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Abstract

Mechanical stress is necessary to sustain the mineral content of bone in adults. However, in a
developing neonatal mouse, the mineralization of soft tissues progresses despite greatly reduced
average mechanical stresses. In adults, these reduced loads would likely lead to bone loss.
Although biochemical factors may partly explain these different responses, it is unclear how
mineralization is initiated in low load environments. We present here the effect of morphometric
data and initial modeling supporting a hypothesis that mechanical factors across several length
scales amplify stresses, and we suggest that these stresses are of a level adequate to contribute to
mechanical signaling for initiation of mineralization at the developing tendon-to-bone enthesis. A
mineral gradient is evident across the insertion from the onset of mineralization. This grading
maintains a constant size from early postnatal time points to adulthood. At the tissue level, this
grading contributes to reduced stresses in an adult animal and to a minor elevation of stresses in a
neonatal animal. At the cellular level, stress concentrations around mineralizing chondrocytes are
enhanced in neonatal animals compared to adult animals. The enhancement of stresses around
cells at early timepoints may serve to amplify and transduce low loads in order to initiate
mineralization.
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1 Introduction

Soft connective tissue, such as tendon and ligament, inserts into hard bone through a graded
interface called the enthesis. Mature fibrocartilaginous entheses, such as those at the rotator
cuff tendon and the anterior crucial ligament bony attachment, display four regions: a
tendinous region, an unmineralized fibrocartilage region, a mineralized fibrocartilage region,
and a bone region (Benjamin et al. 2002). Recent studies of entheses show a gradual
increase in the amount of mineral from tendon to bone, and a gradual variation in the
organization of collagen fibers (Wopenka et al. 2008; Thomopoulos et al. 2003, 2006; Genin
et al. 2009). The graded structure of the enthesis appears to be optimized to achieve an
effective load transfer (Liu et al. 2012; Genin et al. 2009). However, this optimized interface
is not re-formed after injury, leading to poor healing outcomes, presumably due to
concentrations of stress at the interface (Lui et al. 2010; Harryman et al. 1991; Galatz et al.
2004). Our paper examines mechanical loading on the developing enthesis structure over
time, offering an understanding of mechanical factors that may be important for the
development, homeostasis, and healing of a functional enthesis. Results from the current
study may also offer guidance for tissue-engineered repair of tendon/ligament-to-bone
enthesis injuries (Smith et al. 2012).

Mechanical loading affects the structure and function of mature tissues via well understood
cell-mediated responses that are reviewed elsewhere (Thomopoulos et al. 2011). Skeletally
mature bone adapts both its mass and its architecture to external mechanical (Tanck loads et
al. 2006). Bone density increases with increased mechanical loading due to physical activity
(Bailey et al. 1999), and decreases with reduced mechanical loading under microgravity
conditions (Collet et al. 1997). Likewise, tendon strength is reduced when the muscle is
immobilized (Amiel et al. 1982; Woo et al. 1982). In the healing process, a low level of
controlled force is more beneficial than the complete removal of a mechanical load in the
healing of the rotator cuff (Galatz et al. 2009). Decreased fetal movement and/or muscle
loading leads to dramatic defects in skeletal development (Nowlan et al. 2010). A reduced
load impairs the development of the tendon-to-bone enthesis, reducing its modulus, strength,
and mineral content (Thomopoulos et al. 2010). The responsiveness of mature, healing, and
developing bones, tendons, and their attachments to the mechanical environment suggests
that mechanical factors play an important role for the formation and maintenance of these
tissues.

