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Abstract
Like bone mass, bone quality is specified in development, actively maintained post-natally, and
disrupted by disease. The roles of osteoblasts, osteoclasts, and osteocytes in the regulation of bone
mass are increasingly well defined. However, the cellular and molecular mechanisms by which
bone quality is regulated remain unclear. Proteins that remodel bone extracellular matrix, such as
the collagen-degrading matrix metalloproteinase (MMP)-13, are likely candidates that regulate
bone quality. Using MMP-13 deficient mice, we examined the role of MMP-13 in the remodeling
and maintenance of bone matrix and subsequent fracture resistance. Throughout the diaphysis of
MMP-13-deficient tibiae, we observed elevated nonenzymatic crosslinking and concentric regions
of hypermineralization, collagen disorganization, and canalicular malformation. These defects
localize to the same mid-cortical bone regions where osteocyte lacunae and canaliculi exhibit
MMP-13 and tartrate-resistant acid phosphatase (TRAP) expression, as well as the osteocyte
marker Sclerostin. Despite otherwise normal measures of osteoclast and osteoblast function,
dynamic histomorphometry revealed that remodeling of osteocyte lacunae is impaired in
MMP-13−/− bone. Analysis of MMP-13−/− mice and their wild-type littermates in normal and
lactating conditions showed that MMP-13 is not only required for lactation-induced osteocyte
perilacunar remodeling, but also for the maintenance of bone quality. The loss of MMP-13, and
the resulting defects in perilacunar remodeling and matrix organization, compromise MMP-13−/−

bone fracture toughness and post-yield behavior. Taken together, these findings demonstrate that
osteocyte perilacunar remodeling of mid-cortical bone matrix requires MMP-13 and is essential
for the maintenance of bone quality.
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Introduction
The ability of bone to resist fracture and provide mechanical support is critically derived
from both the quantity and quality of the bone matrix, both of which must be actively
maintained to respond to changing demands on this tissue [1]. Cortical bone quality
encompasses many factors that span the hierarchical organization of bone, from cortical
bone geometry at the macroscale [2,3], microdamage [4,5], and porosity [6,7] at the
microscale, extracellular matrix material properties (i.e. elastic modulus and hardness) at the
nanoscale [8,9], to collagen crosslinking [10–12] and mineral crystallinity and maturity [13]
at the molecular scale. Each of these hierarchical relationships is biologically regulated and
important for the overall function of bone [14–16]. For example, cochlear bone matrix is
much harder than that of the femur [17,18], and the abnormal specification of these bone
matrix material properties can impair bone-specific function – leading to hearing loss or
fragility observed in genetically modified mice or human bone syndromes [18]. Likewise,
defects in collagen crosslinking [19] or microdamage repair [20] have been implicated in
fragility associated with disease and aging. While the importance of bone quality is clear,
the mechanisms that establish, maintain, or disrupt it remain areas of active investigation.

Like bone mass, the maintenance of bone matrix quality requires the coordinated action of
cells of both the osteoblast and osteoclast lineages. Osteoblast-specific mutations in the
TGF–β type II receptor or heterozygous deletion of the osteoblast transcription factor Runx2
are sufficient to alter the elastic modulus of bone extracellular matrix. In contrast, inhibition
of osteoclast-mediated bone remodeling by bisphosphonates increases mineral content of the
bone matrix and the tissue elastic modulus, but reduces toughness [21,22]. In glucocorticoid
treated mice, bone matrix mineralization and material properties are most profoundly
affected in the perilacunar regions, suggesting a role for osteocytes [23]. Although the
contribution of each cell type to bone mass is increasingly well-defined, the role of each cell
type in regulating bone quality in response to changes in biological stimuli such as TGF–β
and glucocorticoids (which can affect all three cell types) remains unclear. Also unknown
are the specific proteins responsible for conferring changes in bone matrix quality in
response to these signaling pathways.

When considering which proteins might participate in the active regulation of bone quality,
matrix metalloproteinases (MMPs) emerge as strong candidates. MMPs remodel
extracellular matrices throughout the body including bone [24]. The tight regulation of
MMP expression and activity is essential for the development, maintenance, and repair of
many tissues. Although the MMPs have redundant substrates (i.e., multiple MMPs cleave
type I collagen) [25], the loss of even a single MMP can have adverse consequences on bone
development. For example, mice deficient in membrane-type-1 (MT-1) MMP [26], MMP-2
[27], MMP-9 [28], and MMP-13 [29,30] have abnormal bone phenotypes, each arising from
distinct mechanisms.

To explore mechanisms responsible for maintaining the quality of cortical bone matrix, we
focused on MMP-13. This protease, expressed by cells of the chondrocyte and osteoblast
lineages, degrades several substrates including collagen I, collagen II, and aggrecan [31]. In
humans, missense mutations in the MMP-13 gene cause the skeletal disorder of
spondyloepimetaphyseal dysplasia [32]. M M P-13 deficient mice have increased trabecular
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bone volume at skeletal maturity [29,30]. Yet the role of MMP-13 in the regulation of
cortical bone matrix quality is unclear. Several of the same factors known to regulate bone
matrix material properties, including glucocorticoids, TGF-β, Smad3, and Runx2, also
regulate the expression of MMP-13 [33–36]. Therefore, we hypothesize that MMP-13
remodeling of the cortical bone matrix is required to maintain bone quality.

To test this hypothesis, we examined the effects of systemic MMP-13 deletion on bone
quality and on the cellular mechanisms thought to control it. The results show that the loss
of MMP-13 reduces the fracture resistance of long bones, independently of changes in
osteoclast-mediated bone resorption and osteoblast-mediated bone formation. While testing
our hypothesis, these studies also uncovered a novel role for MMP-13 in remodeling of the
osteocyte lacunar-canalicular network in cortical bone matrix, particularly in lactation.
Together, these findings demonstrate the essential role of MMP-13 and perilacunar
remodeling in the maintenance of bone quality.

