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We investigated the influence of the osteocyte protein, sclerostin, on fracture healing by examining the
dynamics and mechanisms of repair of single-cortex, stabilized femoral defects in sclerostin knockout
(Sost�/�; KO) and sclerostin wild-type (Sost+/+; WT) mice. Fourteen days following generation of bone
defects, Sost KO mice had significantly more bone in the healing defect than WT mice. The increase in
regenerating bone was due to an increase in the thickness of trabecularized spicules, osteoblast numbers
and surfaces within the defect. Enhanced healing of bone defects in Sost KO mice was associated with sig-
nificantly more activated b-catenin expression than observed in WT mice. The findings were similar to
those observed in Axin2�/� mice, in which b-catenin signaling is known to be enhanced to facilitate bone
regeneration. Taken together, these data indicate that enhanced b-catenin signaling is present in Sost�/�

mice that demonstrate accelerated healing of bone defects, suggesting that modulation of b-catenin sig-
naling in bone could be used to promote fracture repair.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Fractures are among the most common injuries in people of all
ages. The lifetime risk of sustaining a traumatic fracture that must
be referred for orthopedic treatment exceeds that of stroke, type 2
diabetes, and either breast or prostate cancer [1]. Fractures reduce
mobility, productivity and quality of life. Therefore, interventions
that accelerate fracture repair will be of great therapeutic value.

The innate healing capacity of bone tissue is widely recognized.
Wnts are potent morphogens and mitogens essential for normal
bone formation and fracture healing [2,3]. The canonical Wnt path-
way is well recognized as a crucial pathway for proper skeletal
development, maintenance of bone mass, and bone regeneration.
This pathway dictates osteoblast specification from osteo/chon-
dro-progenitors, inhibits early stages of chondrogenesis, stimulates
osteoblast proliferation, enhances osteoblast and osteocyte
survival, and transmits mechanical loading signals to bone lining
cells [2,4–7]. A simplified description of ‘‘canonical’’ Wnt signaling
begins with Wnt ligands binding to receptor complexes consisting
of Lrp5/6 and Frizzled (Fzd) proteins [8]. This inactivates a destruc-
tion complex composed of Axin1/2, Gsk3b, Disheveled (Dsh), APC
and other proteins, leading to b-catenin stabilization and its trans-
location to the nucleus where it displaces co-repressors from Tcf7
and Lef1 transcription factors and regulates the expression of
genes involved in cell proliferation (e.g., cyclin D1) [9], negative
feedback (e.g., Axin2) [10], osteoblast differentiation (e.g., osteocal-
cin) [11] and other activities (e.g., Wisp1, Wisp2). Several secreted
proteins (e.g., sclerostin, Dkk1, and Sfrps) prevent Lrp5/6- and/or
Wnt-mediated signaling.

Sclerostin is encoded by the SOST gene, which is mutated in sev-
eral genetic disorders of high bone mass and expressed at high lev-
els by osteocytes [12,13]. The seminal discoveries that mutations
in SOST and LRP5 alter bone density in humans sparked immense
interest in these and other Wnt pathway components [12,14–16].
Canonical Wnt signaling positively regulates proliferation of mes-
enchymal stem cells that act as the progenitor cell population for
the osteoblast lineage [22]. Several studies indicate that sclerostin
plays important roles in fracture healing. Sclerostin levels are in-
creased near healing human fracture callus [17]. Genetic deletion
of Sost [18] or administration of sclerostin-neutralizing antibodies
[19] to WT mice accelerated the healing of transverse fractures
through endochondral ossification. Anti-sclerostin antibodies also
improved bone regeneration in cases of biologically impaired frac-
ture healing, such as type 2 diabetes [20]. Previous studies empha-
sized the role of sclerostin as an inhibitor of osteogenic canonical
Wnt signaling, and as such it might be inferred that b-catenin is
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required for the anabolic effect of sclerostin inhibition on bone for-
mation. However, the involvement of this intracellular signaling
mediator has not been tested or proven in vivo.

We recently described a new Sost-KO mouse line that has high
bone mass due to increased bone mineral accretion and elevated
osteoblast numbers [21]. In the current study, we examined the
rate and mechanism of defect repair in a fracture model that heals
by intramembranous ossification and differentiation of mesenchy-
mal progenitors directly into osteoblast lineage cells. Our studies
reveal that Sost-KO mice rapidly heal bone defects by activating
b-catenin and increasing osteoblast numbers.

2. Materials and methods

All animal research was conducted according to guidelines
provided by the National Institutes of Health and the Institute of
Laboratory Animal Resources, National Research Council. The Mayo
Clinic Institutional Animal Care and Use Committee approved all
animal studies. Male WT (Sost+/+) and sclerostin-deficient (Sost�/�)
mice [21] were 13 weeks-old when bone defects were introduced.
Male mice deficient in Axin2 (Axin2�/�), an intracellular negative
feedback inhibitor of canonical Wnt/beta-catenin signaling
[23,24] and WT control littermates (Axin2+/+) were 8–12
weeks-old at the time of surgery.