How, then, does mineralized tissue form in a developing animal, especially at early postnatal
time points, when stresses applied by muscles are very low? We recently characterized the
development of a mineralized enthesis in a mouse model (Schwartz et al. 2012). Many of the
expected elements were observed. The enthesis developed following a course similar to
what has been described by others (Benjamin et al. 2006; Blitz et al. 2009). Endochondral
ossification at growth plates followed a well described sequence: reserve chondrocytes
proliferated and then became hypertrophic, altering the extracellular matrix and facilitating
mineralization, and were eventually replaced by osteoblasts and a fully mineralized collagen
matrix. At the developing rotator cuff insertions into the humeral head, we observed the
expected growth of bone as the animals aged.
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However, we also observed a surprising result: a mineral gradient was seen at the
mineralization front from the onset of mineralization at early postnatal time-points through
adulthood. The size of this graded region was nearly constant at all timepoints. In the mature
enthesis, this graded region serves to reduce stress concentration and improve load transfer
(Liu et al. 2012; Genin et al. 2009). What role does this gradient play at early time points
when muscle loads are relatively low? We modeled stresses in the developing enthesis to
gain insight into these questions. We hypothesized that the graded region serves a different
role at earlier time points, namely that it combines with other morphological changes to
instead elevate local stresses at early timepoints. We argue that, in addition to the effects of
the many soluble factors present during development, these stress concentrations can serve
to elevate stresses in the matrix surrounding cells and thereby contribute to the initiation of
mineral accumulation.

In this paper, we first describe the experimental methods used to characterize the
morphology of the rotator cuff tendon-to-bone enthesis in a mouse model at time points
throughout postnatal development, from postnatal (as early as 7 days), to adult (56 days).
We then present the morphologies observed throughout development and first-order models
to explore the mechanical consequences of these morphologies. We conclude by discussing
the potential role of these elevated stresses in the transduction of mineralization cues.

2.1 Animal model, histology, and morphometry

The use of animals for this study was approved by the animal studies committee at
Washington University. Fifteen CD1 mice (Charles River Labs) were used in this study.
Mice were sacrificed in a CO, chamber at 7, 10, 14, 28, and 56 days after birth (denoted as
P7, P10, P14, P28, and P56, respectively; n=3 per time point). The humerus and
supraspinatus tendon with muscle attached were dissected free of all other tissues.

2.1.1 Micro-computed tomography and muscle forces—The isolated humerus and
supraspinatus muscle complexes were fixed in 4% paraformaldehyde and dehydrated to 70%
ethanol. Two dimensional sagittal plane images were acquired using a micro-computed
tomography scanner at tube settings of 55kVp and 145pA with a 25mm diameter tube
resulting in an ~20um isometric resolution(UCT 40; Scanco Medical, Basserdorf,
Switzerland). A soft tissue threshold was used throughout to distinguish unmineralized and
mineralized tissue from background due to the low level of mineralization found in the
humeral head of the 7-14 day time-points. Humeral head volume, supraspinatus muscle
volume, and supraspinatus muscle length were calculated as previously described
(Thomopoulos et al. 2007). A cross-sectional area of the tendon was determined by
averaging the area of a 0.8mm? region of interest centered about the minimum area of the
tendon.

The method of Gokhin et al. (2008) was used to approximate the isometric tension generated
by the supraspinatus muscle at each time point. In that study, the muscle fiber cross-
sectional area and the isometric stress generated by the murine tibialis anterior at various
postnatal time points were measured. Isometric tension was calculated by multiplying
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isometric stress by the physiological cross-sectional area of the muscle (PCSA). Consistent
with Gokhin et al. (2008), we used an adjusted PCSA that accounts for muscle fiber
packing:

PCSA= (‘/ COSQ/LJ‘) X(:s(l (l)

V is the muscle volume determined from puCT; @is the fiber pennation angle (11.7°)
(Burkholder et al. 1994); L is the muscle fiber length, calculated as 0.6 times the uCT
measured muscle length; and X.s4 represents the age appropriate value of the cross-sectional
area fraction of contractile material, as estimated by Gokhin et al. (2008).

2.1.2 Histomorphometry—The shoulder specimens used for uCT were rehydrated and
decalcified using 14% EDTA for two weeks. Samples were then dehydrated, embedded in
paraffin, and sectioned to 5um in the coronal plane. Tissue sections were stained with
toluidine blue to estimate extracellular matrix area fraction. The humeral head diameter was
determined by calibrating ImageJ to a scale bar to measure the widest diameter of the
humeral head on the section. Tendon length was measured using ImageJ from the insertion
to the beginning of muscle (i.e., where muscle fibers were identified).