Materials and Methods
Tibiae and femora were collected from euthanized two-month-old MMP-13−/− male mice
and their wild-type (WT) littermates for analyses. The generation and phenotypes of these
mice have been previously described [29,37]. Mice were maintained and treated in
accordance with institutional animal care and use committee (IACUC)-approved protocols.

Histological Analysis
For all histological evaluation, the number of mice per genotype used for each assay (n) is
given respectively. For each bone sample, at least 3 non-adjacent sections were examined.

Safranin-O staining (n=6)—Mouse tibiae from both WT and MMP-13−/− animals were
collected, dissected free of soft-tissue, and fixed overnight in 4% paraformaldehyde in PBS
at 4°C, prior to demineralization using a sodium-buffered solution of EDTA (final solution
containing 0.24 M EDTA-2Na and 0.25 M EDTA-4Na) for 7 days at 4°C. Transverse 7 μm
sections of paraffin-embedded tibiae were stained with a combination of hematoxylin,
Safranin-O, and a Fast Green counter stain. To quantify the abundance of remnant growth
plate cartilage within cortical bone, the Safranin-O positive regions were quantified by k-
means segmentation using ImageJ (NIH) and expressed as a ratio relative to the total bone
area in the section. This analysis was performed over the entire bone cross-section using
images taken under a 10X objective.

Immunohistochemistry (n=3)—Immunohistochemical analysis of MMP-13 was
performed on tibiae embedded in Tissue O.C.T. Compound (Sakura Finetek, CA, USA) for
10 μm frozen sections. MMP-13 localization was assessed using a goat-derived anti-mouse-
MMP-13 primary antibody (AB-8012, Millipore, USA), which was detected with an HRP-
conjugated donkey-anti-goat secondary antibody (SC-1012, Santa Cruz Antibodies, USA).
Both the primary and secondary antibodies were diluted 1:200 in 1.5% donkey serum. A
Vectastain Elite kit was used to perform DAB staining (Vector Labs; USA). Sclerostin
expression was evaluated using primary goat anti-SOST antibody (AF 1589, R&D Systems,
USA) with an anti-goat secondary antibody conjugated with HRP (Vectastain Elite ABC
Goat IgG kit; Vector Labs; USA). The primary and secondary antibodies were diluted in
1.5% rabbit serum blocking buffer. Negative controls, including primary incubation with
goat IgG and either anti-MMP-13 or anti-SOST, confirmed the specificity of the antibody
staining.
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Tartrate resistant acid phosphatase staining (n=4)—The activity of osteoclasts
were assessed using a Leukocyte Acid Phosphatase kit with Fast Red Violet as the binding
agent (Sigma-Aldrich, USA) on decalcified paraffinized sections with no counter staining.
Osteoclast activity was measured along the periosteal and endosteal surfaces by identifying
TRAP-positive cells following the published ASBMR conventions [38]. A k-means
segmentation method using ImageJ was used to determine the percentage of TRAP-stained
matrix relative to the total bone matrix area [39].

Thionin stain for the bone canalicular network (n=3)—The bone canalicular
network was visualized by staining of decalcified frozen sections in a Thionin-based
solution and then fixed in saturated picric acid [40,41].

Dynamic bone histomorphometry (n=5)—Mice were given two intraperitoneal
injections of calcein (0.02 mg/g) five days apart prior to euthanasia. The tibiae were then
collected and fixed in 4% paraformaldehyde in PBS, serially dehydrated in graded ethanol,
and then embedded in a plastic resin (TechnoVit 5, EMS, Pennsylvania). The embedded
blocks were sectioned using a tungsten carbide blade to a thickness of 8 μm and mounted on
glass slides. The mineral apposition rate (MAR, mean inter-label thickness divided by the
time between the two labelling periods) was computed at both the periosteal and the
endosteal surface using ImageJ by evaluating fluorescent micrographs taken with a 20X
optical objective. The bone formation rate (BFR) was calculated in accordance with the
ASBMR nomenclature [38]. Calcein-labeled lacunae were quantified with the 40X optical
objective over 3 non-adjacent sections for each animal. The number of calcein-labeled
lacunae was normalized to the bone area, which was quantified using ImageJ.

Collagen Birefringence (n=3)—For polarized light microscopy of frozen sections, two
polarized light filters were placed between the light path and the viewing objective. For each
tissue section, the polarizing filters were rotated such that the maximum birefringence was
achieved as confirmed by the resulting 10X image capture.

Structural and mineral composition analyses by microCT imaging
The tibiae (n=4) and femora (n=6) from both genotypes were used for microtomography
analysis by the vivaCT 40 micro-computed tomography (microCT) system (Scanco Medical,
Switzerland). The microCT imaging was conducted at a 9.5 μm isotropic voxel resolution.
The trabecular bone compartment from six animals was evaluated by manual contouring
over a 2 mm span distal to the tibial plateau (200 slices). From this region, the ratio of bone
volume to total volume (BV/TV), trabecular connectivity (t.Conn), and the structural model
index (SMI) were computed. To compute the trabecular bone tissue mineral density
distribution, for each voxel over segmented and contoured slices, CT attenuation values
were calibrated to a hydroxyapatite standard (mg HA/cm3) and sorted into numerical bins.
The final value was normalized by the total bone volume in the compartment.

