decay of  ,0r  can be fitted by a single exponential with decay time 
control (Note: 

in the fit we exclude  0,0r which is determined by extrapolation, see Materials and Methods. Since 

 0,0r  is less accurate compared to  ,0r  for 0 , it leads to noisy curves when used as the initial 

condition to normalize and compare different decay curves). We find that the average decay time is 

50130 control sec (n=21), see Fig. 4.6E. This decay time reflects both the contraction of MRLC-GFP 

foci and their turnover. Both processes  
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Figure4.6. STICS analysis of MRLC-GFP dynamics in control cells at a single confocal slice at cell bottom. (A) 

Montage picture (right) of selected region in the middle of a Type II HeLa cell (left). Bars: 10 μm (left) and 5 μm 

(right). For analysis of steady state dynamics we selected regions of size 100x100 pixels (1 pixel = 0.6 µm) that lack 

stable fibers over 160 sec and do not change in average intensity by more than 2%. (B) Percent change of intensity of 

selected region over time shows fluctuations within 0.05% of the average intensity. (C) Radially-averaged spatial-

temporal image correlation function of selected region as function of radial distance ρ and delay time. (D) Single 

exponential fit of the correlation function of panel C at ρ = 0 gives a characteristic decay time τ = 81 sec. (E) 

Normalized decay curves (at ρ = 0) in different control cells. The average decay time of individual exponential fits 

gives 50130 control   (Mean   StDev, n = 25).  
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contribute to comparable amounts since the time for foci movement over a distance of order their size is 

comparable to their lifetime, see Fig. 4.5D.  

To further probe how and contraction, turnover contribute to cortical actomyosin organization we 

repeated the same analysis for cells treated with blebbistatin.  

4.5 STICS analysis of cortical MRLC-GFP in adhered HeLa cells in    

       blebbistatin 

We quantified the dynamics and distribution of medial MRLC-GFP in cells treated with 100 μM 

blebbistatin for 60 min, using the same method as in Fig. 4.6 by applying STICS to 6.2x6.2 μm regions 

imaged every 10 sec for 160 sec, see Fig. 4.7A.  The criteria for selecting regions were also unchanged. 

The 3D kymograph of Fig. 4.7B shows much less directed motions compared to untreated cells (Fig. 4.5D), 

consistent with the anticipated reduction in contractility. However individual MRLC-GFP foci continued to 

appear and disappear (note: in Fig. 4.7B we imaged for a shorter total interval compared to Fig. 4.4D to 

avoid laser-induced deactivation of blebbistatin [181, 182]. The radially-averaged STICS function  ,r  

has similar shape and width to untreated cells, however the decay of correlations with time are slower, see 

Fig.4.7 C. An exponential fit to  ,0r  gives a relaxation time 90240 bleb sec longer than that of 

untreated cells (see Fig. 4.7 D, E).  

Similar analysis to Fig. 4.7 was performed for experiments after blebbistatin washout (cells were 

treated with 100μM blebbistatin for 60 minutes that was then washed out with regular DMEM medium for 

60 minutes before imaging). An example of a cell is shown in Fig. 4.8A. Unlike cells in the presence of 

blebbistatin, contractile motions were now evident, see Fig. 4.8B. As a result of these motions, the decay of 

 ,r  in the cell of Fig. 6A occurs with decay time 123washout sec, which is close to the decay time 

of untreated cells (see Fig. 4.8D). Even after the washout however, many cells are unable to recover and the 

resulting average decay time is only slightly smaller when compared to Fig. 4.7: 160220 washout

sec. The standard deviation of the decay time is larger compared to Figs. 4.6 and 4.7, reflecting a variability 

among cells that recovered and cells that were irreversibly damaged with blebbistatin.  We observed a 

similar variability when inactivating blebbistatin by continuous imaging [181, 182] in the presence of 



 

62 

blebbistatin: in some cells we observed the reformation of a contractile network (see Fig. 4.10) but other 

cells had little response.   

To further compare the different conditions in Figs. 4.6, 4.7 and 4.8 (control, blebbistatin, 

recovery from blebbistatin), we searched for correlations in STICS analysis data. We did not find 

significant correlation between average region intensity and decay time (Fig. 4.9A), between FWHM of 

 0,r  and decay time (Fig. 4.9B), and between  0,0r  and decay time (Fig. 4.9C). The value of  0,0r

is the magnitude of relative intensity fluctuations at a given frame (see Eq. (4.1)). We find that  0,0r is a 

bit larger in the presence of blebbistatin (Fig. 4.9C), indicating a more inhomogeneous distribution in the 

selected regions. We did not detect a dependence of  0,0r  on average intensity (Fig. 4.9D).  

In conclusion, we have demonstrated that STICS analysis on the time-lapse MRLC-GFP images 

provides a tool to determine the activity of myosin II in live cells. The correlation decay time increases in 

blebbistatin, consistent with the visual observation of reduction in contractile myosin movements.  
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Figure 4.7 . STICS analysis of MRLC-GFP dynamics of cells treated with 100 µM blebbistatin for 60 minutes at a 

single confocal slice at cell bottom. (A) Montage picture (right) of selected region in the middle of a Type III HeLa cell 

(left). Bars: 10 μm (left) and 5 μm (right). For analysis of steady state dynamics we selected regions of size 100x100 

pixels (1 pixel = 0.6 µm) that lack stable fibers over 160 sec and do not change in average intensity by more than 2%. 

