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One source of forces:  
the heart as a pump

Cine MRI of Cardiac Cycle
Dr. Guang-Zhong Yang 

http://www.doc.ic.ac.uk/~gzy/heart/heart/cor.htm



Atherosclerosis is localized to areas of low and oscillating 
shear stress and areas of flow separation

Adel M. Malek, MD, PhD; SL Alper, MD, PhD; S Izumo, MD, JAMA 1999; 282:2035 – 2042
Courtesy of Drs David Saloner and Liang-Der Jou, University of California, Berkeley



Hemodynamic forces and endothelial cells
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Cellular Mechanotransduction:  
from force to intracellular biochemical pathways

Force

Mechanotransduction

Cellular response

Mechanosensing



Single Cell Mechanotransduction: 
Assessing where, when and how much

• To elucidate the biochemical pathways 
which transduce externally applied forces 
to observed changes in endothelial cell 
function, researchers have borrowed tools 
from molecular biology (western blotting, 
etc.) 

-Advantage: good signal to noise, 
average over entire monolayer
-Disadvantage: No spatial resolution 
and poor temporal information



Our goal:  a comprehensive analysis of 
endothelial cell mechanotransduction

• How much force is there and where is it exerted?
• Is the level of force sufficient to detect?
• Does perturbation result in protein signaling cascade?
• What are the precise molecular bases for transduction of force
to protein activation?
• How and when do cells adapt to stress? 



Methods:  Multimodal microscopy + biophotonics + 
engineering analysis = cell-specific biomechanics

• Confocal laser scanner
– High precision positioning of detection

• Time-resolved fluorescence
– Probe fluorescent photophysics (lifetime, anisotropy, fluctuations)

• Total internal reflection microscopy
– nm-scale mapping of cell-substrate interaction

• Optical trap
– Detect and induce cell-scale forces

• Stage scanning
– Long range precision positioning

• nm-scale particle tracking
– Computer controlled micromanipulation

• Image processing and finite element mechanical modeling
– Correlate measurements with force distributions



How much force is there and where is it exerted?
• Finite element models of cells and computational fluid 
dynamics simulations with measured topologies and focal 
adhesions

-Methods: 
� confocal microscopy of membrane-stained cells
� Total internal reflection microscopy of focal adhesions

Nucleus

Brian Patterson, Mike Ferko



How much force is there and where is it exerted?
• Finite element models of cells and computational fluid 
dynamics simulations with measured topologies and focal 
adhesions

-Methods: 
� confocal microscopy of membrane-stained cells
� Total internal reflection microscopy of focal adhesions

 Max = 587 dynes/cm2 Max = 711 dynes/cm2

w/o nucleus w/ nucleus

~500 nm

Jennifer Gerlock, Mike Ferko



How can we apply cell-level forces?

Tristan Tabouillot, Rishi Mathura

Time-dependent bead displacement in a TTL-modulated optical trap
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Is the level of force sufficient to detect?
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Time (sec)

Fluorescence 

lifetime (ns)
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Effects of shear stress on fluorescence lifetime of DiI C18 
in a single 1� m spot at 1.25 sec intervals

Tristan Tabouillot, Rama G.



Is the level of force sufficient to detect?
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Does perturbation result in protein signaling cascade?

 

5 min afterPhase 5 sec after

Microelectroporation of BODIPY-GTP in to single endothelial cells

Chil Man Bae



How and when do cells adapt to stress? 

Nm-scale particle tracking

Jhanvi Dangaria
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Hypothesis  shear stress triggers signaling 
pathways leading to actin depolymerization and 

enhanced vesicular transport



How and when do cells adapt to stress? 

Nm-scale particle tracking

Jhanvi Dangaria

Vesicle trajectory
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How and when do cells adapt to stress? 

Trajectories relative to 1 sec. average position:

Jhanvi Dangaria
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Future Prospects

– Characterizing cellular structure and function 
requires nm and ps scale molecular 
information  

– Modern microscopy + photonics + 
engineering analysis = virtual cell models 
grounded in experiment

– Robust cell models will be indispensable for 
drug discovery and development
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