The cortical bone compartment from the femur evaluated over a 3 mm span at the mid-
diaphyseal region (300 slices). Dual semi-automated contours were used to outline the
endosteal and periosteal surfaces. Cortical bone tissue mineral density was computed using a
method similar to that used for trabecular bone. The average cortical thickness (c. Th.) and
moment of inertia (MOI) were also computed. The mineral concentrations for the trabecular
and cortical bone compartments were measured. Higher resolution x-ray microscopy scans
were obtained using a MicroXCT-200 (Xradia Inc., Pleasanton, CA, USA). A 4x objective
was used to obtain resolution of approximately 1.5 μm. X-rays were set to a peak voltage of
90 kVp and a power of 6 W. Each tomography was reconstructed from 3500 radiographic
projections obtained from a full circle of 360°. Exposure times of 7 s were chosen to yield
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6000 to 8000 counts per pixel of each recorded radiograph approximating 25% of the
original X-ray intensity passing through the specimen and arriving at the detector.
Associated tomographies were reconstructed using reconstruction software
(XMReconstructor, Version 7.0.2817, Xradia Inc., Pleasanton, CA, USA). 3D images were
post processed using the Xradia 3D viewer. In addition to these high-resolution analyses of
bones from 2-month old mice, tibiae from 2, 4, 6, 14, 22, and 30-week old mice (n=2 for
each time point) were assessed using high-resolution microCT X-ray microscopy.

Nonenzymatic crosslinking of the organic bone matrix (n=6)
Nonenzymatic glycation (NEG) of collagen results in the formation of advanced glycation
end-products (AGEs) and has been associated with changes in bone remodeling and the loss
of toughness and fracture resistance in bone [10,11]. A fluorimetric assay was used to
evaluate the accumulation of AGEs in bone. The mid-shafts of mechanically tested femora
were demineralized using EDTA for approximately 7 days at 4°C, and demineralization was
confirmed using contact radiographs. The demineralized bone samples were then hydrolyzed
using 6N HCl (24 hr, 110°C). AGEs content was determined from fluorescence readings
taken using a SpectraMax M5 spectraphotometer (Molecular Devices; Sunnyvale, CA) at
the excitation wavelength of 370 nm and emission wavelength of 440 nm. These readings
were standardized to a quinine sulfate standard and then normalized to the amount of
collagen present in each sample. The amount of collagen for each bone sample was
computed based on the amount of hydroxyproline as determined using a chloramine-T
colorimetric assay [42] that recorded the absorbance of the digested samples against a
commercially available standard.

Biochemical analysis of dynamic bone resorption (n=9)
In vivo bone resorption was measured quantitatively using a commercial immunoassay for
total deoxypyridinoline (DPD) (Quidel Inc, CA). DPD is a mature crosslink of type I
collagen, formed by the enzymatic action of lysyl oxidase, that is released during bone
resorption and is detectable in urine and plasma [43,44]. Urine samples were collected from
both genotypes. The samples were collected in the morning from all mice over 3 non-
consecutive days when the mice were 8 weeks old. Briefly, the urine samples were
hydrolyzed, and then the lysates were allowed to bind to a monoclonal anti-DPD antibody to
produce a colorimetric reaction that is normalized to a known standard of DPD. The DPD
measurements were further normalized by the urinary levels of creatinine. The same urine
hydrolysates were also assayed for hydroxyproline, another marker of tissue metabolism
[43], and normalized to creatinine levels.

Effects of MMP-13 on Lactation mediated bone loss
Two-month-old MMP-13−/− and WT (n=4) female mice were allowed to become pregnant
by mating with a WT male. Upon delivery of the pups, the litter size was adjusted to 8 pups,
and the dams were switched to a 0.2% calcium/0.53% phosphorous feed (5TZ8 Lower
calcium feed, TestDiet Corporation, MN) ad libitum in order to exacerbate the effects of
lactation-mediated bone loss (Standard mouse feed contains 0.61% calcium/0.57%
phosphorous). At day 14, the dams were sacrificed and the tibiae were harvested for
microCT analyses as described above (vivaCT 40, Scanco Medical, Switzerland). Age-
matched virgin MMP-13−/− and WT female mice (n=2) were used as nulliparous controls.

Analysis of gene expression
Tibiae from MMP-13−/− (n=7) and WT (n=5) 2 month old male mice were dissected, the
proximal and distal ends were cut off, the marrow was flushed using a pressurized water jet
containing PBS, and the surfaces were stripped of all soft tissues. Tibiae were pulverized
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with a liquid nitrogen-cooled mortar and pestle, and added to TRIzol (Invitrogen, Carlsbad,
CA) for RNA extraction and purification using the Invitrogen PureLink RNA Mini Kit.
cDNA was synthesized from up to 1μg of RNA using the iScript cDNA Synthesis kit (Bio-
Rad 170–8891), after which gene expression was assessed using SYBR-based qRTPCR with
the following primers: L19 F-(ACGGCTTGCTGCCTTCGCAT), R-
(AGGAACCTTCTCTCGTCTTCCGGG); OPG F-(AGAGCAAACCTTCCAGCTGC);
OPG R-(CTGCTCTGTGGTGAGGTTCG); RANKL-F (CACCATCAGCTGAAGATAGT),
RANKL-R (CCAAGATCTCTAACATGACG). Gene expression was normalized to the
expression of RP-L19. Fold-induction was calculated using the delta-delta-CT method.

Mechanical Testing
We focused on cortical bone because trabecular bone fragility is critically dependent on BV/
TV and architecture, as well as the bone matrix material properties, and thus the mechanistic
cause of fragility at the whole bone level would not be discernable. Instead, we examined
the cortical bone where we have verified that the geometric and structural properties of the
two genotypes are indistinguishable from each other, thus allowing us to focus on the role of
MMP-13 on the matrix and tissue level fragility.