(B) 3D kymograph of montage of panels A. Foci appearance and disappearance is observed but the near absence of 

diagonal features indicates less contraction compared to control cells. (C) Radially-averaged spatial-temporal image 

correlation function of selected region as function of radial distance ρ and delay time. (D) Single exponential fit of the 

correlation function of panel C at ρ = 0 gives a characteristic decay time τ = 189 sec. (E) Normalized decay curves (at ρ 

= 0) in different blebbistatin-treated cells. The average decay time of individual exponential fits gives 

sec90240 bleb sec (Mean   StDev, n = 24).  
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Figure 4.8 STICS analysis of MRLC-GFP dynamics of cells recovering from blebbistatin at a single confocal slice at 

cell bottom. Cells were treated with 100 µM blebbistatin for 60 minutes and images were taken 60 min after washout 

with regular DMEM medium. (A) Montage picture (right) of selected region in the middle of a Type II HeLa cell (left). 

Bars: 10 μm (left) and 5 μm (right). For analysis of steady state dynamics we selected regions of size 100x100 pixels (1 

pixel = 0.6 µm) that lack stable fibers over 160 sec and do not change in average intensity by more than 2%. (B) 3D 

kymograph of montage of panel A. Foci appearance and disappearance as well as diagonal features indicating 

contraction are observed. (C) Radially-averaged spatial-temporal image correlation function of selected region as 

function of radial distance ρ and delay time. (D) Single exponential fit of the correlation function of panel C at ρ = 0 

gives a characteristic decay time τ = 110 sec. (E) Normalized decay curves (at ρ = 0) in different blebbistatin-treated 

cells. The average decay time of individual exponential fits gives 160220 washout  (Mean   StDev, n = 23). 
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Figure 4.9 Comparison of analysis of cell images of control, blebbistatin-treated cells, and cells recovering from 

blebbistatin in regions of 100 by 100 pixels as in Fig. 4.6, 4.7 and 4.8. (A) Plot showing relationship between average 

intensity after out-of-cell background subtraction and decay time τ. The two quantities are not strongly correlated. 

While the correlation time increases in blebbistatin, the average intensity does not change noticeably. (B) Plot showing 

relationship between the FWHM of r(ρ,0) (a measure of the size of the correlated region) and decay time τ. While the 

decay time increases in blebbistatin, the average value of FWHM does not change noticeably. (C) Plot showing 

relationship between the value of r(0,0) (a measure of relative intensity fluctuations) and decay time τ.  Cells in 

blebbistatin have both larger decay time τ and a more inhomogeneous intensity distribution. (D) Plot showing 

relationship between the value of r(0,0) and average intensity shows that relative fluctuations increase as the average 

intensity decreases.  
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4.6 Summary and discussion 

We quantified the dynamics and distribution of medial MRLC-GFP in HeLa cells under control 

state, with blebbistatin treatment for 60 min, and recovery from blebbistatin treatment in DMEM medium 

for 60 min. We observed the medial cortical fiber formation from myosin foci assembly and disassembly, 

alignment, and stabilization of linear elements (likely in the form of minifilaments) at the cortex. The 3D 

kymograph of Fig. 4.7D shows much less directed motions of myosin foci in cells with blebbistatin 

treatment compared to untreated cells (Fig. 4.5D), which is consistent with the reduction of contractility 

due to inhibiting the activity of myosin II by blebbistatin.  However individual MRLC-GFP foci continued 

to appear and disappear, see Fig. 4.7D and Fig. 4.8B. The relaxation time of STICS function  ,0r  in 

blebbistatin treated cells is much longer than in untreated cells ( sec50130 control ,

sec90240 bleb sec), which suggests that the relaxation time of  ,0r  is determined by directed 

motion of myosin foci and their turnover of appearance and disappearance at the cortex. The FWHM of 

 ,0r  remains unchanged (0.65 µm) before and after blebbistatin treatment. The STICS analysis of cells 

recovery from blebbistatin treatment shows slightly reduction of the relaxation time of  ,0r  

( 160220 washout sec) compared to cells in blebbistatin, however, the standard deviation is large. Fig 

4.8B shows in some cells the directed motions of myosin foci were recovered after washing out 

blebbistatin.  

