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The protein actin is a main component of the cytoskeleton, and it plays an important role in cell motility, contraction, and the internal movement and organization of the cell. Within the cell, actin is known to self-organize into bundles and form networks of polymers and cross-linking proteins, the properties of which can be influenced by the external environment. We will study the response of these networks to stress applied to fibroblast cells either directly or through the cells’ focal adhesions to an extracellular matrix of known mechanical properties. Imaging of the cytoskeleton during deformation will be achieved by the expression of green fluorescent protein markers linked to the actin-binding protein zyxin. We hope to develop a model for how the elastic properties of the cytoskeleton are determined by the organization of the actin network.

Introduction

The mechanical properties of cells have been investigated as far back as the eighteenth century (Roesel von Rosenhof, 1744). Today we have a much more thorough understanding of the microstructure that determines cell motility, contractility, and stiffness. The microfilaments of the cytoskeleton are made up of the protein actin and numerous actin-binding proteins which combine to form complicated networks of force transduction throughout the cell. Cells attach to their environments at discrete points called focal adhesions. The cell is able to actively reconfigure its cytoskeleton in response to outside stimulus; in particular, it is known that many types of cells, including fibroblasts, express different stiffness as a function of the stiffness of the substrate on which they are grown (Solon et al. 2007, Polte et al. 2004, Engler et al 2006), and that focal adhesions are reinforced when stress is increased (Choquet et al. 1997, Riveline et al. 2001, Wang et al 2003). The dynamic nature of the cytoskeleton, as well as the non-Newtonian character of many biophysical materials, makes force propagation within cells a rich and subtle topic.

Study of the mechanical properties of actin has been pursued in two different ways. Protein structures grown outside of the cell are more easily characterized and manipulated (e.g. quite recently by Shimozawa and Ishiwata, 2009). However, since actin forms very different structures in the cell than it does in laboratory conditions (citation needed? Or is this common knowledge?), the applicability of measurements of actin’s properties as obtained by measurements of purified protein is far from universal. On the other hand, many measurements of the mechanical properties of cells have been made, but the vast majority of these experiments approach the problem using a continuum model wherein the material of the cell is considered to be homogenous—the microstructure of the cell is neglected (such as Bausch et al. 1998, Huang et al. 2002, Helmke et al 2003). Measurements such as these can be quite useful for understanding the behavior of cells or groups of cells across length scales greater than the size of an individual cell, but they will be less helpful for the study of intracellular processes.

Some few studies have focused on force propagation through the microstructure of cells (Hu et al. 2002, Karcher et al. 2003, Paul et al. 2008). These studies typically use indirect methods, supplemented with modeling, to draw conclusions about the behavior of actin and its associated proteins under stress. We propose to investigate the strain response of actin directly, by imaging the cytoskeleton while applying a known force to the cell. In this manner, we hope to gain a deeper understanding of the ways in which cells shape and are shaped by their environment.

Methods

Measuring the interior response of live cells to stress is a powerful new technique we are in the process of developing, thanks to the cell manipulation and imaging expertise of the members of the Gardel lab. Glass coverslips were activated by the Vesna/Jacobson method and then coated with a thin layer of polyacrilamide gel of know Young’s modulus, in which were embedded many microscopic fluorescing beads. Cells stably expressing GFP-zyxin (green fluorescent protein attached to zyxin, an actin-binding protein known to localize to both actin bundles and focal adhesions) were plated on the gel substrate (thanks to Jon Stricker for the cells). Since the gel and the cells both fluoresce, but at different excitation and emission frequencies, it is possible to image the deformation of both cell and gel on two different channels simultaneously using epifluorescent microscopy. Images were taken before and after a pointlike stress was applied to the gel using a micropipette tip (in the future images may also be taken after the cell is removed, to give us a sense of the degree to which the cell was prestressed). Micromanipulations were performed using an instrument and software developed by Sutter Instruments. Metamorph was the imaging software used to capture the images, although ImageJ, a less powerful but freely-available image processing program, also proved valuable. The fluorescent beads in the gel and the patches of GFP-zyxin in the cell were used as fiduciary markers for image analysis. Strain fields were generated in Matlab: for the gel, a simple particle image velocimetry (PIV) function was used (mpiv, developed by Nobu Mori), and for the cells, which tended to be noisier, a modified descendant of the same was used. A program which calculates stress in a gel of known Young’s modulus given the strain field was acquired from Margaret Gardel.

Our intention is to take more data. The quality of the data (specifically, the degree of noise at the cell edge, the resolution that is possible through the gel, and the cooperation of the cells themselves) will determine what sort of analysis we are able to do. Ideally, stress at a point in the gel will be calculated, and translated directly to stress over a focal adhesion, allowing us to calculate a Young’s modulus for actin bundles in the cell. However, this will depend on many factors such as cell stiffness, adhesion strength, and correct alignment of the experiment.
Things still to add to this section: brand name of the microscope, more information about the stress-reconstruction algorithm.
Early Results

We looked at xx (number of) fibroblast cells (3 so far, hopefully many more next quarter). Recordings were made on 2 image channels (figure 1). Cell and substrate were imaged in their pre-stress state and after stress had been applied. We tracked GFP fiduciary markers along the actin bundles to determine a displacement field (figure 2). We hope to be able to study the overall strain (∆L/L) of an actin bundle as a function of force applied (allowing us to determine a Young’s modulus for actin in vivo, although we emphatically do not expect this value to be general for all cells in all circumstances) as well as strain within a single actin bundle as a function of distance from the focal adhesion (figures 3 and 4). We hope to compare the strain patterns of a linear actin bundle to those of a two-dimensional sheet in some sort of meaningful way. 