Microindentation of cortical bone tissue (n=6)—The tibiae from each genotype were
used for dynamic microindentation. The bone tissues were encased in an epoxy resin and
sectioned transversely proximally from the tibio-fibular junction (TFJ) using a low-speed
diamond wafering saw. The exposed bone cross-sections were then serially polished under
hydrated conditions to a particle size of 0.25 μm. After preparation, the samples were
indented to a depth of 100 μm at a frequency of 2 Hz using a microindenter with a 90°
conical indentation tip with a rounded 2 μm radius (BioDent 1000 TDI, Active Life
Scientific, CA). Using a dissection microscope to identify the indentation sites, three regions
were indented on each cross-section (periosteal, middle, endosteal), and 3 unique
indentations were made within each region. The force-deformation data were collected
during loading and unloading, and the elastic moduli were computed from the unloading
slope using the Oliver-Pharr method [45,46].

Three-point bending of whole bone (n=6)—Femora from MMP-13−/− and WT mice
were dissected free of soft tissue, wrapped in HBSS-soaked gauze, and stored in sealed
plastic at −20° C prior to three-point bending and fracture toughness tests. Samples were
thawed to room temperature in HBSS, and then loaded to fracture in a three-point bending
configuration (lower span: 5 mm) using the Bose ELF 3200 mechanical load frame (Bose,
Eden Prairie, MN) under hydrated conditions. The crosshead was displaced at a rate of 0.005
mm/s until the bone was fractured. The force and displacement data were collected, and the
following parameters were determined: Structural stiffness (the slope of the linear region of
the force-displacement curve), ultimate load (the maximum force recorded during the cross-
head displacement), post-yield deflection (deflection that took place between the yield and
ultimate points), and post-yield work-to-fracture (area under the force-displacement curve
between the yield and ultimate points). The transition to yielding was calculated using an
automated criterion (executed in MatLab) that is determined when the piecewise slope of the
force-displacement curve has been reduced to 90% of the initial stiffness [47].

Fracture toughness of the notched femora (n=6)—Thawed and hydrated femora
from WT and MMP-13−/− mice were notched using a razor blade followed by diamond
polish to cut the bone mid-shaft through less than 1/3 of its diameter. The notch was placed
on the anterior-lateral side and then loaded in 3-point bending to propagate the notched flaw
using the Bose ELF 3200 system at a displacement rate of 0.001 mm/s [48,49]. The force-
displacement data was collected during the crosshead movement. The fracture surface
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morphology including the crack angles and cortical diameter were measured using the
vivaCT 40 microtomography system (Scanco Medical, Switzerland). The fracture
toughness, KC, was calculated using the unstable cracking method for the propagation of a
circumferential through-wall flaw in cylinders [48].

Statistical analyses
Statistics were performed using Minitab 14 (Minitab Inc. State College, Pennsylvania). t-
tests were used to ascertain the differences between groups of normally distributed data. The
Chi-square test was used to compare the differences between distributions. Mann-Whitney
nonparametric tests were used for non-normally distributed data. Significance of
comparisons is defined by p-values equal to or less than 0.05.

Results
Heterogeneous mineralization of MMP-13−/− cortical bone

As a first step in testing the hypothesis that MMP-13 participates in the maintenance of post-
natal bone matrix quality, micro-computed tomography was used to evaluate the
mineralization of wild-type and MMP-13−/− bone. Consistent with previous reports
[29,30,50], micro-computed tomography (microCT) imaging revealed a 34% increase in the
mean trabecular bone volume fraction (BV/TV) in 2 month old MMP-13−/− tibiae relative to
their wild-type littermates (p < 0.001; t-test; Figure 1A, 1B, 1E). In addition, the mean
trabecular tissue mineral density was increased in MMP-13−/− mice, which resulted in an
altered distribution of tissue mineral density (p <0.001; chi-square test; Figure 1F). Stickens,
et al. showed that this increased trabecular bone volume results from MMP13 deficiency in
growth plate chondrocytes during endochondral ossification [29].

MicroCT also revealed defects in MMP-13−/− cortical bone mineralization that were
independent of bone size or geometry. The cortical bone from MMP-13−/− tibiae and femora
showed no differences in cortical thickness or moment of inertia (Figures 1C, D, G, Table I).
Although the mean cortical bone TMD was indistinguishable between wild-type and
MMP-13−/− mice, the distribution of mineral density was significantly altered. Specifically,
the MMP-13−/− mice exhibited elevated instances of both increased and reduced mineral
densities in the cortical bone (p < 0.001; Chi-square test; Figure 1H). The decreased values
of cortical bone TMD may be related to the abundance of Safranin-O-stained of growth
plate cartilage remnants that preferentially localize to the proximal tibial cortical bone of
MMP-13−/− mice (Figures 1I, 1J). These osteoid remnants may explain the areas of
hypomineralized MMP13−/− bone matrix [29,30], but do not explain the areas of increased
mineral density.

Hypermineralization, collagen disorganization, and impaired turnover of MMP-13−/− bone
matrix

To further investigate the increased proportion of hypermineralized bone in MMP13−/−

mice, tibiae were scanned using higher resolution microCT. Reconstructed images of the
tibia revealed a ring of hypermineralized matrix midway between the endosteal and
periosteal surfaces of MMP-13−/− cortical bone that was not observed in wild-type
littermates. This irregular ring of hypermineralization (Figures 2 A, B, E, F) spans
longitudinally throughout the mid-diaphyseal region (Figures 2C, 2D). These data suggest
that MMP13 plays a critical role in maintaining the normal distribution of mineral density in
cortical bone.

