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Multiple phases of chondrocyte enlargement
underlie differences in skeletal proportions

Kimberly L. Cooper'*, Seungeun Oh?*, Yongjin Sung®, Ramachandra R. Dasari®, Marc W. Kirschner? & Clifford J. Tabin'

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 hyper-
trophic chondrocytes in the growth plate as they undergo terminal
differentiation' . However, the mechanisms of chondrocyte volume
enlargement have remained a mystery®''. Here we use quantitative
phase microscopy'” to show that mammalian chondrocytes undergo
three distinct phases of volume increase, including a phase of mas-
sive 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 types'’, this is a remarkable mecha-
nism for increasing cell size and regulating growth rate. It is, how-
ever, 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 mecha-
nism 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.

Each of the long bones initially forms in the embryo as a similarly
sized cartilage rudiment that only subsequently undergoes differential
regulation of growth. The elongation of a skeletal element occurs at the
growth plate''®, each consisting of three distinct zones: resting round
chondrocytes near the end of an element give rise to clonal columns of
flattened proliferating chondrocytes that then terminally differentiate
into hypertrophic chondrocytes nearest the bony centre of an element.
Although multiple cellular parameters contribute to lengthening of
skeletal elements—including proliferation, matrix deposition and
hypertrophic cell enlargement—the greatest contribution to growth
rate in mammals is due to the massive volume enlargement of hyper-
trophic chondrocytes expanding the skeletal tissue in the direction of
longitudinal growth within laterally restricting matrix channels'~. In
addition to being the largest contributor to the elongation rate of a
given skeletal element, this parameter is largely responsible for the
difference in growth rates between different skeletal elements within
an individual, between homologous elements in different species, and
within a single element as an animal ages*”. Surprisingly, however,
given its critical importance in determining the growth rate of each
bone and the overall stature of the individual, the mechanism is poorly
understood. It even remains unclear whether hypertrophic chondro-
cyte volume increases by true hypertrophy, maintaining constant den-
sity during growth through an increase in macromolecules and
organelles, or by cell swelling through disproportionate fluid uptake,
which is ordinarily a hallmark of disease’’.

To determine whether hypertrophic chondrocytes enlarge by cell-
ular hypertrophy and/or swelling, we applied methods of diffraction

phase microscopy to measure the dry mass of individual unstained live
cells dissociated from growth plate cartilage. (Fig. 1a and Supplemen-
tary Methods)'®. Together with volume information about the sample,
calculated here based on a well-supported spherical approximation for
dissociated chondrocytes (Supplementary Methods), this allows the
calculation of dry mass density. Diffraction phase microscopy mea-
surements of a variety of cell types consistently reflect a ‘normal’ dry
mass density for healthy living cells at approximately 0.182 pg per
femtolitre (fl) in agreement with the concentration of cytoplasm previ-
ously determined by index matching in human oral epithelial cells'’.
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Figure 1 | Hypertrophic chondrocytes increase in volume through three
distinct phases including a phase of massive cell swelling. a, Quantitative
phase image of dissociated mouse proximal tibia hypertrophic chondrocytes at
postnatal day 5 (P5). Colour bar represents phase shift in radians. b, Volume
versus dry mass plotted for individual chondrocytes. Linear regression for cells up
to 1,000 fl highlights divergence of larger cells from an initial slope of 0.183 pgfl .
¢, d, Log scale (c) and linear scale (d) plots of volume versus dry mass density.
Lambda for the smoothened spline in (c) and (d) is 5 X 10°. R value is 0.84.

n = 1,249 cells summed across five independent experiments. e, f, Horizontal
cross sections from regularized tomographic phase microscopy density
reconstructions of a small (e) and large (f) mouse tibia chondrocyte. Colour bar
represents refractive index and thus dry mass density. Scale bars, 10 um.
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This includes maturing megakaryocytes that reach volumes compar-
able to the largest hypertrophic chondrocytes and ten times the aver-
age somatic cell volume (Supplementary Fig. 1).