The volume fraction ratio of cells and matrix was a central morphometric parameter needed
both to evaluate the cell-level stress concentrations and the homogenized moduli for the
gradient and unmineralized regions. To calculate the approximate matrix area fraction, we
analyzed images using ImageJ software. A rectangle (~ .01mm?2) was drawn over the matrix
region of interest. Cells were identified by manual inspection, and regions of nuclear
staining within cells were excluded to enable separation of cells from an extracellular matrix
by an intensity threshold. The area fractions of cells was then used to estimate the volume
fraction of cells using Delesse’s principle, which states that the mean value of the area
fraction estimated from planar sections is equal to the volume fraction in three dimensions
(Delesse 1847). However, the histology sample slices have finite thickness and, because the
projected areas of cells are different at different planes, inaccuracies will be introduced
when estimating area fraction. We used the largest of the cross-sectional areas in each
toluidine blue stained histology slice, because there we could see the boundary between the
brighter, more transparent cells and the dark purple matrix. With this approach, the true area
fraction was likely slightly overestimated at each slice. Therefore, a correction factor k was
introduced in the area fraction by the following formula (Chayes 1956):

4R

“irta @

where R is the average radius of cells and t = 5um is the thickness of the histology sections.
We used the average cell diameter observed from 2D sections to represent the 3D size of the
spherical cell. The true mean radius of a sphere, by taking all the transection planes, is 7R/4
= 0.785R, and furthermore, the tendency of the largest area in a slice observed by using
toluidine blue staining method decreased the discrepancy of the 2D observed size of the
cells and the real cell size.
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The details for calculating the slope of the graded mineralized region and the distance from
the tendon to the start of mineralization were described by Schwartz et al. (2012). The length
of the gradient region was calculated by dividing the gradient slope by the average mineral
content of the bone underlying the insertion and the data will be published by Schwartz et al.
(2012) and listed here for reference. The cortical bone outer radius was calculated by
subtracting the distance from the tendon to the start of mineralization and length of the
gradient from the measured humeral head radius.

2.2 Modeling

2.2.1 Overview of multiscale modeling—We applied our cross-scale morphological
data of the developmental enthesis to model how the stress environment in the vicinity of the
cell-matrix interface changes over time in the mineralized region. At the tissue level, an
idealized representation of was studied to estimate the amplification of stresses at points
proximal to the bone relative to the stresses in the tendons. At the cellular level, a periodic
unit cell model was used to estimate local stress concentrations in the direct vicinity of
chondrocytes in the mineralized region. The overall amplification of stress near cells was
obtained by combining estimates of the age-appropriate muscle stresses with the estimated
concentrations of stress from both tissue-level and cell-level effects.

2.2.2 Tissue-level stress concentrations—The enthesis is a hierarchical structure, and
is believed to present toughening mechanisms over several of these hierarchies Liu et al.
(2011). The first level studied was the enthesis as a whole (tissue level). Throughout
development, four regions present: (1) the tendon, (2) the unmineralized fibrocartliage
region, (3) the graded mineralized fibrocartilage region, and (4) the bone, with the widths of
the unmineralized and mineralized regions in the enthesis much smaller than those of the
tendon and the humeral head. The graded region maintains a constant size throughout
development (Schwartz et al. 2012). To determine what effect this gradient has on the tissue
level scale stress field near the mineralization front, we studied a simplified one dimensional
axisymmetric concentric ring model (Fig. 1).

This representation approximates the structure of the entheses of the rotator cuff of the
humeral head when viewed in a sagittal plane. The rotator cuff tendons insert radially into
the humeral head and form a nearly complete ring around the approximately spherical
humeral head (Liu et al. 2012). The concentric ring model was loaded by uniform radial
tensile stress to estimate the tissue-level stress concentrations in the structure. The
magnitude of this stress was estimated based upon the above measurements, and upon the
assumption that peak muscle stress was approximately independent of the overall stiffness
of the insertion over the age range studied. Further details of the stress analysis are listed in
the Appendix.