Because the loss of MMP-13 has been associated with altered endochondral ossification
[29], high resolution microCT was used to evaluate the dynamics of matrix
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hypermineralization in MMP-13−/− mice and their WT littermates at 2-, 4-, 6- 9-, 14-, 22-,
and 30- weeks old. Hypermineralization of the mid-cortical bone is apparent as early as two
weeks of age. However, unlike other developmental aspects of the MMP-13−/− phenotype
(i.e. the increased trabecular bone volume [29]), the ring of hypermineralization persists in
30 week old mice and increases in diameter such that it consistently remains approximately
midway between the periosteum and endosteum. While this result does not preclude a
developmental role for MMP-13 in hypermineralization, it suggests that MMP-13 also
regulates bone matrix mineralization post-natally.

The abnormal mineralization of MMP-13 cortical bone raised questions about the
organization of the organic components of bone matrix. Whereas polarized microscopy of
WT cortical bone matrix showed birefringent lamellar bands that were concentric to the
radial axis of the bone, this organization was disrupted in MMP-13−/− bone. Although the
lamellar collagen birefringence near the endosteal and periosteal surfaces was fairly normal
(not shown), collagen birefringence of MMP-13−/− bone was perturbed in the same mid-
cortical regions where hypermineralization was observed (Figures S1 A, B, C, D).

The aberrant collagen organization suggested a defect in matrix remodeling. To determine
the effect of MMP-13-deficiency on bone matrix remodeling, WT and MMP13−/− tibiae was
assayed to determine the extent of collagen nonenzymatic glycation, a crosslink that
accumulates over time such that it is elevated in unremodeled bone [10]. The level of
nonenzymatic glycation was significantly increased in the MMP-13−/− bone relative to WT
(p < 0.05; t-test; Figure S1E). This result suggests that MMP13 is required for post-natal
bone matrix turnover. Furthermore, since accumulation of advanced glycation end-products
(AGEs) reduces the ability of the individual collagen fibrils to deform and dissipate energy
[12], the highly cross-linked MMP-13−/− bone matrix may have impaired material
properties.

Normal measures of osteoclast and osteoblast function in MMP-13−/− bone
Defects in bone matrix remodeling typically reflect a loss of osteoclast activity. The effect of
MMP-13-deficiency on osteoclast mediated bone remodeling has not been definitively
examined, despite reports that MMP-13 is expressed by bone lining cells in areas of
osteoclast activity [51,52]. To better understand the role of MMP-13 in bone turnover,
several other measures of tissue and bone remodeling were assessed. As expected, the global
loss of MMP-13 significantly impaired systemic collagen turnover, shown by the decreased
urinary excretion of hydroxyproline (p < 0.05; t-test; Figure 3A). However, the levels of
urinary deoxypyridinoline revealed no significant differences in bone-specific collagen
turnover between the WT and MMP-13−/− mice (Figure 3B). Histological evaluation of
tartrate resistant acid phosphatase (TRAP) activity, a key enzyme for osteoclast-mediated
bone resorption, showed no differences in the number of TRAP-positive multinucleated
osteoclasts between the WT and MMP-13−/− bone (Figures 3 C, I, J). Though the osteoclasts
were primarily present on the endosteal and periosteal surfaces of cortical bone, we also
observed strong TRAP-positive staining of mid-cortical bone. This irregular ring of TRAP
staining did not correspond to multi-nucleated TRAP-positive osteoclasts and was not
different between the two genotypes (Figures 3 D, G, H). Although TRAP expression is
commonly associated with osteoclast activity, it has also been observed that osteocytes
express TRAP to facilitate osteocyte-mediated bone remodeling in a process referred to as
osteocytic osteolysis [53]. The lack of detectable differences in markers of bone turnover,
osteoclast number, or TRAP staining was consistent with the results of dynamic bone
histomorphometry, which also showed no differences in the rate of bone deposition, a
process that is normally coupled to osteoclast-mediated bone turnover (Figures 3 E, F, K, L,
M, N). Nor did mRNA levels for osteoclast-regulatory factors RANKL or OPG differ
between bone from WT and MMP-13−/− mice (data not shown). Therefore, MMP13-
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deficiency causes defects in cortical bone matrix composition and organization even when
cortical bone remodeling by osteoclasts is intact and functioning normally. This led us to
investigate where in the cortical bone matrix MMP-13 is normally expressed and which cell
type might be responsible for the observed matrix disorganization.

A role for MMP-13 in remodeling of mid-cortical bone
We tested the hypothesis that defects in MMP-13−/− cortical bone matrix colocalized with
the normal expression pattern of MMP-13. Immunohistochemical analysis revealed a
distinctive ring of intense peri-lacunar MMP-13 expression that spreads throughout the mid-
cortex of diaphyseal tibial bone (Figure 4A, B). As expected, similar regions in the
MMP13−/− mouse bones did not express MMP-13 (Figure 4G, H). Together with the
undetectable staining in wild-type bone incubated with a control IgG instead of anti-
MMP-13 (Figure 4I, J), these data confirm the specificity of this unique pattern of MMP-13
expression in post-natal mid-cortical bone matrix. This gross staining pattern did not
colocalize with any specific morphological features (Figure 4 C, D, E, F).

Higher magnification analysis reveals that MMP-13 protein is present within the osteocyte
lacunae and canaliculi that spread throughout the bone matrix (Figure 5A). This staining
pattern resembles that of SOST, another osteocyte-derived protein (Figure 5B). Furthermore,
the region of highest expression of MMP-13 overlaps with the area of intense TRAP-
positive cortical bone matrix (Figure 5E, F). Thionin staining of MMP-13−/− bone matrix
reveals that the osteocyte-lacunar-canalicular network is disrupted, most severely in the
midcortical bone matrix (Figure 5C, D) that corresponds to the defects in collagen
organization and mineralization in MMP-13−/− mice (Figure 5G, 5H).