In conclusion, time-lapse MRLC-GFP images reveal the process of myosin foci contraction, 

alignment and stabilization during the formation of medial fibers at the cortex, as well as their appearance 

and disappearance turnover. We have demonstrated that STICS analysis on the time-lapse MRLC-GFP 

images to be a tool to determine the activity of myosin II at the medial cortex of live cells. The relaxation 

time of STICS function  ,0r  increases in blebbistatin due to the reduction of contractile movement of 

myosin foci. We will use the same method in the next chapter to quantify simulations of fiber assembly and 

disassembly.         
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Chapter 5  

Model of cortical myosin II dynamics and fiber 

formation 

5.1 2D mechanical model: introduction 

The results of the previous chapter suggest that the medial actomyosin cortex exists in a 

homeostatic state of assembly, reorganization and disassembly. We observed myosin foci appear and 

disappear over time, in a process that likely depends on myosin minifilament formation by nucleation and 

growth [155] and myosin binding to actin filaments and proteins on the cell membrane.  The cortical foci 

contract towards one another and align. This process is likely to occur by myosin pulling on actin filaments 

located at the cell cortex, which tend to form bundles with myosin minifilaments and actin cross-linking 

proteins [183]. Formation of stable linear fibers depends on myosin motor activity and is positively 

correlated to presence of contraction, implying that the stability of myosin minifilaments in the cortex 

increases with tension, as also suggested by prior experiments [155, 160, 164]. When coupled to adhesion 

formation, long fibers can thus develop along the cortex by maintaining tension through anchors at focal 

adhesions.   

We developed a coarse-grained computational model to test the extent to which the above 

mechanisms can explain our experimental observations.  In this model the basic units are bipolar myosin 

minifilaments that can move and change orientation on a 2D plane representing the cell cortex (see Fig. 

5.1). They interact via the following four types of forces and torques they exert on one another.  

5.2 Model of myosin minifilament turnover and alignment 

5.2.1. Contractile force 

As Fig. 5.1A shows, the contractile force between minifilaments is mediated by actin filaments in 

the vicinity of the minifilaments (actin filaments are not explicitly included). The direction of this attractive 

force between minifilaments i and j is along the axis joining their centers and has magnitude 
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   )/exp( 0

min cijc

ij

c sLkF  ,  )( maxmin LsL                      (5.1) 

when the distance between the minifilament centers s is between
minL and maxL and zero otherwise. Here 

ck , 
minL , maxL and 

0

c are model parameters and 21  ij , where
1 and 

2 are the angles between 

axis of each minifilament and the line joining their centers, as shown in Fig. 5.1A. The exponential 

dependence in Eq. (5.1) simulates an increase in contractile force when filaments align, representing the 

cooperative nature of myosin-actin alignment. After scanning values of 
0

c in the simulations, we chose 

3.00 c (
2.17 ), which resulted in realistic myosin alignment.  

Parameters 
minL and maxL are determined based on the length scale of myosin minifilament and 

actin filaments. In human endothelial, epithelial, and fibroblast cells, the length of myosin II minifilaments 

is μm26.0   and the length of actin thin filaments is μm51  [20, 160, 169, 177, 184]. So we chose 

μm6.1max L as the longest scale over which contraction occurs. When minifilaments approach one 

another they cannot overlap and accumulation of α-actinin in between them may limit how close they can 

approach one another. So we set μm8.0min L and apply a repulsive force for minifilament separation 

distances shorter than 
minL (see below). The linear functional dependence on s in Eq. (3) ensures the 

contractile force vanishes continuously at 
minLs  . 

Paramerer ck determines the magnitude of the contractile force. For non-muscle cells, there are 

about 20 myosin II motors polymerized into bipolar minifilaments in stress fibers [77, 148]. Since each 

myosin motor produces 2-6 pN pulling force on actin filaments, a single minifilament could produce a 

pulling force ~40 pN, after considering the disordered nature of the actin network and the small duty ratio 

of myosin II heads [185]. Thus we estimate 50ck pN/µm. 

As minifilaments start to aggregate in the simulations, they can exert larger forces as they interact 

with more neighbors. To represent an upper physical limit to the magnitude of contractile forces, we 

introduced an upper limit of 50 pN per minifilament. For all minifilaments for which the total contractile 

force exceeds the upper limit, we reduce the force corresponding to every pair by the factor that reduces the 
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total force to the maximal value. After performing this operation for all minifilaments, we then re-calculate 

the average force between pair i and j to be 2/)( ji

c

ij

c FF  . 

  

5.2.2. Aligning force and torque 

 Aligning force and torque (Fig. 5.1B) are responsible for minifilament alignment and rotation. 

Since this effect likely occurs via actin filaments in between minifilaments, we apply these forces and 

torques when maxLs  . Following [186], aligning forces act on the centers of minifilaments, 

perpendicular to the line that joins their centers, see minifilaments i and j. The force on i that acts along the 

direction that decreases the magnitude of angle 
1  defined in Fig. 5.1B. The unit vector along this 

direction is 
1

e , and similarly for j that has angle 
2 . To satisfy force balance, we assume a force of equal 

magnitude but of opposite direction acting on the neighbor. We used the following expression for the force 

on minifilament i due to minifilament j: 
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Parameter alF  determines the magnitude of the aligning force. Here 0731.0max C is a normalization 

constant equal to the maximum value of the function  
0/

sin ale





[186]. The cutoff angle 2.00 al

(
5.11 ), represents that the magnitude of the aligning force and torque is reduced by a factor less than 

unity for angles larger than 
0

al . A maximum aligning force of 30 pN was implemented as for the upper 

limit in the contractile force.   