The cortical bone core of the concentric ring model represented cortical bone was modeled
with linear elastic, isotropic material properties Epgne=20 GPa and 10=0.3 (Kaplan et al.
1994). The outermost ring represented tendon, modeled as transversely isotropic, with
longitudinal modulus E; ~ 460 MPa, transverse modulus E, ~ 2.4 MPa, Poisson’s ratio v
~ 1, Poisson’s ratio in the transverse plane 1»3 = 0.3, and G1 ~7.1 MPa (Stabile et al.
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2004; Lynch et al. 2003; Maganaris and Paul 1999; Weiss et al. 2002; Yin and Elliott 2004).
The shear modulus was estimated from G1, = 3/1(R/L)?, where #= 1.07 and the aspect
ratio of collagen fibers (R/L) = 1 : 20 (Genin et al. 2009). Longitudinal and transverse
moduli for the gradient and unmineralized regions at the enthesis were estimated by solving
a boundary value problem involving the axisymmetric unit cell model as described below.

2.2.3 Cell-level stress concentrations—We studied an axisymmetric unit cell model
of a cell at the tendon-to-bone enthesis to estimate how age-related changes to cell size and
shape affected the stress field near these cells. We additionally applied these models to
estimate homogenized mechanical moduli of tissue in the graded region.

As described below, our observations at all time points supported a model of the cells as
spherical. At early time points, we observed dense hypertrophic chondrocytes with a roughly
spherical shape at the mineralized region of the enthesis. Here, the average radius of
hypertrophic chondrocytes was comparable to the length of the gradient region. Over the
course of development, the enthesis cells became dramatically smaller.

In the axisymmetric unit cell model, the center of the spherical cell was coincident with the
center of a cylinder, with the height of the cylinder two times the radius of the cylinder
(schematic in Fig. 1). The radius of the spherical cell was determined from experimental
data. Symmetrical boundary conditions were applied at the bottom surface of the cylinder,
with zero shear traction on the lower surface and displacement prohibited along the height of
the cylinder (z-direction). The top surface was loaded by a uniform displacement in the z-
direction, which yielded a uniform mean strain &, = 0.01, and was traction-free in the
azimuthal and radial directions. The circumferential surface of the cylinder was constrained
so that it had uniform displacement in the radial direction, and was traction-free in the
azimuthal and z directions. The applied stress o, was calculated as the total reaction force in
the z direction at the top surface divided by the cross-sectional area of the cylinder, and the
stress concentration factor was defined as the ratio of the maximum first principal stress to

a;.

Constitutive models: Each unit cell spanned the region between the bone and the
mineralization front (the mineralized region) and the region between the mineralization front
and the tendon (the unmineralized region) at the enthesis, and contained a single
chondrocyte. Following a review of the literature, we assumed the chondrocyte to be
isotropic with Young’s modulus Eqj; = 350kPa and Poisson’s ratio vge) = 0.43
(Alexopoulos et al. 2005; Kim et al. 2010; Jones et al. 1999). In the unmineralized region,
the extracellular matrix was assigned the same material properties as a tendon.

The mineralized region was graded, with the accumulation of mineral beginning at the
mineralization front and increasing until bone was reached at the base of the unit cell. In the
mineralized region, the extracellular matrix properties were thus varied continuously, from
no mineral at the mineralization front to fully mineralized at the bone side. The volume
fraction of mineral increased linearly from the mineralization front to the bone. However,
the material properties of partially mineralized collagen do not vary linearly with mineral
volume fraction. In our recent study, we developed models predicting the material properties
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of mineralized collagen tissue with a variation of volume fraction, based on the nanoscopic
details of the accumulation of mineral on collagen fibrils (Liu et al. 2014; Alexander et al.
2012) using linear, multiphase homogenization theory, c.f. (Genin and Birman 2009). Here,
we followed a model from our earlier work, in which mineral first deposited within the gap
channels of the periodic collagen fibrils structure and then accumulated randomly in the
extrafibrillar regions (Liu et al. 2014). The results for moduli were derived in our earlier
work from the Monte Carlo finite element simulation, and interpolated with a cubic spline
function (see Appendix, Fig. S1). The extracellular matrix properties were assumed to be
transversely isotropic, with the longitudinal direction in parallel with the z-direction of the
unit cell model. At earlier time points, the collagen fibers in the enthesis as a whole are more
disorganized than a mature structure (the results of measurement of collagen fiber
orientation throughout development are not shown). However, local organization over a
length scale associated with our finite element model is not known. As a first-order
approximation, we ignored those effects.

