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The ability of cells to regulate their vital functions, including mchanotransduction, migration, 
spreading and invasion, demands that cells can easily adjust their rigidity both globally, at the 
whole cell level, and locally, at the subcellular level [1].  It has been observed that on average 
cell stiffness increases approximately linearly with increasing cytoskeletal contractile stress 
(prestress) [2-4].  Those observations have been often interpreted in terms of the cellular 
tensegrity model [2].  Ingber postulated that cells can use this tensegrity mechanism locally in 
order to regulate their functions globally [1].  If so, then the linear relationship between 
stiffness and prestress must extend to subcellular variations.  However, experimental evidence 
to support this claim is lacking.  One reason is that generating detailed maps of intracellular 
prestress and stiffness distributions with subcellular resolution at the same time is a 
technically difficult task.  Therefore, past attempts to map subcellular prestress and stiffness 
distributions had to rely on some a priori assumptions regarding the nature of those 
distributions. 
 
In this study we used biomechanical imaging to generate spatial maps of subcellular shear 
modulus and prestress distributions [5].  This technique is based on the ability to measure 
traction forces that arise at the cell-substrate interface, while simultaneously observing cell 
deformation, combined with capability to solve an elastic inverse problem to find cell shear 
modulus and prestress distributions. We demonstrated the application of this technique by 
carrying out detailed mapping of the shear modulus and cytoskeletal prestress distributions of 
living 3T3 fibroblasts, making no a priori assumptions regarding those distributions or the 
correlation between them.  From these distributions, we obtained relationships between local 
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shear modulus and prestress  for individual cells. 
 
We found that the shear modulus vs. prestress 
relationships at the subcellular level exhibited a 
positive linear correlation (Fig. 1), consistent 
with the behavior previously observed on the 
whole cell level.  We used a microstructural 
model [6] to analyze the experimental data.  
Based on this analysis we concluded that a) 
microtubules may play an important role in the 
intracellular force balance and b) that they may 
have important contribution to the cellular 
shear modulus. Taken together, these findings 
suggest that the cytoskeleton of fibroblast cells 
may be viewed as a prestress-supported 
structure, consistent with the cellular tensegrity 
model. 
 

 

REFERENCES 

[1] D. E. Ingber, Mechanosensation through integrins: Cells act locally but think globally. 
Proc. Natl. Acad. Sci. USA, Vol. 100, pp. 14721474, 2003. 

[2] N. Wang, K. Naruse, D. Stamenović, J. J. Fredberg, S. M. Mijailovich, I. M. Tolić-
Nørelykke, T. Polte, R. Mannix and D. E. Ingber, mechanical behavior of living cells 
consistent with the tensegrity model. Proc. Natl. Acad. Sci. USA, Vol. 98, pp. 77657770, 
2001. 

[3] N. Wang, I. M. Tolić-Nørelykke, J. Chen, S. M. Mijailovich, J. P. Butler, J. J. Fredberg 
and D. Stamenović, Cell prestress. I. Stiffness and prestress are closely associated in 
adherent contractile cells. Am. J. Physiol. Cell Physiol., Vol. 282, pp. C606-C616, 2002. 

[4] R. H. W. Lam, S. Weng, W. Lu and J. Fu, Live-cell subcellular measurement of cell 
stiffness using a microengineered stretchable micropost array membrane. Integr. Biol., 
Vol. 4, pp. 1289-1298, 2012. 

[5] E. P. Canović, D. T. Seidl, S. R. Polio, A. A. Oberai, P. E. Barbone, D. Stamenović and 
M. L. Smith, biomechanical imaging of cell stiffness and prestress with subcellular 
resolution. Biomech. Model. Mechanobiol., DOI 10.1007/s10237-013-0526-8  

[6] D. Stamenović, Microtubules may harden or soften cells, depending on the extent of cell 
distension. J. Biomech., Vol. 38, pp. 1728-1732, 2005. 

 
 

Figure 1. A typical subcellular shear modulus () 
vs. prestress (P) relationship obtained from 
biomechanical imaging of a 3T3 fibroblast cell.


