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SUMMARY 

We developed an accurate and reliable approach to not only 

measure the mechanics of chondrocytes in the intact joint, 

but to also load these joints in the most physiological way-

through muscle contraction. We achieved this goal by 

measuring first dynamic chondrocyte deformations in the 

intact knee of mice that were loaded by stimulation and force 

production of the knee extensor muscles. Cell deformations 

are measured using two-photon excitation microscopy 

combined with a femto-second laser pulse system. We found 

that, articular cartilage chondrocytes deform instantaneously 

upon loading of the joint and lose up to 25% of their volume 

within seconds, but take minutes to recover their original 

shape. Furthermore, volume loss in chonrocytes increases 

with increasing loads up to a threshold value and then 

remains constant.  

 

INTRODUCTION 

Mechanical loading of joints deforms articular cartilage, 

which in turn causes deformation of the matrix embedded 

cells, the chondrocytes[1]. Chondrocyte deformation has 

been associated with biosynthetic responses aimed at 

maintaining the tissue healthy and strong[2]. However, 

excessive loading of cartilage and cells is thought to lead to 

cartilage degeneration and osteoarthritis[3]. Much of the 

work relating mechanical states of cells and their 

biosynthetic response is based on isolated cells, or cells 

embedded in explant samples removed from their natural in 

situ environment. Neither the mechanics nor the associated 

biological responses of chondrocytes  have been studied in 

intact cartilage attached to its native bone or in the intact 

joint. The purpose of this study was to design and apply 

methods to study the mechanics of chondrocytes in the intact 

knee in live animals while loaded physiologically through 

muscular contraction. 

 

METHODS 

In order to achieve the purpose of this study, we developed a 

novel in vivo testing system that allows for quantification of 

the mechano-biology of chondrocytes in the intact knee of 

live mice (Figure 1). Mice are fixed in a custom-built jig on 

the stage of a dual photon microscope. Controlled forces of  

the knee extensor muscles are produced through direct 

muscle stimulation. Imaging of the chondrocytes is 

performed using a Zeiss 40× 0.95 NA water-immersion 

objective coupled with a Coherent Chameleon IR laser tuned 

at 780 nm for two-photon excitation.  

 

 
 

Figure 1: In vivo mouse knee preparation for imaging of 

dynamic chondrocyte deformation. 

 

RESULTS 

Four repeat measurements using ten cells from different 

animals showed that repeatability of cell volume and major 

axes diameters was better than 1%. Accuracy of the system, 

evaluated by embedding micro-spheres into the articular 

surfaces, was better than 1% in the plane perpendicular to 

the optical axis of the microscope and was about 3% along 

the optical axis. 

Chondrocytes and their nuclei were found to deform on 

average 18-25% for sub-maximal muscular activations that 

produced average tibiofemoral contact pressures of about 2 

MPa loading in the intact mouse knee. Deformation occurred 

“instantaneously” upon loading, but required minutes for full 

cell shape recovery (Figures 2- 4). 

 

 
 

Figure 2: Exemplar deformation of a single cell from the 

medial femoral condyle of a live mouse before, during and 

after loading produced by controlled muscular contraction. 



 
Figure 3: Normalized changes in cell volume (means ±1SD; 

n=5) as a function of time. Upon loading, cells immediately 

loose between 18-25% of volume which is only fully 

recovered after about 7 minutes following load removal. 

Figure 4: Mean (±1SD) changes in chondrocyte morphology 

during and after loading of the knee by muscular contraction. 

Cell height and width decreased during compression 

while cell depth increased. All morphometric parameters 

return to the original values about 7 minutes after load 

removal. Cell height is defined as the diameter perpendicular 

to the cartilage surface. 

 

 
 

Figure 5:  Cell volume as a function of muscle force. The 

maximal knee extensor force in this animal was 

approximately 5N. Therefore, 1N of force corresponds to 

approximately 20% of maximal activation. 

Application of muscle force below a certain threshold level 

(about 10% of maximal) did not cause cell deformation, 

while increasing the loading beyond that threshold was 

associated with a nearly linear decrease in cell volume 

(Figure 5). 

 

DISCUSSION  

Cell deformations in the intact mouse knee subjected to 

muscular loading of approximately 2MPa surface pressure 

occur “instantaneously”, but require minutes to recover upon 

unloading. The quick deformation and associated volume 

loss during loading may be a mechanism that limits pressure 

build up inside chondrocytes. The subsequent slow recovery 

suggests that changes in cell shape and associated stresses 

and strains are minimized in repeat loading cycles. The loss  

of volume, the associated cell strains, and the loss of ions 

during volume regulation upon loading all provide possible 

pathways for chondrocyte signalling that may result in 

adaptive or degenerative responses of the tissue to joint 

loading. Initial work combining loading cycles with calcium 

signaling of chondrocytes in situ supports the idea that 

biological signaling occurs primarily upon loading and 

virtually disappears during the maintenance of load and load 

removal from the articular surfaces[4]. However, the detailed 

pathways linking the mechanics of cell deformation and 

biological signaling will need careful exploration in future 

studies.  

 

CONCLUSIONS 

We developed an accurate and reliable method to measure 

dynamic cell deformations in the intact knee of live mice. 

Apart from the obvious advantage of observing cell 

mechanics in the natural environment, our system also 

allows for observation of dynamic (rather than just steady-

state) loading conditions and permits repeat measurements 

on the same cell throughout loading cycles. Preliminary 

results suggest that cell deformations upon muscular joint 

loading are “instantaneous” but take minutes to recover. 
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