So far, we have only managed to get preliminary results from three experiments. These experiments give us a proof of concept of the imaging technique as well as giving insight into the optimal layout for future experiments (working with live cells, you basically have to scan around for a cell that looks good for your experiment—well spread out, not too close to its neighbors, etc—and then try and take data quickly before the GFP photobleaches or the cells start dying. Now we have a better idea of how to pick cells and where to pull on them). These three experiments have given two different preliminary results: in two of the cells studied, deformation of the cell closely matched the deformation of the medium, implying either a very similar overall elasticity of the cell and medium (as observed by Solon et al, 2007) or that the cell is adhering tightly to the substrate at many points throughout the area of contact. In a third cell, we find a different result: the cell experiences larger deformations than the gel at a position far from the pipette tip, indicating that force is transmitted farther within the cell than the gel, and thus that the stiffness of the cell exceeds the stiffness of the gel. Further experiments will be conducted to explore the relative likelihood of these two responses, and their implications for the successful completion of our primary goal.
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Figure 1. Sequential images of a cell being deformed by three equal pipette pulls (frame 1 is before pulling). Track a is the gel, track b is the cells. The cell’s response to pulling is subtle; future experiments will attempt to place the pipette closer to the cell edge in order to increase the magnitude of the response (the cell reacted badly to proximity of the tip, owing either to the chemical coating on the tip’s surface or to the excessive motion of the tip caused by a failure of the stabilization mechanism in the table upon which the microscope sat; both of these problems have since been resolved).
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Figure 2. Red lines represent deformation field of the cell,  yellow/white represent deformation field of the underlying gel. Units on both axes are pixels; one pixel corresponds to a distance of ask Margaret about this, but the strain field arrows are scaled to make them more visible. a) A cell which closely matches the strain of the substrate. b) A cell which shows a greater deformation at large distances from the application of stress than the underlying medium (stress point is above field of view). Further experiments will show us which situation is more common and hopefully allow us to observe single actin threads in stiffer cells.
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Dummy Figure 3.  Stress-strain plot of actin in vivo. Something interesting will be said about this plot after I make it. Being able to actually get a plot like this is a best-case scenario outcome of this experiment; for now we remain hopeful.
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Dummy Figure 3. Plot of strain as a function of distance from the point at which the stress is applied (focal adhesion). If this is a flat line, it would indicate that actin is acting exactly as a classical 1-dimensional material. If the strain drops off logarithmically, that would indicate that the cell is behaving more as a continuous, two-dimensional deformable material. However, there are many other possibilities for what this plot might end up looking like, since the complicated interactions within the cell could have unexpected effects.
Another important bit of data which we will use to determine the force acting on the cell is the elastic modulus of the polyacrilamide gel substrate. This information is given with the recipe used to make the gel (the elastic modulus of gel used so far has been about 2.8 kPa), but in the future I might like to double-check that. The experimental elastic modulus would be found using a rheometer.
Additional results will be included depending on time and on what things we find ourselves capable of doing. In particular, depending on the stiffness and visualization of the cells, it might not prove possible to achieve our original goal of determining an elastic modulus for actin bundles in the cell. If that is the case, we will endeavor to find other intelligent things to say about our data. We may take a series of time-lapse images of cells following the application of an external force to see if the strain field changes over time. (In ordinary materials the phenomenon of relaxation is often observed, but within the cell it might be possible, due to the ability of the cell to actively reinforce stressed actin bundles and the presence of motor proteins, to see very different effects. Or maybe not; we’ll have to see.) We may also plate cells on media of varying stiffness in an attempt to observe phenotypic differences in actin properties provoked by the difference in external environment. 
Tentative Conclusion
We have shown that in at least one case, the cell is capable of transmitting forces much farther than its surrounding environment. However, we have also achieved results that correspond with the findings of Solon et al (2007), that the overall stiffness of a cell tends to match that of the extracellular matrix on which it grows. While this result is both plausible and significant, it does potentially make our task of determining the Young’s modulus of a single actin filament more difficult.

In the future in this section I will tie together my results and make whatever general statements I can about them. These statements may include comments about the ways in which these biological materials can be considered similar to the more familiar non-biological materials, and in what way they differ significantly. We will compare the properties of the cytoskeleton, such as young’s modulus, to similar results that have been previously acquired in vitro (such as citation needed) and in vivo (such as Solon et al). I will be especially interested to see whether my results about how force propagates away from focal adhesion sites indicate significantly different behavior than that observed by studies which consider the cell as a homogenous medium, as this may reveal situations in which those results should not be considered valid. There will also be some other stuff that I haven’t thought of yet.
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