Interpretation of cell-level datato estimate constitutive propertiesfor thetissue-level
model: The homogenized longitudinal modulus was obtained from unit cell models as the
calculated applied stress o, divided by the nominal strain ¢, resulting from displacement
boundary conditions applied to the unit cell. To obtain the homogenized transverse modulus,
the circumferential surface was loaded by a uniform displacement in the r-direction, which
yielded a uniform nominal radial strain & = 0.01, while the model was traction-free in the
azimuthal and z-direction. The top and bottom surfaces of the cylinder were constrained to
have uniform displacement in the z-direction, and were traction-free in the azimuthal and
radial directions. The applied stress o, was calculated as the total reaction force in the r
direction at the circumferential surface divided by the circumferential surface area of the
cylinder. 149= 0.3 was assumed for the unit cell structure and the effective transverse
modulus was equal to gy(1-¢)/ & because of the Poisson effect in the transverse plane.
Poisson’s ratio 14, or 1,gwas assumed to be 0.1, which satisfied positive definite constraint
of the stiffness tensor. The homogenized moduli depended on the volume fraction of cells.
The results are shown in the Appendix.

Finite element models: Finite element analysis software COMSOL (COMSOL, Inc) was
used to estimate cell-level stress concentrations at the cell and extracellular matrix interface.
The linear elastic axisymmetric model was described above. A ne mesh with triangular
elements was used, and elements were further divided at the equator of the cell-matrix
interface characterized by stress concentration. Adequate convergence was achieved by
using approximately 75000 degrees of freedom.

2.2.4 Development of cell-level stresses in the mineralized region—Combining
tissue-level (concentric ring model) and cell-level (axisymmetric unit cell model) scale
stress concentration with the applied muscle stress yields an estimate of the stress level
around cells in the gradient region. The variance of the volume fraction of cells at the
gradient and the unmineralized regions introduced bounds on the total stress concentration
effects at different time points. Another uncertainty came from estimates of the peak muscle
stress. The combined cell-level stress level at the cell-matrix interface in the mineralized
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region at different time points was calculated, and normalized to the average value at 56
days.

3 Results and Discussion

3.1 Over the course of post-natal development the humeral head grows and cells shrink
but the mineral gradient stays the same size

Table 1 shows the length of supraspinatus tendon, the distance from the mineralization front
to the tendon, the length of the gradient region in the enthesis, the cortical bone outer radius,
and the humeral head diameters (the summation of the later three) at P7, P10, P14, P28 and
P56, as measured from histology sections. The data show that, during development, both the
tendon and the humeral head grew, the size of the gradient region remained constant (with
an average length ~ 20um), the unmineralized region shrank, and the size of the enthesis was
small relative to that of tendon and bone (schematic, Fig. 2).

The volume fraction ratio of cells and matrix was a central morphometric parameter needed
both to evaluate the cell-level stress concentrations and the homogenized moduli for the
gradient and unmineralized regions. Representative histology sections at P7, P10, P14, and
P28 (Fig. 3) show that the fraction of cells relative to extracellular matrix decreased
throughout development (enthesis structure at P56 (not shown) was similar to that at P28).
From the histology sections, the area fraction of cells was estimated (Fig. 4a,b. The area
fraction was then used to estimate the volume fraction of cells using Delesse’s principle. The
cells shrank over time (Fig. 4c).

3.2 Muscle stresses increase steadily from birth through adulthood

The peak muscle stresses that were used as inputs to the stress concentration models were
estimated as a function of age using micro-computed tomography data (Fig. 5). As expected,
muscle volume increased through development, and consequently muscle stresses increased
steadily as well. The stress ratio between P56 (maturity) and P7 was approximately 15.

3.3 Cell-level stress concentrations decrease with age

First order models were used to estimate how observed morphologies affected the stress
field in the vicinity of cells. Collagen is expected to nonlinear viscoelastic behavior (Pryse et
al. 2003; Nekouzadeh et al. 2007), and cell mechanics are expected to change with age (Qiu
et al. 2010), ECM stiffness (Marquez et al. 2010), and cell volume fraction (Marquez et al.
2005, 2006). However, because accurate, calibrated models are not available these effects
could not be considered and simple linear theories were used.

