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Abstract:  

Chemotaxis is a process in which cells respond to chemical stimuli in their environment and 

move towards or away from the chemical cue. Chemotaxis is a crucial function of many cell 

types and plays critical roles in all stages of development. In eukaryotic chemotaxis, a cell must 

sense the extracellular gradient, choose a direction of motion, polarize and finally deform the cell 

body to produce motility. Cells achieve this by localizing key signaling as well as force 

generating molecules to the correct location within the cell. Failure of this process can mean 

extermination in single cellular organisms, as well as diseases in multicellular bodies.  

  

In this dissertation, we apply a multidisciplinary approach, combining genetics, cell biology, 

mathematical modeling, as well as control systems analysis to study Dictyostelium chemotaxis. 

We start by introducing a basic mathematical model, which accounts for some of the behaviors 

seen in chemotaxing cells. One weakness of the biochemical model emerged as the lack of power 

in signal amplification. Next, we use the basic model as a motif, based on biological evidence, to 

build a detailed biochemical model based on key molecular players in the Dictyostelium gradient 

sensing pathway. This model is able to consolidate previous experimental results, as well as 

propose several null hypotheses. It also exhibits increased amplification of the input signal, 

matching that of the drug treated cells. However, this level of amplification is still lacking 

compared to that of untreated cells.  

  

To search for means of further signal amplification in the Dictyostelium system, we targeted a 

critical signaling protein PTEN, and observed its activation patterns in the living cell. As a result, 

we uncovered a possible biochemical feedback pathway regulating the binding dynamics of 

PTEN. When added to the computational model, this feedback pathway was able to improve the 

signal amplification performance of the model. We then performed theoretical control systems 

analysis to study the effect of feedback on the the underlying reduced model. We show that the 

addition of feedback can account for certain nonlinear features seen in chemotaxing cells.  

  



While many simulation and analysis tools are available to study biological organisms as 

stationary objects, there are few practical methods to study cell motion and deformation. Another 

aspect of this thesis involved developing a computational framework to simulate large 

deformations of the cell body, such as cell motion during chemotaxis. We developed a 

viscoelastic model of the mechanical cell based on micropipette aspiration assays. This 

mechanical model was then coupled with level set methods to provide the moving cell 

framework. Finally, we were able to combine the stationary biochemical model of gradient 

sensing with the moving cell framework to achieve true cell morphology and motion in 

simulation. Our simulation framework is used to explore the relations between cell shape and 

force generation.  
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