Calcified bone sections from the calcein-injected mice reveal that WT osteocytes regularly
incorporate the fluorochrome in lacunae (Figure 5I), a phenomenon that is virtually absent in
the MMP-13-deficient bone (Figure 5J). In addition, the intensity of fluorochrome labeling
is noticeably greater in the WT osteocytes than the MMP-13 deficient osteocytes in the
midcortical bone region (Figure 5K, L). Quantitative analysis of labeled lacunae in the entire
bone section confirms that osteocyte perilacunar bone matrix remodeling in impaired
throughout the MMP-13-deficient bone (Figure 5M).

Loss of MMP-13 reduces lactation-induced osteocyte perilacunar matrix remodeling
We next sought to determine if MMP-13-deficiency impacted osteocyte perilacunar
remodeling during lactation, a physiological condition that drives osteocyte osteolysis to
meet the elevated calcemic and phosphate demands. During lactation, tibial cortical bone
porosity and endosteal perimeter increased (Figure 6 A, B)), whereas bone area and tissue
mineral density decreased, relative to tibiae from nulliparous mice (Figure 6 C–F). In
contrast, tibiae from lactating MMP-13-deficient mice exhibited small and non-significant
changes (compared to MMP-13−/− nulliparous animals) in these same measured parameters.
These results suggest that MMP-13 contributes to lactation-induced bone loss, and that
MMP-13-deficiency hampers the ability of osteocytes to remodel the perilacunar bone
matrix.

Loss of MMP13-mediated cortical bone remodeling compromises bone quality
Osteocyte-mediated cortical bone turnover has previously been implicated in the
maintenance of mineral homeostasis during lactation, hibernation, and embryo development
[54, 68]. However its role in the maintenance of post-natal bone quality has not been
described. We hypothesize that loss of cortical bone remodeling in MMP-13−/− mice may
impair bone quality, despite normal mean tissue mineral density and geometry.
Microindentation was used to evaluate the material quality of bone matrix. The average
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values of elastic modulus at the tissue level were similar between WT and MMP-13 bone
matrix (Figure 7A) but the site-to-site variability within each bone was notably higher in
MMP-13−/− mice (Figure 7B). This increased variability in material properties mirrors the
variability in mineral density (Figure 1H). MMP-13−/− mice also showed increased cortical
bone fragility through reduced post-yield work-to-fracture (p < 0.001; t-test; Figure 7C, 7D)
and post-yield deflection (p < 0.001; t-test; Figure 7E). Although other parameters including
whole bone structural stiffness and ultimate load did not exhibit differences between the
MMP-13−/− and WT mice (Table II), the post-yield parameters measured here reflect a
decreased capacity for MMP-13−/− bone to resist catastrophic fracture through toughening
mechanisms. The lack of difference in the structural aspects of cortical bone, and the loss of
whole bone fracture resistance suggest that the material properties of the MMP-13−/− bone
extracellular matrix may be altered independently of bone geometry. Indeed, fracture
toughness, a tissue-level material property, was significantly reduced in the MMP-13
deficient animals (p < 0.001; Figure 7F). Therefore, loss of MMP-13-mediated cortical bone
remodeling impairs bone matrix composition, organization, and function.

Discussion
Here we show that osteocytic perilacunar remodeling of cortical bone by MMP-13 is
essential for the maintenance of normal bone matrix composition, organization and fracture
resistance. Even without detectable changes in osteoclast-mediated bone resorption,
MMP-13 deficiency impairs cortical bone remodeling, resulting in canalicular abnormalities,
hypermineralization and disorganization of the collagen-rich cortical bone matrix, in part
due to failure to remodel the bone matrix around the osteocyte lacunae. Together, these
defects are responsible for the fragility of MMP-13 deficient bone. These data suggest an
essential role for MMP-13 and perilacunar bone matrix remodeling in the active
maintenance of bone quality.

Loss of MMP-13 significantly reduces the fracture resistance of bone. This increased
fragility likely reflects the combined effects of multiple mechanisms operating at different
length scales. Fragility is not due to macroscale changes in cortical bone mass or geometry,
neither of which are affected by MMP-13-deficiency. At the micron scale, collagen
disorganization in the mid-cortical bone matrix localizes to the regions that normally express
the highest levels of MMP-13 (Figures 3, 5). Other defects in collagen organization, such as
those resulting from collagen point mutations in osteogenesis imperfecta, are well known to
account for bone fragility [55]. The band of hypermineralized matrix in the same mid-
cortical region of MMP-13 deficient bone may also compromise fracture toughness by
creating abrupt interfaces that become stress risers [56]. Such sharp changes in material
properties of bone can increase microcrack initiation and propagation [57], which can in turn
predispose these regions for catastrophic failure. Accordingly, microindentation confirmed
the heterogeneity of bone matrix material properties that corresponds to the abnormal bone
matrix mineralization.

Normally, the material quality of bone matrix is actively maintained and regulated to
accommodate changing mechanical or nutritional demands. Several known regulators of
bone matrix material properties including glucocorticoids [16] and transforming growth
factor β (TGF-β), also regulate MMP-13 expression. Therefore, it is possible that TGF-β
and glucocorticoids exert some of their effects on bone matrix material properties through
MMP-13, undoubtedly in cooperation with several other factors through mechanisms that
remain to be identified. At the molecular scale, MMP-13−/− bone matrix has increased levels
of nonenzymatic crosslinks. The accumulation of nonenzymatic crosslinks, which occurs
normally with aging [11] and with reduced osteoclast-mediated bone remodeling [21],
reduces the ability of bone to effectively dissipate energy to resist fracture [19,58–60].
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Consequently, the increased crosslinking of collagen in MMP-13 deficient bone matrix is
very likely another mechanism contributing to the reduced fracture toughness of these bones
[60]. Because we measured nonenzymatic crosslinking in the entire midshaft, containing
both normal and abnormal regions of the MMP-13−/− bone, the organic modifications in the
MMP-13-deficient bone matrix are likely greater than what we observed. These changes in
the organic components may also impact the functional mineralization of bone matrix
quality, best assessed at a scale equivalent to the dimension of basic constituents that would
identify changes in collagen crosslinks, intra- and extra-fibrillar mineral. The multi-scale
analyses here suggest that MMP-13-mediated remodeling of the cortical bone matrix is
required to maintain bone quality at the macro, micro, nano, and molecular length scales.