A torque was introduced to rotate neighboring minifilaments along a common direction. The 

torque on minifilament i due to minifilament j:  
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where 0 is a constant representing the amplitude of the torque. Eq. (5.3) satisfies torque balance, 

ji

rot

ij

rot   . 

 

5.2.3. Short range repulsion 

Short range repulsion between minifilaments (see Fig. 5.1C) prevents minifilaments from fully 

overlapping with one another: 

      sLkF r

ij

repel  min        minLs                                                          (5.4) 

We used mpNkr /50 , which is large enough to counteract contractile forces. These forces are 

oriented along the line joining the centers of the minifilaments.  

 

5.2.4 Stress-dependent minifilament dissociation 

To simulate the dissociation of foci, we assumed that the life time of each minifilament is reduced 

by contractile forces: 

                                   0

0 /exp d

i

cdd FFkk                                                                       (5.5) 

where 0dk is the dissociation rate of non-interacting minifilaments, 
i

cF is the magnitude of the total 

contractile force experienced by the minifilament, and 
0

dF = 15 pN defines a force scale over above which 

stress-stabilization occurs.  When a minifilament dissociates from its current position, we place it at another 

random position and random orientation in the simulated cortical region, thus keeping the total 

concentration constant. A value 0dk = 0.001 s
-1

 gave agreement with experimental results, see below. 
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Figure 5.1 Cartoon of coarse-grained model of myosin minifilament interaction. (A) The contractile force
ji

c

ij

c FF   between two minifilaments i and j is determined by angles 1 , 2 , and d , and is applied when 

maxmin LdL  . The contractile force increases with decreasing 1 , 2   and decreasing d . The contractile 

force is assumed to be mediated by actin filaments that are not explicitly included in the model. (B) Minifilaments 

experience torques
jiij

ττ   that rotate them to point toward each other when maxLd  . Aligning forces 

ji

al

ij

al FF   act on the center of each minifilament, perpendicularly to the line joining their centers. These torques 

and forces are also assumed to be mediated by actin filaments as in panel A. (C) Excluded-volume short-range 

repelling forces 
ji

repel

ij

repel FF    are applied when maxLd  . (D) The disassociation rate for each minifilament 

decreases exponentially with increasing total contractile force acted on the minifilament. This results in stabilization of 

linear structures that bear tension. Dissociated minifilaments are placed at a random position on the plane simulating 

the cell cortex to maintain constant overall minifilament concentration. 
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Table 5.1. Parameter values used in simulations. For justification see main text unless otherwise 

indicated. 

Parameters Unit               Control                  +blebbistatin  

    
  Length in x(y)  

 

[µm] 8 8 

dt [s] 0.01 0.01 

rk  [pN/µm] 50 50 

ck  [pN/µm] 50 5 

alF  pN  6
a 

0.6 

0

dF  pN 15 15 

maxL  [µm] 1.6 1.6 

minL  [µm] 0.8 0.8 

          
0

c      [rad] 0.3 0.3 

0

al  [rad] 0.2 0.2 

0dk  [1/s] 0.001 0.001 

  [pN·s/µm] 400
b 

400
b 

rot /0  [pN·s/µm] 400
c 

400
c 

 
a: Estimated to be comparable to contraction force. 

b: Value that gives minifilament speeds similar to those in experiments  

c: Estimated to give a minifilament rotational speed similar to translational speed.  
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At each time step (dt = 0.01 sec) of our Monte Carlo simulation we calculate the total force 
i

totF

for each minifilament i, and update the positions ix according to     dttdtt i

totii )/( Fxx  . The 

value of the drag coefficient of the cortex is  = 400 pN s/μm that gives velocities that match those in 

experiments. The orientation i of each minifilament is updated according to 

    dttdtt rot

i

rotii )/(   , where 
i

rot is the total torque experienced by minifilament i and 

rot is the total rotational drag coefficient. The single independent parameter describing the rate of 

orientation change is rot /0 , The parameters used in the simulations are summarized in Table 5.1.     

5.3 Simulation results 

To check if the model of the previous section reproduces basic features of the dynamics in the medial 

cortex, we run simulations in an 8x8 µm
2
 region containing two focal adhesions (green spots in Fig. 5.2 A 

and B) at the two corners. (The simulated density of focal adhesions is roughly the density in Type I and II 

control cells, 1.4±1.1, 3.9±2.4 per 100 µm
2
, respectively). The focal adhesions were simulated as 20 static 

minifilaments oriented in the same direction, representing the myosin minifilaments that would form at a 

fiber around the adhesion. While focal adhesions are also dynamic and their growth depends on tension 

[20, 160, 167, 168] (Fig. 4.2), here we are interested in myosin dynamics and thus assumed the adhesions 

were fixed. In the simulations the interaction between cortical miniflaments and those in focal adhesions is 

the same as the interaction between minifilaments, except that that the latter do not move during each 

simulating steps. 

