Determination of mechanical cues for controlled stem cell differentiation

Introduction


The capacity of a huge number of components to self-assemble into a larger structure is one of the most puzzling aspects of nature.  Biologists observe this phenomenon everywhere - out the chaotic horde of molecules that float in the cytosol of the cell somehow emerges an order that shapes all of life seen in the world’s ecospheres.  It seems logical that any set of rules that guides so many different systems must be small enough to allow for the individual differences: the laws that govern the assembly of organs into an organism must also regulate the interactions between cells.  Tensegrity has been suggested by Donald Ingber and others as a model that elegantly explains much of what we observe.  In essence, they propose that biological structures stabilize and regulate themselves through a balance of tensional and compressive forces [1].


This hypothesis proves quite effective at explaining cellular responses to mechanical stimuli.  For instance, when human or rabbit corneal fibroblasts were placed on collagen and the local tension that the extracellular matrix (ECM) exerted was reduced, the cells responded by first rapidly contracting, and then re-spreading [2].  The cells’ initial contraction occurred because changing the tension of the substrate upset the tensional homeostasis – the cells acted like taut springs that suddenly had their load reduced.  This began a signaling pathway conducted by the cytoskeleton that resulted in a reduction of internally-generated forces and a gradual re-spreading of the cells [3].


A cell’s cytoskeleton acts as a filter that can convert a given set of chemical cues into a variety of outputs.  For instance, human and bovine capillary endothelial cells entered different states of the cell cycle, depending on how much ECM-coated islands restricted their spreading; cells can be made to undergo both apoptosis and growth if the cytoskeletal structure is changed while the nature and quantity of the ligands are kept constant [4].  

Researchers typically study cells by isolating the effect of a single variable.  They might vary the amount of a single chemical while keeping everything else constant.  Ironically, cells in in vitro studies are placed on surfaces such as glass or silicone, which are very different from the conditions cells would encounter in vivo.  These biologists are like a behavior scientist that wants to derive the habits of normal people by observing test subjects that are ruinously drunk.  Understanding some of the biochemical cascades that occur within a cell gives only superficial and limited knowledge.  Cells take a complex combination of inputs – cell shape, mechanical forces, growth factors, ECM ligands, and intercellular signals – and either differentiate, proliferate, undergo apoptosis, or stay quiescent [5].  Each of those inputs alone may not be enough to change the fate of the cell.  

One of the most important challenges today is controlling the differentiation of human embryonic stem (ES) cells.  To unearth the mechanics of such a complex phenomenon it is necessary to use a comprehensive approach: ES cells must be subjected to a huge number of combinations of environmental cues.  It seems prudent to try to use prior knowledge to make intelligent estimates rather then simply guessing haphazardly.  Different human cell types react differently to tensional gradients in the culture substrates [6].  Knowing what mature cells can sense hints at how to make ES cells differentiate in a certain direction.  Interestingly, the sensitivity of various human cells to mechanical stimuli has never been rigorously quantified.  This study will determine the sensitivity of various human cell types to various gradients of substrate tension.  Mechanical properties are used to guide tissue formation, so it is thus hypothesized that each cell type will respond to tensions that are similar to those found in the native, in vivo environment of the cell type.

Methods

Most studies of cellular mechanotransduction have followed the footsteps of Robert Pelham’s and Yu-Li Wang’s seminal study [7], in which they created substrates of different rigidities by varying the amount of bis-acrylamide crosslinker in a polyacrylamide mixture.  The problem with this approach is that acrylamide also sends cells chemical cues.  Research data indicate that acrylamide at .5µM caused double-stranded breaks in the DNA of human lymphocytes.  Furthermore, even when the amount of acrylamide was not enough to noticeably damage the cells, their ability to repair DNA damage was obviously slowed [8].  This effect introduces an important confounding variable into a study in which cells are cultured on acrylamide-based gels because accumulation of un-repaired DNA damage may cause apoptosis.  In a study that used substrates that contained a 10% concentration of total acrylamide, the accumulation of cells in a stiffer region and the overall health of the cells were anything but consistent [9]. It is worth noting that most studies of the effect of tension on cell movement have used a protocol that calls for a 10% concentration of acrylamide [10].


Luckily, alternatives exist.  Poly-(dimethylsiloxane) (PDMS) is a polymer the elastic modulus of which can be changed by varying the amount of crosslinker.  It is biocompatible and, unlike acrylamide, PDMS crosslinker does not seem to diffuse across the boundary between substrates of different stiffness [9].  Most importantly, it has been shown that altering the polymer to crosslinker ratio of PDMS does not change the surface chemistry [11]. 


This summer I will create and study PDMS substrates with different crosslinker concentrations.  I will place two drops of different PDMS substrates on glass or silicone slides and analyze the resulting gradients.  The elastic modulus will be determined using nanoindentation and surface roughness will be found with atomic force microscopy (AFM).  If it proves too difficult to make a controlled gradient by simply placing drops on a flat slide, I will etch the slides to create ‘molds’ for a more controlled application of the polymer.

Possible Results

Quantifying the mechanical properties of various PDMS substrates will allow me to begin studying the response of human cells in culture to various substrate rigidities.  The goal for the summer is to be able to consistently plate PDMS so that a known stiffness gradient is formed.  If that proves impossible, acrylamide will be used for future studies.  Similarly, if the surface of PDMS is shown by AFM to be too rough then another polymer will be used.
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