Other MMPs have also been shown to critically contribute to bone function and metabolism.
In particular, a recent study by Nyman, et al. showed that deficiency in MMP-2 or MMP-9
also disrupts bone quality at several length scales – ultimately compromising the macro-
mechanical behavior of MMP-2−/− and MMP-9−/− bone [28]. Since both MMP-2 and
MMP-9 are cleaved and activated by MMP-13 [27,61], some of the defects in MMP-13−/−

mice may reflect loss of function in MMP-2 and MMP-9. However, the mechanisms by
which MMP-2, MMP-9 or MMP-13-deficiency impair overall bone quality are quite unique.
For example, only MMP-13−/− mice exhibit defective macro-mechanical properties
independently of macro-scale changes in cortical bone. This suggests that each MMP plays a
non-redundant role in the maintenance of bone quality [28]. This conclusion is supported by
studies of MT1-MMP and MMP-2 deficient mice [26,27], which showed malformation of
the osteocyte lacunar-canalicular network, consistent with our findings here in MMP-13−/−

mice. MT1-MMP−/− mice have canalicular disruptions in both long and parietal bones,
while MMP-2−/− mice show differential defects in long and parietal bones. Whether or not
the loss of MMP-13 affects the canalicular network in a manner that is anatomically distinct
remains to be determined. While in MMP9−/− mice these defects are accompanied by
abnormalities in osteoclast mediated matrix remodeling, others (MMP2−/−, MMP-13−/−)
have apparently normal osteoclast function [27]. Together these studies demonstrate that the
cell-type specific and spatially-distinct expression pattern of multiple MMPs is required for
local turnover of bone matrix that maintains the osteocyte lacunar-canalicualar network and
bone quality.