In contrast, analysis of chondrocytes from the rapidly elongating
mouse proximal tibia reveals that there are three distinct phases of
hypertrophic cell enlargement. In phase 1, an initial increase of about
threefold from approximately 6001l to 2,0001l is characterized by
true hypertrophy—a proportionate increase in dry mass production
and fluid uptake thus maintaining the normal dry mass density at
0.183 pgfl~' (Fig. 1b, ¢). In phase 2, a fourfold enlargement from about
2,000 fl to 8,000 fl is characterized by cell swelling. Volume increases at
a rate disproportionate to the continuing rate of dry mass production
resulting in a dramatic dilution of dry mass density to approximately
0.07 pgfl~" (Fig. 1¢). In phase 3, at volumes larger than 8,000 fl, the dry
mass density once again stabilizes, and cells continue to enlarge
another twofold to about 14,000 fl by proportionately increasing dry
mass and fluid volume at this lower density (Fig. 1d). Swelling in phase
2 allows cells to reach volumes two to three times greater in phase 3
than if they relied entirely on the proportionate increase in dry mass at
high density (Fig. 1b, linear regression).

To verify that this decrease in density is characteristic of hyper-
trophic differentiation, we imaged a subset of the small high-density
cells and large low-density cells using regularized tomographic phase
microscopy to generate a refractive index map of dry mass density in
three-dimensions (Supplementary Methods). This independent
approach confirms that the largest cells reduce their dry mass density
by approximately 60%, and moreover indicates that dry mass is low
throughout the cytoplasm with a slightly higher density ring around
the nucleus (Fig. 1e, f and Supplementary Fig. 14).

Understanding the cellular process by which hypertrophic cells
enlarge provides a framework for considering how that process is
modulated to achieve differential growth of individual elements within
a species and of homologous elements between species. In contrast to
the large hypertrophic chondrocytes of the rapidly elongating proxi-
mal tibia, the slowly elongating proximal radius has much smaller
hypertrophic chondrocytes'. We find that these cells go through phase
1 and enter phase 2, similar to the cells of the proximal tibia, reaching a
volume of approximately 5,000 fl. However, they truncate the remain-
der of phase 2 after dilution of dry mass density to approximately
0.10 pgfl™" and completely eliminate phase 3 (Fig. 2a).

We next compared growth plates of the mouse to those of the lesser
Egyptian jerboa, Jaculus jaculus, a small bipedal rodent with greatly
elongated hindlimbs. In particular, the metatarsals of jerboa feet
rapidly elongate during early postnatal development to approximately
2.5 times the relative proportion of mouse metatarsals'®. The mouse
distal metatarsal growth plate is intermediate in its growth rate and
hypertrophic chondrocyte size compared to the mouse proximal tibia
and radius (Fig. 2b and Supplementary Fig. 2). Although other aspects
of the jerboa distal metatarsal growth plate are also altered, including
the total cell number in each zone (Supplementary Fig. 3), the height of
individual hypertrophic chondrocytes is increased by 58% compared
to the metatarsal of the mouse, suggesting a significant contribution of
hypertrophic chondrocyte volume to the increased rate of growth of
this element (Fig. 2b, e, f). In contrast, the jerboa proximal tibia hyper-
trophic chondrocytes are only slightly larger than their counterparts in
the mouse (Fig. 2b-d). Unlike the metatarsals, the metacarpals of the
jerboa forelimb, as well as other bones of the forelimb, are similar in
size and proportions to those of the mouse with hypertrophic chon-
drocytes of comparable size (Fig. 2b).

The hypertrophic chondrocytes of the jerboa proximal tibia show
very similar growth properties to those of the mouse when examined
by diffraction phase microscopy, including all three phases of volume
enlargement (Supplementary Fig. 4). However, there is a striking dif-
ference between the metatarsal chondrocytes of the two species.
Although mouse metatarsal hypertrophic chondrocytes are indeed
intermediate in size between the proximal radius and proximal tibia,
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reaching a maximum volume of about 8,000 fl by completing phases 1
and 2 and truncating phase 3 (Fig. 2g), hypertrophic chondrocytes of
the jerboa metatarsals increase almost 40-fold from their initial volume
to approximately 23,000 fl, greater than the volume of tibia chondro-
cytes in either species (Fig. 2h). This is accomplished by following the
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Figure 2 | Differences in cell size associated with different skeletal growth
rates are attributed to modulating a common growth trajectory.