Within this framework, the stress concentration factor depended on the volume fraction of
cells, with a broad range demonstrated for the axisymmetric unit cell model (Fig. 6). The
cell volume fraction decreased from 60% to 10% in the mineralized region throughout
development (Fig. 4a); this resulted in a cell-level SCF decrease from 28 to 5.5 (Fig. 6). The
SCF and the corresponding first principal stress contour in the gradient region at different
time points are shown in Fig. 7. The cell-level SCF was much higher at early time points (P7
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and P10) than at later time points, and the highest stress regions around the cell were larger
at early time points.

3.4 Tissue-level stress concentrations decrease slightly with age

The tissue-level SCF for the concentric ring model is shown in Fig. 8. The constant gradient
size and decreasing unmineralized region size over time (with the stiffness adjusted for the
volume fraction of cells) led to a slight decrease in macroscopic stress at the tendon-to-bone
enthesis from P7 to P56.

3.5 Morphological factors combine to stress cells at adult levels during development

The peak principal stress at the equator of cells in the gradient region was estimated at each
time point. This involved, first, estimating the combined stress concentration factor that
accounts for amplification of stresses at both the cell- and tissue-level, and, second, scaling
the applied muscle stresses by this combined stress concentration factor (Fig. 9). The
estimated peak principal stress did not change significantly from P10 onwards; only the
difference between P7 and P56 was significant statistically, with the average value at P7
0.23 times of that at P56. At all time points, the peak principal stress was not different
statistically from that at young adulthood (P28).

Why might these morphologically elevated stresses be important? Failure to provide the
appropriate local stress stimuli to cells during early enthesis development leads to severe
defects in enthesis mineralization, fibrocartilage formation, and collagen organization
(Thomopoulos et al. 2007; Blitz et al. 2009). Experimental results show that local mineral
content in developing tissues is the same as in mature tissues, both at the mineralized region
of the enthesis and at the bone, although the tissue level volume fraction is lower because of
the larger volume fraction of chondrocytes at early time points (Schwartz et al. 2012). Our
work suggests that the local stresses at early time points are also elevated to near adult
physiologic levels, presumably to stimulate chondrocyte mineralization.

While the enthesis serves to reduce the tissue-level level of stress concentration caused by
directly connecting two dissimilar materials (i.e., tendon to bone) in adulthood, its role
might be different in development. The highly localized stress around cells may serve to
amplify the low muscle loads present during early tendon-to-bone enthesis development.
One possible effect of the highly localized stress around the cells may be to stimulate the
enlargement of the chondrocytes, inducing a phenotypic change into hypertrophic
chondrocytes accompanied by extracellular mineralization (Hall 2005; Coe et al. 1992).
Mechanical stress might play a role in the proliferative to hypertrophic transition (Stokes
2002; Stokes et al. 2002), and our observations are consistent with this. Although the load-
bearing capability is low because of the immaturity of tissues in the early time points of
development, removing all muscle load is clearly detrimental to development (Thomopoulos
et al. 2010; Blitz et al. 2009).

These results suggest that amplified local stresses around cells in the mineralized region are
present during development, and support our hypothesis that mechanical factors across
several length scales amplify stresses. The contribution of this work is to show that even in
early development, stresses around cells in the mineralized region can reach levels

Biomech Model Mechanobiol. Author manuscript; available in PMC 2015 October 01.



Liuetal.

Page 10

associated with early adulthood. We suggest that these stresses are of a level adequate to
contribute to mechanical signaling during mineralization.

3.6 Other interpretations

3.7 Caveats

The mechanical factors we describe are likely just one of many possible explanations for the
ability of cells to mineralize tissue at early time points. Early in development, the signaling
factors surrounding cells at the enthesis differ from factors present in adulthood. One
possibility is that all mineralization around hypertrophic chondrocytes is triggered by such
soluble factors through a pathway that is completely independent of mechanical stresses, but
this is not likely due to the observation that immobilization leads to development of a highly
abnormal insertion of tendon to bone (Thomopoulos et al. 2010).

