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            Abstract
The wide diversity of skeletal proportions in mammals is evident upon a survey of any natural history museum's collections and allows us to distinguish between species even when reduced to their calcified components. Similarly, each individual is comprised of a variety of bones of differing lengths. The largest contribution to the lengthening of a skeletal element, and to the differential elongation of elements, comes from a dramatic increase in the volume of hypertrophic chondrocytes in the growth plate as they undergo terminal differentiation1,2,3,4,5,6,7. However, the mechanisms of chondrocyte volume enlargement have remained a mystery8,9,10,11. Here we use quantitative phase microscopy12 to show that mammalian chondrocytes undergo three distinct phases of volume increase, including a phase of massive cell swelling in which the cellular dry mass is significantly diluted. In light of the tight fluid regulatory mechanisms known to control volume in many cell types13, this is a remarkable mechanism for increasing cell size and regulating growth rate. It is, however, the duration of the final phase of volume enlargement by proportional dry mass increase at low density that varies most between rapidly and slowly elongating growth plates. Moreover, we find that this third phase is locally regulated through a mechanism dependent on insulin-like growth factor. This study provides a framework for understanding how skeletal size is regulated and for exploring how cells sense, modify and establish a volume set point.
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                    Figure 1: 
                        Hypertrophic chondrocytes increase in volume through three distinct phases including a phase of massive cell swelling.
                      [image: ]


Figure 2: 
                        Differences in cell size associated with different skeletal growth rates are attributed to modulating a common growth trajectory.
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Figure 3: 
                        Igf1
                         is required for phase 3 of volume enlargement by dry mass production at low dry mass density.
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Figure 4: 
                        Mouse proximal tibia and distal metatarsal hypertrophic chondrocytes rapidly increase in average cell height.
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        Editorial Summary
Third-phase growth determines bone length
There is wide variation in bone lengths in mammals, both between species and within an individual. Each of the long bones arises in the embryo as a similarly sized cartilage rudiment. Size differences develop later through differential regulation of growth of chondrocytes at the growth plate, a cartilage plate found in the metaphysis at each end of a long bone. Clifford Tabin and colleagues used diffraction phase microscopy to examine the mechanisms that control differential bone growth in rodents, and find that growth-plate chondrocytes undergo three distinct phases of volume increase. It is in the third phase â€” continued enlargement at low dry mass density after a phase of massive cell swelling â€” that variations between rapidly and slowly elongating growth plates emerge and the differences between bone lengths are established.
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