Several lines of evidence support a role for MMP-13 in osteocyte-mediated bone
remodeling, or osteocytic osteolysis. Osteocytic osteolysis was first described in extenuating
physiological circumstances such as lactation [62–64,69], and hibernation [65–67], in which
osteocytes locally resorb the perilacunar matrix to maintain mineral homeostasis. Qing, et al
recently demonstrated that osteocytes can express genes associated with osteoclastic
remodeling to directly modify the perilacunar matrix [68]. Moreover, during physiological
events such as lactation, the expression of these genes – as well as of MMP-13 – increases
together with cortical bone porosity, further suggesting a role for the osteocyte-mediated
resorption of bone matrix [68]. This is consistent with our findings that TRAP and MMP-13
are present at high levels in midcortical bone matrix, as well as the defect in lactation-
induced osteocyte perilacunar remodeling in MMP-13−/− mice. It is worth nothing that the
lactation model used here may be confounded by hyperparathyroidism since the lactating
animals also received a low calcium diet. Nevertheless, our results demonstrate that the loss
of MMP-13 has significant consequences on the local remodeling of cortical bone, causing
disruption of the osteocyte lacunar-canalicular network, abnormal collagen and mineral
organization, and reduced bone quality. Together, these findings suggest that MMP-13 and
osteocyte perilacunar bone remodeling is essential for normal bone maintenance. This work
has significant implications for understanding the osteocyte perilacunar changes and
fragility that accompany glucorticoid-induced osteoporosis [16], especially since
glucorticoids can regulate MMP-13 expression [16]. Additional study is needed to better
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understand the mechanisms by which osteocytes maintain the quality of bone matrix and by
which this process is disrupted in disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MMP-13-deficiency results in increased trabecular bone volume and the altered
distribution cortical bone mineralization
The trabecular bone contoured from the proximal region of the tibia confirms previous
observations that MMP-13−/− bones have significantly increased trabecular bone volume
fraction (BV/TV; p < 0.05) (A, B, E, F). MMP-13-deficiency did not affect the geometric
structure of the cortical bone (cortical thickness; p = 0.52) (C, D, G). Nonetheless, a
histographic plot of the cortical bone tissue mineral densities (Cortical TMD) reveals that
MMP-13−/− mice have significantly altered TMD distribution (p < 0.001), characterized by
an increased incidence of lower and higher TMD compared to the WT (H). This can in part
be explained by the osteoid remnants, which stain red with Safranin-O, that are
predominantly observed in the middle and proximal aspects of the tibia (I). However there
were no detectable differences in Safranin-O staining in the distal region near the
tibiofibular junction where bulk of the subsequent analyses were performed (J).
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Figure 2. Hypermineralization of MMP-13-deficient mid-cortical bone matrix occurs through
development and persists though aging
The incidence of higher TMD in the two-month old animals observed in the mineral
distribution histogram (Figure 1H) can be visualized in images obtained from high-
resolution micro-computed tomography (A – F). The increased mineralization
heterogeneously localizes to the mid-cortical regions of the MMP-13−/− bones (E, F). These
highly attenuating mineral bands appear throughout the longitudinal sections of MMP-13-
deficient bone (C, D). Using high-resolution x-ray tomographic microscopy to examine
developing bone (2-, 4-, and 6- weeks old) as well as aging bone (14-, 22-, and 30- weeks
old), we found that this hypermineralization can be observed as early as 2 weeks of age (I)
and persists for at least 30 weeks (G, H, I). Throughout growth, the band of
hypermineralization in MMP-13−/− bone (arrowheads) is maintained approximately midway
between the periosteal and endosteal surfaces.
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Figure 3. Conventional measures of bone formation and resorption are normal in MMP-13-
deficient mice
Global deficiency of MMP-13 resulted in reduced overall tissue turnover, as shown by
reduced urinary hydroxyproline (p < 0.05), (A); but urinary deoxypyridinoline (DPD), a
crosslink specific to bone resorption, was not significantly affected (p = 0.09), (B). Two
measures of osteoclast activity, endosteal osteoclast number (C) and tartrate resistant acid
phosphatase (TRAP) positive matrix (D), reveal no differences in the expression and
activation of osteoclasts between the two groups (G, H, I, J). Dynamic histomorphometric
analyses (K, L, M, N) show that endosteal and periosteal matrix apposition rate (MAR), (E,
F), two parameters of bone formation, are not affected by MMP-13-deficiency.
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Figure 4. MMP-13 preferentially localizes to the mid-cortex of cortical bone
Immunohistochemistry (IHC) for MMP-13 shows specific staining (dark stain) in WT (A,
B), but not in MMP-13-deficient (G, H), cortical bone. Fast Green and hematoxylin stained
paraffin cross-sections of tibial bone reveal no notable differences in bone morphology
between WT and MMP-13−/− mice (C, D, E, F). Controls in which primary antibody was
replaced with immunoglobulin (IgG) further confirm the specificity of the MMP-13 IHC (I,
J).
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Figure 5. MMP-13 is required for normal osteocyte perilacunar matrix remodeling in mid-
cortical bone
IHC staining for MMP-13 (A) and SOST (B) show osteocyte lacunar and canalicular
localization of both proteins in WT tibial cortical bone. Thionin staining shows that the
normal canalicular organization of mid-cortical bone is disrupted by MMP-13 deficiency (C,
D). MMP-13 localization in mid-cortical WT bone (E) overlaps with TRAP-staining in WT
bone (F). Loss of MMP-13-mediated matrix remodeling by osteocytes causes collagen (G)
and mineralization (H) defects in the same region of mid-cortical bone. Calcein-labeling of
osteocyte lacunae near the periosteal surface (I) or in the mid-cortical region (K) of WT
bone was less intense and less frequent in MMP-13−/− bone (J, L, M).
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Figure 6. MMP-13 is required for lactation-induced bone loss
MicroCT analysis of tibia from nulliparous and lactating WT show that lactation causes
significant increases in cortical bone porosity (C; p < 0.05; t-test) and endosteal perimeter
(E; p < 0.05; t-test), and decreases in cortical bone area (D; p< 0.05; t-test) and tissue
mineral density (F; p< 0.05; t-test). In contrast, the cortical bone structural parameters of
MMP-13−/− mice, when compared to MMP-13−/− nulliparous controls, were not
significantly altered by lactation demonstrating the need for MMP-13 for osteocyte-
mediated remodeling of perilacunar matrix.
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Figure 7. Impaired bone quality in MMP-13-deficient mice
Although the loss of MMP-13 did not affect the average bone matrix elastic modulus as
measured by microindentation (A), the variation among MMP-13−/− mice was significantly
greater than among WT mice (p < 0.05), (B). At the whole bone level, three-point bending
tests show that MMP-13−/− bones have significantly reduced post-yield work-to-fracture (p
< 0.001), (D) and post-yield deflection (p < 0.001), (E). A representative force-displacement
curve of the whole bone tests confirm that the two groups primarily differ in the post-yield
regions rather than elastic regions (C). Notched crack propagation tests of the whole bone
also show that MMP-13-deficient bone matrix has reduced fracture toughness (F).
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Table I

Structural parameters of trabecular and cortical bone as measured by microCT.

Structural parameter Wild-type MMP-13−/− p-value

Femur cortical thickness (c.Th.) [mm] 0.13 ± 0.07 0.16 ± 0.09 0.21

Femur cortical moment of inertia (c. MOI) [1/mm4] 0.11 ± 0.05 0.13 ± 0.04 0.42

Tibia cortical thickness (c.Th.) [mm] 0.17 ± 0.09 0.21 ± 0.11 0.52

Tibia cortical moment of inertia (c. MOI) [1/mm4] 0.13 ± 0.06 0.14 ± 0.07 0.38

Trabecular bone volume fraction (BV/TV) 0.10 ± 0.02 0.22 ± 0.08 < 0.001

Trabecular structure model index (SMI) 1.7 ± 0.54 2.3 ± 0.32 < 0.01

Trabecular tissue mineral density (tTMD) 1323 ± 432 2386 ± 873 < 0.05

Trabecular connectivity (t. Conn.) 143 ± 45 162 ± 54 0.33

Significant values are noted in bold.
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Table II

Mechanical properties at the whole bone and tissue (fracture toughness) levels.

Mechanical property Wild-type MMP-13−/− p-value

Structural stiffness [N/mm] 134 ± 14.9 154 ± 19.5 0.82

Ultimate load [N] 0.11 ± 0.05 0.13 ± 0.04 0.77

Post-yield deflection [mm] 0.17 ± 0.09 0.21 ± 0.11 < 0.001

Post-yield work-to-fracture [mJ] 24.5 ± 1.55 16.9 ± 1.35 < 0.001

Fracture toughness [MPa√m] 4.54 ± 0.15 3.59 ± 0.43 < 0.001

Significant values are noted in bold.
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