To calculated the number of minifilaments to include, we measured the intensity of MRLC-GFP 

foci in experimental images and the mean intensity at medial regions of the cell cortex to estimate 

2040 ±=N  in an 8x8 µm
2
 region for control Type I cells. Fig. 5.2E shows a simulation starting with N 

= 42 randomly placed minifilaments. At the beginning of the simulation the minifilaments locally align and 

contract and build a tension-stabilized fiber at ~ 3000 s in between the focal adhesions, similar to what was 

observed in control cells with actomyosin bundles (Fig. 4.5A). This bundle is stable for ~1000 s when it 
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breaks and starts to contract and disassembles in 300 sec, similar to experiments (see Movie S1 where 

fibers can be seen to form and disassemble within ~500 s). 

Type II cells have slightly less MRLC-GFP intensity and higher concentration of focal adhesions 

in the medial regions (Figs. 4.3). If we just decrease the number of myosin minifilaments in the simulations 

to N=37 (see Fig. 5.3A) we no longer obtain stable fibers in between the focal adhesions placed at the two 

corners. Thus a stable fiber network would require a higher density of focal adhesions, as observed in Type 

II cells.  The third simulation in Fig. 5.4A shows that the model reproduces a transient network structure 

observed in Type III cells that have very few medical focal adhesions 

 The simulations of Fig. 5.2-5.4 also reproduce the correlation pattern quantified by STICS 

analysis in experiments. We checked this by performing radially-averaged STICS analysis on simulated 

images in which the shape of the minifilaments was a rectangle with dimensions 0.8x0.2 µm. Panel C in 

Fig. 5.2-5.4 show STICS analysis in simulations of cells that are of Type I, II, and III, respectively. Similar 

to the analysis of the experiments in Fig. 4.6, we selected regions of size 5.6x5.6 µm
2
 that excluded 

permanent fibers (see red boxes in Fig. 5.2B-5.4B). We found that the STICS curves in the simulations of 

panel C in Fig. 5.2-5.4 have similar shape to those of Fig. 4.6C. The average decay time of  0,r  is of 

order 100 sec in all three cases, similar to Fig. 4.6E. Both contractile motions and minifilaments turnover 

contribute to establishing this relaxation time.  

 Finally, we checked to see if our proposed mechanism is consistent with the behavior of cells in 

blebbistatin. In Fig. 5.5 we simulated the effect of blebbistatin as a reduction in the contractile and aligning 

forces. The number of minifilaments included in these simulations was N = 40, similar to Fig. 5.2-5.4, since 

blebbistatin does not significantly change the MRLC-GFP intensity in regions of the medial cell cortex that 

do not contain permanent fibers (Fig. 4.3).  
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Figure 5.2 Simulation of type I cells with STICS analysis of the simulation results. (A) A snapshot of a 

simulation of type I cell with 2FAn focal adhesions (green) and 42myon minifilaments (red) in a 

8x8μm
2
 region indicated by red frame (kc=50 pN/µm, pNfal 6 ). (B) A snapshot of ROI starts from 

4200 sec in simulation time. The ROI is 100x100, indicated by a red box. (C) Plot of STCICS functions 

obtained in (B) with time lag . (D) Plots of normalized function of ),0( r vs. with 

mean StDev., fitted by exponential function 0

0



t

eyy


 , sec231050  , which is within the range 

of experimental data of sec501300   (n=10).  

 

sec15010dt
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Figure 5.3 Simulation of Type II cells with STICS analysis of the simulation results. (A) A snapshot of a 

simulation of Type II cell with 2FAn focal adhesions (green) and 37myon minifilaments (red) in a 

8x8μm
2
 region indicated by red frame (kc=50 pN/µm, pNfal 6 ). (B) A snapshot of ROI starts from 

4200 sec in simulation time. The ROI is 100x100 pixels. (C) Plot of STICS functions obtained in (B) with 

time lag . (D) Plots of normalized function of ),0( r vs. dt with mean StDev., 

fitted by an exponential function, sec26900  . (n=10) 

sec15010dt



 

77 

 

Figure 5.4 Simulation of Type III cells with STICS analysis of the simulation results. (A) A snapshot of a 

simulation of Type III cell without focal adhesions (green) and 42myon minifilaments (red) in a 8x8μm
2
 

region indicated by red frame (kc=50 pN/µm, pNfal 6 ). (B) A snapshot of ROI starts from 4200 sec in 

simulation time. The ROI is 100x100 pixels. (C) Plot of STICS functions obtained in (B) with time lag 

. (D) Plots of normalized function of ),0( r vs. dt with mean StDev., fitted by an 

exponential function, sec25920  (n=10). 

sec15010dt
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By reducing the contractile force by a factor of ten (reducing kc to 5.0 pN/μm and Fal to 0.6 pN) we find that 

minifilaments cannot assemble into long fibers. This happens with or without including focal adhesions in 

the simulations (Fig. 5.5 A, C). Short fibers were still observed in the middle of simulated cortex; however, 

these fibers had a short lifetime and disassembled before they could elongate to bridge focal adhesions, 

maintain tension and stabilize. The reduction of the magnitude of contractile and aligning forces results in a 

reduction of the motion of the minifilaments. The decay time of the STICS  0,r  in Fig. 5.5B, D is now 

210-230 sec, which is about twice longer compared to Fig. 5.2-5.4 because it is mostly determined by the 

turnover kinetics that occurs over a time 
1

0



dk = 10
3
 sec rather than contraction and alignment. This 

increase in the decay time is consistent with the results of Fig. 4.7.  