An important potential role of mechanical factors in signal transduction relates to the ways
that gradients and associated inhomogeneities in the stress field distort cells, particularly at
early time points. Studies conducted in vitro indicate a strong relationship between cell
shape and mechanosensitivity, and there are typically a number of molecular mechanisms
beyond shape that drive this response (e.g., level of attachment to a substrate, stiffness of
substrate, etc.) (Adams et al. 1989). Although hypertrophic chondrocytes and cells within
the gradient region of the enthesis do in fact retain a spherical geometry (Guilak et al. 1995),
subtle, stress-induced deformation of cell shape is an important factor to consider. However,
we note that these changes might be small because the stress around these cells has a large
hydrostatic component due to the azimuthal constraint associated with the spherical shape of
the humeral head.

Another interesting mechanical factor is that the pericellular matrix surrounding
chondrocytes in cartilage is highly inhomogeneous (Guilak et al. 1995). Although the
dominant factor of mineralization was included in our first order approximations to local
stress concentrations around cells, potential second order contributions of the pericellular
matrix are an important consideration for future work.

Mechanical factors are well known play an important role in maintaining homeostasis
during the development of tendon-to-bone attachment. Note, however, that this work is
preliminary, with idealized models: (1) the geometric models ignored the spacing and size of
the cells in the fully mineralized region; (2) due to the lack of experimental data, collagen
fiber angular distribution was ignored in estimating the stiffness of the extracellular matrix
at the enthesis. Despite the idealized nature of the modeling, stress analysis results
qualitatively show that local stresses around cells are elevated in the regions where
mineralization occurs. The highly localized stress level at the cell appears at early postnatal
time points, suggesting that mechanical cues may be important for the initial deposition and
later accumulation of mineral. This is supported by experimental evidence demonstrating
that muscle loads are necessary for mineralization at the developing tendon-to-bone
insertion. Elevated local stress, then, may be crucial for early development and, likewise, for
the early stages of post-surgical healing.
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Although physiological muscle forces are typically cyclical in nature, the model assumed
static muscle loads. Cells respond to both peak and time-averaged muscle loads in vivo.
Based on morphological data and finite element analyses of developing chicks, Nowlan et
al. (2008) showed that high cycles of stress preceded ossification of cartilage. Furthermore,
analysis of biophysical stimuli in a “muscleless” mouse model showed that passive cyclical
movements (e.g., via movements of the mother) can compensate for the lack of direct
skeletal muscle loading (Nowlan et al. 2012). Future studies will therefore expand the
current model to include physiologically relevant cyclical loads.

Many questions remain and warrant further study. At the enthesis, there is a large volume
fraction of cells in the unmineralized region, although the fraction of cells is smaller than
that in the mineralized region. How is mineral retained away from these regions, after the
front of mineralization has passed? At the nanoscale, where and how does mineral first form
on/in the collagen fibrils? How is a gradient in the mineral content achieved from the
mineralization front to the bone? It is clear that biochemical and genetic factors also play
important roles in both enthesis development (Thomopoulos et al. 2010; Blitz et al. 2009)
and mineralization during development (Coe et al. 1992; Yagami et al. 1999; Liu et al.
2007); these factors likely interact with the mechanical factors described in the current study
to regulate enthesis development.

4 Conclusions

In a mouse, the approximately linear gradation in mineral content at the supraspinatus
enthesis stays a constant size from early postnatal time points through adulthood, while the
humeral head grows substantially. The morphology of the enthesis in the adult mouse is
believed to serve the role of reducing stress concentrations, but the analyses presented here
suggest a different role at early time points. Effects of the mineralization gradient at the
tissue level may combine with effects of cell volume fraction at the cell level to compensate
for extremely low muscle stresses present at earlier time points. This results in elevation of
stresses at the cell-matrix interface in juveniles to levels similar to those estimated for adults.
These observations have important implications for post-surgical physical therapy regiments
for patients who receive engineered tissue scaffolds to guide enthesis redevelopment. Stress
concentrations at the cell level, which are favorable in the early time points of enthesis
development, may also be favorable for enthesis tissue engineering.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic of the modeling approach to estimate the stress environment of developing
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tendon-to-bone enthesis at the rotator cuff of a mouse. The rotator cuff to humeral head

insertion is modeled as a concentric ring model. Because the size of the enthesis