a, Dissociated postnatal day 5 (P5) mouse proximal radius chondrocytes (black,
n = 292 cells) compared to proximal tibia chondrocytes (grey in all panels, data
from Fig. 1). The x axis is in log scale. b, Quantification of average maximum
cell height * s.e.m. for n = 3 animals of each species at P7 (>50 cells per growth
plate). Two-tailed student’s ¢-test shows significant differences in the tibia and
metatarsal growth plates between the two species (P < 10~°) but not in the
metacarpals (P = 0.978). MC, metacarpal growth plate; MT, metatarsal growth
plate. c-f, Histological comparison of mouse and jerboa proximal tibia and
distal metatarsal hypertrophic zones at P7. Scale bar, 50 um. g, Dissociated P5
mouse metatarsal chondrocytes (black, n = 634 cells) compared to mouse tibia
chondrocytes. Black arrowhead approximates the end of the metatarsal
distribution. h, Jerboa metatarsal chondrocytes (black, n = 366 cells) compared
to mouse tibia chondrocytes. Grey arrowhead approximates the end of the
mouse tibia distribution.

©2013 Macmillan Publishers Limited. All rights reserved



a u\ - N — ;:' ’.': =
\’ 's . .. » ® . » ° »_':.; "' - -." ':
M ~ - g T et o S Aple
K L . - - . W
: ate 'y
g 1 ~ -
e D> -
5 L; . " " § <’ o ba ¥ €
' ‘W @ > Lo Ko ) -
) 42 "s; : . \;‘ - ‘0"..“ O Vi > VL;"‘
1R s Y S e X B
¢ d 500
40
= =)
Es, 30 1 m Control % 1,000
T 20 | m [gf17m g s ¥ ;.
3 Hoxo6 & 500y AR
O 10 o
0 0
Tibia MT 0 5,000 10,000 15,000
f Volume (fl)
€ o3 0.3
T T :
2 |u 2
z >
D i
c C
S 3 8
17 3 k R
«© seltl L
£ 1S %»
. N Pou,
g S
0 0
0 5,000 10,000 15,000 0 5,000 10,000 15,000
Volume (fl) Volume (fl)

Figure 3 | Igfl is required for phase 3 of volume enlargement by dry mass
production at low dry mass density. a, b, Histology of postnatal day 7 (P7)
mouse proximal tibia hypertrophic zone of control (a, Igflﬂ/ *; Hoxb6-Cre™)
and Igfi conditional mutant animals (b, Igf¥"; Hoxb6-Cre™). Scale bar, 50 um.
¢, Bar plot demonstrating an average maximum cell height reduction of 34% in
Igf1 conditional mutant tibia and 23% in metatarsal chondrocytes compared to
control littermates. Error bars indicate = s.e.m. for #n = 3 animals of each
genotype (total = >80 cells per growth plate). d, Dry mass versus volume plot
of dissociated P5 Igfl mutant proximal tibia hypertrophic chondrocytes. Red
data points are Igfl mutant chondrocytes (n = 569 cells), black are littermate
control chondrocytes (n = 373 cells) and grey represent the total wild-type data
set for tibia (d, e) and metatarsal (f) (wild-type data from Figs 1 and 2). e, f, Dry
mass density versus volume plots for IgfI mutant tibia chondrocytes (n = 569
cells) (e) and Igfl mutant metatarsal chondrocytes (n = 412 cells) (f).

same triphasic growth trajectory common to chondrocytes of other
growth plates and then extending phase 3 to reach a maximal volume
by continued proportionate increase in dry mass and fluid volume at
low dry mass density.

Little is known about the molecular mechanisms that control chon-
drocyte enlargement, or the regulation of final cell size, as few of the
mutants affecting skeletal development have been examined for size of
individual hypertrophic chondrocytes. An intriguing exception is the
null mutation of the gene encoding insulin-like growth factor 1
(Igf1)". Igfl functions in a variety of target tissues to promote protein
synthesis and cell growth"° and is strongly expressed in both proli-
ferating and pre-hypertrophic chondrocytes. IgfI-deficient mice are
35% smaller than controls but have the same number of hypertrophic
chondrocytes, although each cell is 30% shorter in the direction of
elongation, a finding we confirmed in mice where the floxed
Igf1"™ P allele’* was conditionally deleted from the hindlimb using
Hoxb6-Cre (ref. 22) (Fig. 3a—c). It is additionally intriguing to note that
there is no distinction between the heights of chondrocytes in the
proximal tibia and distal metatarsal of this mutant (Fig. 3¢), indicating
that IgfI may play an important role in the establishment of growth-
plate-dependent cell size. Although this effect could be modulated by
any member of the IgfI signalling pathway, evidence suggests a pos-
sible role for the receptor, IgfIR, which maintains higher levels of
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Figure 4 | Mouse proximal tibia and distal metatarsal hypertrophic
chondrocytes rapidly increase in average cell height. Time course of the
average and standard deviation of BrdU labelled cell height indicating the rate
of chondrocyte size increase after the last mitotic cycle. n > 25 cells from three
individuals for each time point and growth plate.