In the simulations of the effect of blebbistatin in Fig. 5.5 we kept the parameters of minifilament 

turnover kinetics 0dk and 
0

dF in Eq. (7) unchanged compared to Fig. 7. While minifilament turnover still 

occurs in the presence of blebbistatin (Fig. 4.7B), it is difficult to accurately estimate the influence of 

blebbistatin on the minifilament turnover kinetics as a function of contractile force. For simplicity, we kept 

the turnover kinetics unchanged to show that the simulated reduction in contraction in Fig. 5.5 is enough to 

reproduce the experimental trend in the presence of blebbistatin. Finally, we note that the FWHM of 

 0ρ,r  in Figs. 5.2-5.5 is somewhat smaller than in the experiments of Fig. 4.6, 4.7 and 4.8 because the 

simulated minifilaments were drawn as 0.8x0.2 μm
2
 rectangles, which did not include the effect of the 

microscope’s PSF broadening.  
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              Table 5.2. Comparison of the simulation results. 

 Cell type/condition Decay time of   

 0,r  (sec) 

FWHM of 

 0,r  (µm) 

E
x

p
er

im
e
n

t 
Control 50130  09.066.0   

+Blebbistatin 90240  09.063.0   

Washout 160220  12.064.0   

S
im

u
la

ti
o

n
 

Type I (control) 23105  05.049.0   

Type II (control) 2689  04.049.0   

Type III (control) 2592  03.050.0   

Type II (+blebbistatin) 40210  0.49 

Type III (+blebbistatin) 50230   0.49 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

80 

 
 

Figure 5.5.  2D simulation of actomyosin network in type II and type III cells (A: with focal adhesions. B: 

without focal adhesion.) treated with blebbistatin by decreasing the contractile force and aligning force by 

90% (kc=5.0 pN/μm, fal=0.6 pN) of control cells. In both (A) and (B), there was no bundle formed and no 

contractile activity between minifilaments. (C,D) STICS analysis on the simulated type II and III cells 

treated with blebbistatin demonstrates that STICS decay time increases ( 40210  sec in type II cell 

and 50230 sec in type III cell) in blebbistatin treated cells due to the inhibition of myosin II, which 

is close to the STICS analysis results in experimental data (see Fig.4.7). The data was shown as the format 

of mean StDev. (n=10).  
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5.4 Discussion and further work 

Based on previous study and our experimental results (Chapter 4), we used a 2D mechanical 

model to simulate the interactions between myosin minifilaments and appearance/disappearance from the 

cortical plane. The simulations replicate the processes of  myosin II minifilament contraction, break and 

disassembly, appearance and disappearance  on the cortex of HeLa cells. By adjusting the number density 

of myosin minifilaments and focal adhesions, one can obtain Type I, II and III cells. The parameters for the 

simulation of Type I control cells are listed in table 5.1. The simulation of type II cells were obtained by 

reducing the number of myosin minifilament by 10%. Compared to Type I cells, the transient fibers are 

unstable and subject to disassembly in a short time because there are less minifilaments that can be 

assembled into fibers to keep the tension. For Type III cells without focal adhesions, short fibers were 

assembled for a short period of time in simulations. However, the fibers were unstable because there was 

no anchor for them to maintain high tension. Longer fibers were assembled occasionally, but they were 

more unstable compared to Type II cells (see Fig. 5.3 & 5.4). To simulate cells treated with blebbistatin, we 

reduced the contractile and aligning force between minifilaments by 90% from the control cells. In the 

simulations of Type II and III cells there was rarely contraction and alignment between minifilaments while 

appearance and disappearance persists. This resembles the time-lapse MRLC-GFP images of blebbistatin 

treated cells in Chapter 4.         

STICS analysis of the simulated cell suggests that the activity of myosin minifilaments 

(appearance and disappearance; contraction and alignment) determines the decay time of  τr ,0 , which is

sec23105 , sec2689 , and sec2592 for Type I, II and III cells, respectively. The decay time of

 τr ,0  is close to, but somewhat smaller than the value from experimental data of control cells 

( sec50130 control ). This difference could be improved by adjusting the magnitude of effective 

elastic spring constant ck , the magnitude of aligning force alF , and the disappearing rate 0dk in 

simulations. The decay time of  τr ,0  for simulated cells in blebbistatin is sec40210  and

sec50230   for Type II and Type III cells, respectively, which is close to the time obtained from the 
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experimental data of blebbistatin treated cells ( sec90240 bleb ). Time-lapse images of both control 

cells and blebbistatin treated cells show the appearing and disappearing process in the ROI for STICS 

analysis. The only difference is that the fiber reorganization in control cells is faster than in the blebbistatin 

treated cells due to the interaction between myosin minifilaments. This suggests that the decay time of

 τr ,0  can be used to determine the activity of myosin II in cells.  