(mineralized region and unmineralized region) is much smaller than that of the tendon and

bone, and the size of the cells are comparable to the length of gradient region, an
axisymmetric unit cell model (a spherical cell in the center of cylindrical extracellular
matrix) was used to estimate the stress concentration at cell and matrix interface.
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Schematic of the developing tendon-to-bone enthesis at the rotator cuff of a mouse. The
graded mineralized region maintained a relatively constant thickness over time, increasing
while the outer radius of the cortical bone (humeral head) and tendon length grew. The
unmineralized “fibrocartilage” disappeared with age. Rings are drawn to scale.
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Figure 3.
Histologic tissue sections of the tendon-to-bone enthesis at the rotator cuff of a mouse,

showing a steady decline in the size and volume fraction of chondrocytes with age. Time
points: (a) P7, (b) P10, (c) P14, (d) P28. The black/dark areas indicate mineral, the cell
nuclei are stained with dark blue, hypertrophic chondrocytes appear as white circles (see
arrows in (a), (b), and (c)), and the purplish/pinkish areas indicate the presence of
proteoglycans, which are characteristic of cartilage. Note that the cells remain spherical
throughout, and start to organize into columns at later timepoints. Although Raman
spectroscopic analysis clearly indicates a gradient in mineral at all timepoints (Schwartz et
al. 2012; Wopenka et al. 2008), the graded transition zone is not visible by von Kossa
staining at any timepoint, as this staining yields an opaque band with even a small level of
mineralization. (5 um thick sections, von Kossa and Toluidine blue staining, scale bar =
100pm, arrows: hypertrophic chondrocytes).
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Figure4.
Development of the volume fraction of cells at (a) mineralized fibrocartilage (b)

unmineralized fibrocartilage. The range of data indicates standard deviation (N=3). (c) Mean
radius of cells as a function of age. Both the volume fraction and size of cells decrease with
age. The fraction of cells decreases rapidly after 14 days in the mineralized region. The
volume fraction is much larger in the mineralized region than in the unmineralized region at
early development.
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Figureb.
Estimated peak muscle stresses as a function of age. Peak muscle stresses increase with age,

with the stress ratio between the P56 (maturity) and P7 (early post-natal) about 14.8. The
range of data indicates standard deviation (N=3).
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Figure®6.
As the volume fraction and the size of cells decrease over time, the SCF decreases at the

cell-matrix interface. The SCF was determined numerically using finite element simulations;
a schematic axisymmetric unit cell model with mesh is shown.
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Figure7.
The stress concentration at the cell-matrix interface decreased as a function of age. The

stress field remained qualitatively similar over time, as shown in the contour of peak
principal stresses.
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Figure8.
The effect of the mineral gradient region on the macroscopic stress concentration at the

tendon-to-bone enthesis is shown as a function of age. The gradient region did not change
over time and the stiffness was adjusted for the volume fraction of cells using the results of
the finite element analyses shown in Fig. 7. A schematic of the concentric ring model is
shown above the plot.
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Figure9.
The peak principal stress surrounding cells during early development are elevated to near

adult physiologic levels through stress concentrations. The estimated peak principal stress
did not change significantly from P10 onwards; only the difference between P7 and P56 was
significant statistically, with the average value at P7 0.23 times of that at P56. At all time
points, the peak principal stress was not different statistically from that at young adulthood
(P28).
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Morphometric data for the surpraspinatus tendon, enthesis, and humeral head during post-natal development.
+ indicates standard deviation (N=3). The cortical bone outer radius was calculated by subtracting the
“distance from the tendon to the start of mineralization” and “gradient length” from the humeral radius, mean
values are used, no standard deviation. (SS: supraspinatus tendon, HH: humeral head).

Age(days) SSlength HH diameter distancefrom SS mineral gradient cortical
(mm) (mm) tomineralization length (um) bone outer
front (um) radius(um)
7 1.0740.25 1.73+0.15 96.2+11.8 23.8+7.20 836
10 1.21+0.04  2.04+0.05 65.8+13.6 18.6+5.96 1000
14 1.39+0.16 2.11+0.05 22.9+4.4 22.6+10.7 1100
28 1.4440.29 2.27+0.15 10.44+34 25.9+11.2 1240
56 1.34+0.23 2.27+0.14 11.145.1 19.1+9.98 1210
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