expression over time in growth plates that continue to elongate at
faster rates in maturing mice>.

We employed diffraction phase microscopy to determine which
phase(s) of volume enlargement are affected by IgfI. IgfI-deficient
hypertrophic chondrocytes undergo normal phase 1 and phase 2 of
enlargement, reaching approximately 7,000 fl largely by cell swelling,
but do not progress to phase 3 and thus fail to further double their
volume by the continued production of dry mass at low density
(Fig. 3d-f). Taken together, our results indicate that there are three
distinct phases of chondrocyte hypertrophy, and it is regulation of the
Igfi-dependent third phase that is responsible for much of the vari-
ation in skeletal elongation rate.

Finally, previous studies of the neonatal bat and mouse forelimb
indicated that the entire hypertrophic zone of each growth plate turns
over once in about 24 h regardless of the maximum volume attained by
individual chondrocytes, the number of hypertrophic chondrocytes, or
the rate of growth plate elongation’. This suggests that growth plates
elongating at different rates adjust the rate of cell volume increase to
fall within a 24-h lifespan constraint. To assess the pace of cellular
maturation and enlargement, we marked proliferating mouse chon-
drocytes with 5-bromodeoxyuridine (BrdU) and followed the progres-
sion of the first labelled cells to emerge into the post-mitotic
hypertrophic columns onward to the chondro-osseous junction (Sup-
plementary Fig. 5). We find that the rate of cell height increase in the
proximal tibia and distal metatarsal growth plates is extremely rapid,
more than tripling the height of proximal tibia chondrocytes within
approximately 12 h (Fig. 4). Once cells reach their average final height,
with a steeper slope in the larger cells of the tibia, they remain at this
terminal size in the hypertrophic growth columns for an additional
12 h before turnover at the chondro-osseous junction.

Through coordination of this multiphase process, cell swelling
allows chondrocytes to enlarge extraordinarily rapidly while presum-
ably lowering the energetic cost of growth, and volumes are subse-
quently amplified in the most rapidly elongating skeletal elements by
the continued Igfl-dependent production of mass. This unique mech-
anism of volume enlargement suggests that chondrocyte hypertrophy
will serve as a valuable model for cell volume homeostasis, in addition
to our findings that provide insight into skeletal morphogenesis and
evolution.

METHODS SUMMARY

The distal growth plate adjacent to the chondro-osseous junction was micro-
dissected from P5 mouse and jerboa pups and dissociated for approximately 4 h
in 2mgml ™" collagenase D at 37 °C. Cells were transferred to a 14-mm diameter
glass-bottom dish for diffraction phase imaging. The specifications of the diffrac-
tion phase microscope are provided in the Supplementary Methods. The interfer-
ence image, captured by charge coupled device (CCD), was used to compute a
quantitative phase image in MATLAB. See Supplementary Methods for the
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computation algorithm. The quantitative phase is converted to dry mass using the
specific refractive increment value of 0.18 mlg~". For a subpopulation of cells,
sphericity was determined using three-dimensional confocal morphometry and
the refractive index contrast method (Supplementary Figs 12 and 13). As disso-
ciated chondrocytes are spherical, we use the volume calculated from measured
cell diameter for cells analysed by diffraction phase microscopy. Dry mass density
was calculated by dividing the total cell dry mass by its volume. Dry mass density of
a subset of cells was confirmed using regularized tomographic phase microscopy
(Supplementary Fig. 14). See Supplementary Methods for details.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS

Animals. CD-1 was chosen as the wild-type mouse strain for this study. IgfI
conditional mice*" and Hoxb6-Cre transgenic mice*> were previously described.
Jerboas were housed and reared as previously described*. All animal protocols
were approved by the Harvard Medical Area Standing Committee on Animals.
Sectioning and histology. Dissected skeletal elements were fixed overnight at 4 °C
in 4% paraformaldehyde and then carried through a graded series of ethanol
dehydration washes before transition through xylenes and into paraffin wax.
Sections were cut at 10-12-pm thickness and stained with haematoxylin and eosin.
Average maximum cell heights were measured in the axis of linear growth through
the lacunae surrounding the largest cells with a clear nuclear profile from digital
images of the hypertrophic zone and averaged across atleast 4 sections from at least
3 individuals. BrdU (100 mgkg ") or oxytetracycline hydrochloride (20 mgkg ")
was injected into the peritoneum of P5 mice before harvest. BrdU was detected
usinga ratanti-BrdU antibody (AbD, Serotech) followed by goat anti-rat Alexa594
(Invitrogen) in paraffin sections. Oxytetracycline was detected by fluorescence in
bisected skeletal elements.

Chondrocyte and megakaryocyte isolation. P5 animals were chosen for this
study because the tibia and metatarsal growth plates are rapidly elongating in both
species, but the metatarsal epiphysis (secondary ossification centre) has not yet
formed. While the epiphysis of the metatarsal forms by P7 in the mouse, it appears
later in the jerboa (Supplementary Fig. 3). As the hypertrophic chondrocytes reside
in a small domain nearest the chondro-osseous junction, we enriched for these
cells by using a razor blade to remove a majority of the cartilage containing resting
and proliferative chondrocytes leaving the cells closest to the chondro-osseous
junction and a small amount of the adjacent trabecular bone. Growth plates were
bisected longitudinally and incubated for 45 min at 37 °Cin 2 mg ml ™" collagenase
D (Roche) in DMEM/F12 (Invitrogen, 290-330 mOsm) plus 10% fetal calf serum.
After the initial incubation, the bone collar, trabecular bone and loosened con-
nective tissues were manually removed with forceps, and the remaining cartilage
fragments were transferred to a fresh dish of collagenase digestion media. Cells
were incubated for an additional 2-3 h with occasional swirling until cells mostly
dissociated from the surrounding matrix. Dissociated chondrocytes were trans-
ferred to 35-mm dishes with a 14-mm diameter, 1.5-thickness glass bottom
(MatTek) and imaged immediately (see Supplementary Methods for details of
imaging). The largest hypertrophic chondrocytes are a small population of the
most mature cells, therefore we further enriched for this population in our data
analysis by scanning for fields of view containing the largest cells in the dish and
quantified all of the intact spherical neighbours.
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There has been a longstanding discussion in the literature regarding the extra-
cellular osmolarity of chondrocytes, primarily in the articular cartilage™'**>%.
Much of this data are based on the theoretical ionic environment in association
with charged glycosaminoglycans according to the Donnan-Gibbs equilibrium,
although to our knowledge the extracellular osmolarity of growth plate cartilage
has not been directly measured. While serum osmolarity is approximately
280 mOsm, the osmolarity in association with cartilage may be upwards of
400 mOsm. To address the possibility that the swelling we observe in chondrocytes
at larger volumes may be the response to media of low osmolarity, we repeated the
diffraction phase microscopy measurements in mouse proximal tibia growth
plates dissociated in 424 mOsm DMEM/F12 raised with sucrose. Media osmolar-
ity was measured using the Vapro Model 5600 (Wescor). We find the same three
phases, including the phase of cell swelling, indicating this is an inherent property
of growth plate chondrocytes and not the passive response to an abnormal osmotic
environment (Supplementary Fig. 6). We presume that the 4 h from dissection to
imaging is enough time for volume regulatory mechanisms to compensate for any
response to osmotic stress that may have occurred. Indeed, 4D confocal imaging of
in situ porcine articular chondrocytes after osmotic stress shows a mean recovery
rate of 4.1% * 1.8% per min with 96% volume recovery after about 12 min®’.

Fetal megakaryocytes were isolated from embryonic day 14.5 mouse livers
according to previously published protocols** or generously donated by A.
Luyten and R. Shivdasani. Cells were imaged by diffraction phase microscopy
one day after harvest or at maturity after five days in culture.
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