The simulations also demonstrate that the FWHM of function  0,r   is related to the length of 

minilaments. In simulations, minifilaments are represented by short thin rods with the length of 8.0 µm 

and the width of 2.0 µm, which results in a FWHM of  0,r   equal to 49.0 µm for control cells and 

cells in blebbistatin. In the microscopic MRLC-GFP images, the myosin foci are not precisely rod-shaped, 

and some foci might contain multiple minifilaments, which results in large value of FWHM as 64.0 µm.  

The parameters 
0

al and 
0

c are important in determining the assembly of fibers and  network in 

simulations. It is difficult to precisely determine 
0

al and 
0

c through experiments. More systematically 

study 
0

al and 
0

c in simulation is necessary to better understand the mechanism of the cortical cytoskeletal 

network assembly.   

Our model and simulation can be used to study a variety of cortical actomyosin network assembly 

process. A direct application of our model is to understand why some cells have both peripheral and central 

stress fibers (Type I), while some have peripheral stress fibers only (Type II & III). It is well known that 

myosin II plays an important role in cytoskeletal network assembly and regulating the elasticity of 

cytoskeletal network. HeLa cells cultured on soft and stiff polyacrylamide substrates (400 Pa and 60 kPa) 

are very different in morphology, focal adhesions (size and number) [155], and cytoskeletal network (Type 

I, II and III cells) (see Fig. 4.2). Interestingly, the stem cell differentiation on soft and stiffer substrates is 

also regulated by the activity of myosin II [79, 187].   

The mechanical properties and dynamics of stress fibers in cells adherent on elastic substrates are 

regulated by the activity of myosin II. Our model will shed light on understanding mechanisms of the 
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cellular mechanosensing and mechanotransduction, and how it is related to cortical cytoskeletal network 

reorganization.      
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Chapter 6  

Conclusions and discussion 
 

6.1 Summary and conclusions 

The dynamics of cytoskeletal network is very important to cell activity such as cell migration 

during wound healing and cell division. In this dissertation, I demonstrated that the concentration and 

activity of myosin II in non-muscle cells is crucial to the actomyosin network reorganization and medial 

fiber assembly through confocal fluorescence microscopy and STICS analysis. The time-lapse MRLC-GFP 

images show that the medial actomyosin cortex exists in a homeostatic state of assembly, reorganization 

and disassembly. Myosin foci appear and disappear on the cortex over time, as well as contract towards one 

another and align. These dynamics reflect the process of myosin pulling on actin filaments located at the 

cell cortex, which tend to form bundles with myosin minifilaments and actin cross-linking proteins. 

Formation of stable linear fibers depends on myosin motor activity and is positively correlated to presence 

of contraction, implying that the stability of myosin minifilaments in the cortex increases with tension, as 

also suggested by prior experiments [97, 164, 188-190]. When coupled to adhesion formation, long fibers 

can thus develop along the cortex by maintaining tension through anchors at focal adhesions. Thus the 

stability of long medial fibers is determined by the number density of minifilament and focal adhesions. 

Compared to Type I cells, Type II cells have slightly less medial MRLC-GFP foci on the cortex and more 

focal adhesions, resulting in a medial network of short fibers as opposed to long bundles. Type III cells 

have even less medial MRLC-GFP foci with no focal adhesions in the middle, resulting in the absence of a 

network or fibers in the cell middle. The STICS analysis of the medial regions in Type I, II and III cells 

reveals the decay time of  τr ,0  is determined by both contraction and alignment of the foci and the 

turnover process of the foci (see Fig.3.3). In the cells with 100 µM blebbistatin treatment, the motion of 

foci due to the contraction and alignment is suppressed. However, the turnover kinetics of foci remain (see 

Fig. 3.5B). The STICS analysis shows that the decay time of  τr ,0 for blebbistatin-treated cells is almost 

twice longer than the decay time in untreated cells because of the inhibition of myosin II.      
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We developed a 2D coarse grained model to simulate the medial stress fiber assembly driven by 

the contraction, alignment, and the turnover kinetics of myosin minifilaments in Type I, II and III cells. By 

tuning the number of minifilaments and focal adhesions, the simulations reproduce the dynamics of medial 

fibers in Type I and II cell. In Type I cells, a long medial fiber was assembled and anchored on focal 

adhesions and stabilized under tension. In Type II cells, long medial fibers are less likely to assemble and 

stabilize because of lower number of minifilaments. In Type III cells, no long fiber could be assembled 

because there was no anchor for the fiber to be stabilized. The behavior of cells treated with blebbistatin 

was simulated by decreasing the contractile and aligning force of the minifilaments. The simulations 

captured the dynamics of myosin foci in blebbistatin treated cells, which show little contraction and 

alignment, but the turnover kinetics seems to be less affected. STICS analysis was applied on the 

simulation results in the same way as it was applied to the time-lapse MRLC-GFP images. The decay time 

of  τr ,0  for simulations of untreated cells and cells in blebbistatin is close to the value obtained using 

experimental data (Fig. 3.4, 3.5, 3.6, 4.2, 4.3.). Our model suggests that the kinetic processes of myosin 

minifilament assembly and disassembly; aligning and contraction; medial fiber anchoring on focal 

adhesions; stabilization upon increasing contractile tension; interaction with extracellular matrix through 

focal adhesions, contribute to the remodeling of medial cortical fibers.    

Filamentous proteins, such as collagen fibers, microtubules and actomyosin bundles in muscle 

tissue can generate SHG excited by high intensity of IR pulse laser, which provides the information on the 

microstructures of cells and tissues. It is possible that the SHG signal from myosin minifilaments might 

vary quantifiably during the cortical fiber assembly and the reorganization of network because their 

conformation changes under tension and contraction. Thus SHG spectroscopy could be useful in the study 

of the mechanical and dynamical features of the cortical actomyosin network reorganization process. To 

explore this idea, we set up a SHG microscopic system on an Olympus IX81 confocal microscope, using a 

tunable wavelength pulse laser to produce SHG from samples. The SHG images of KNbO3 crystals and 

starch granules obtained on this SHG microscope (see Chapter 2) demonstrate that our SHG microscopic 

system is successful. The calculations suggest that our low repetition rate pulse laser (CLARK laser) 

provides great advantages by generating much higher peak intensity (10
4
 time larger) compared to the 
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Ti:Sapphire laser that is often used in SHG microscopy. However, we found that the photodamage to the 

cells was severe due to the absorption of high intensity IR laser. Another issue is that the CLARK pulse 

laser is not synchronized with the scanning system of Olympus microscope, which reduces the efficiency of 

SHG imaging. These issues will be studied and solved in future work.       

6.2 Discussion and future work 

Future work could further examine in more detail the process of minifilament assembly and 

disassembly on the cell cortex. Myosin minifilaments can be assembled from dimers at a rate nearly 

identical to the accumulation rate of minifilaments at the cortex [191]. Myosin minifilaments can bind to 

the cortex and accumulate under tension at the time scale of ~200 s [191, 192]. The unbinding rate of 

myosin II heads from actin filaments without tension is ~300 s
-1

 [191]. A simple estimate of the rate of 

disassociation for a minifilament composed by 40 myosin II motors is 
3

40

108.1300 



Tk

E

B

j
S

e  s
-1

 

( TkE
B

j

S
3.0 [191]), which is close to the value of 001.00 dk  s

-1
 in simulations. The time lapse 

MRLC-GFP images show the myosin foci turnover in blebbistatin treated cells, however, it is difficult to 

distinguish the kinetics of myosin foci turnover in cells with blebbistatin treatment from the untreated cells. 

A prior study [192] suggested that the assembly of myosin bipolar filaments is accelerated by the tension.  

Future work could explore in more detail how signaling pathways in the cells contribute to the 

assembly and disassembly of myosin filaments and fiber stabilization [193]. Phosphorylation regulates 

myosin minifilament assembly and treatment with drugs can interfere with this process. In this work we 

used blebbistatin. Our experiments demonstrate that the treatment of blebbistatin, which inhibits myosin II 

association with F-actin, directly disrupts the stress fibers along with the loss of focal adhesions both in 

number and size. The MRLC of myosin II in blebbistatin-treated cells has been shown to be mostly in the 

phosphorylated state and assembled in bipolar filaments [191, 192].  

Rho-kinase activity is important for maintaining focal adhesions that associate with the medial 

fibers. The growth of focal adhesions is also correlated to the increase of tension along the stress fibers that 

anchor on the focal adhesions [171, 194]. When cells (fibroblasts and endothelial cells) were treated with 
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Y-27632, which inhibits myosin light chain phosphorylation by decreasing ROCK activity, the medial 

stress fibers were disrupted and focal adhesions disassembled, while most of the peripheral stress fibers 

were unaffected [195, 196]. When cells are treated with ML-7, the MLCK inhibitor, the peripheral stress 

fibers were observed to be weakened but the medial stress fibers remain stable [192, 196]. It is still not 

clear why the peripheral and medial stress fibers respond to the ROCK inhibitor and MLCK inhibitor 

differently, although both stress fibers contain ROCK and MLCK. Further investigation of time lapse 

MRLC-GFP images of cells with ROCK or MLCK inhibitor treatment is required to get better understand 

the network reorganization dynamics.   

 Although our 2D model is very simple, it could be used to study many experiments related to 

cytoskeletal network and stress fibers. For example, fibroblasts and epithelial cells cultivated on elastic 

substrates coated by collagen I develop cytoskeletal networks with different morphology and mechanical 

properties (e.g. viscoelasticity, Young’s modulus and shear modulus, etc.) [60, 155, 197, 198]. Within one 

cell,  the ventral, dorsal and transverse arc stress fibers are assembled by different mechanisms [199]. Our 

model could be used as a framework to investigate how the cytoskeletal network reorganizes in respond to 

the external perturbation or mechanical incentive, such as cyclic stretching the elastic substrates [200, 201], 

laser incision of specific stress fibers inside a cell [202], and shear flow around the adherent cells [203]. It 

is promising to use this model to simulate the actomyosin network reorganization for the whole cell scale 

by integrating the mechanosensing through focal adhesion dynamics and configurations. It might also 

provide a tool for the guidance of polymer self-assembly or self-organization in the material synthesis 

engineering.   
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