2.1. Surgical procedures

Single-cortex, fully stabilized defects were made in the mid-
diaphysis of femurs with slight modifications to a previously
Fig. 1. Bone defect healing is accelerated in Sost�/� mice. (A) X-rays were taken of femur
The arrow indicates the site of the bone defect. (B) MicroCT reconstructions of the defect
from the microCT reconstructions at day 14. (D) Defect diameter was calculated with ima
14. (E) The thickness of regenerated spicules (trabeculae) in the bone defect was calcula
described protocol [25]. Briefly, mice were anesthetized with iso-
flurane and prepared for aseptic surgery. Acetaminophen (1 mg/
mL) was administered in the drinking water starting 24 h before
surgery and thereafter through all experiments. Buprenorphine
was provided perioperatively at 0.09 mg/kg via subcutaneous
injection. A small incision was made above the mid-diaphysis of
the femur, after which the bone was exposed with blunt dissection.
A 0.7 mm diameter steel burr drill bit (Fine Science Tools # 19007-
07) and an electric drill was used to induce a single-cortex defect in
the mid-diaphysis of the femur. Perforations disrupted cortical,
periosteal, and endocortical surfaces and extended into the mar-
row but did not disrupt the opposite cortical wall. Defect healing
was monitored via radiography (Faxitron LX-60) on days 7 and
14 after surgery. Sost�/� mice and WT littermates were sacrificed
by carbon dioxide inhalation at postoperative day 7 (for immuno-
histochemistry) or at postoperative day 14 (for histology and quan-
tification of bone architecture). Axin2�/� mice and WT littermates
were sacrificed on postoperative day 21.
2.2. Static histomorphometry and microCT

At 14 days (Sost�/� mice and Sost+/+ littermates) or 21 days
(Axin2�/� mice and Axin2+/+ littermates) post-surgery, the mid-
diaphysis of each femur (1.6 mm/233 slices), centered about the
defect, was scanned in 70% ethanol with a lCT35 scanner (Scanco
Medical AG, Basserdorf, Switzerland) at 7 lm voxel size using an
energy setting of 70 kVp and an integration time of 300 ms [26–
28]. Longitudinal views from the center of the defect were gener-
ated an analyzed with image analysis software (Bioquant Osteo,
s immediately (day 0) and 14 days after surgical induction of single-cortex defects.
at postoperative day 14. (C) Bone volume fraction within the defect was calculated
ge analysis software from longitudinal views of the microCT reconstructions at day
ted from the microCT reconstructions at day 14. ⁄p < 0.05.



Fig. 2. Osteoblast numbers are elevated in defects of Sost�/� mice. (A) Bone histological sections through the defect (postoperative day 14) were stained with Von Kossa/
MacNeal’s tetrachrome. The arrow points to active osteoblasts producing osteoid. (B–D) Osteoblast surface area per bone surface area (Ob.S/BS), the number of osteoblasts per
bone area (N.Ob/B.Ar), and number of osteoblasts per tissue area (N.Ob/T.Ar) within the defect were measured by histomorphometry. ⁄p < 0.05.

Fig. 3. b-Catenin levels are elevated in defects of Sost�/� mice. Immunohistochemistry was performed on specimens from postoperative day 7 with an antibody that
recognizes b-catenin molecules that are un-phosphorylated at Ser33/37 and Thr41 or an isotype control antibody (Rabbit IgG).
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Nashville, TN) to quantify defect diameter. The central region (30
slices, 0.21 mm long) of each scan from the Sost�/� mice and
Sost+/+ littermates was selected for analysis of bone microarchitec-
ture. Trabecular bone volume fraction (Tb.BV/TV, %), trabecular
number (Tb.N, mm�1), trabecular thickness (Tb.Th, mm), and
trabecular separation (Tb.Sp, mm), were computed using the man-
ufacturer’s software (Sigma = 0.8, Support = 1, Threshold = 220).
Samples were subsequently histologically prepared. Thin (5 lm)
undecalcified longitudinal bone sections were prepared through
the center of the dealing defect. Sections from the Sost�/� mice
and Sost+/+ littermates were stained with VonKossa/MacNeal’s tet-
rachrome to highlight osteoblast surfaces [29]. Osteoblastic histo-
morphometric indices were measured across the entire defect.
Slides were digitized using a microscope and digital camera and
analyzed using image analysis software at 200� magnification
(Bioquant Osteo). Osteoblast surface/bone surface (Ob.S/BS, %),
osteoblast number per bone area (N.Ob/B.Ar #/mm2) and osteo-
blast number per tissue area (N.Ob/T.Ar #/mm2) were quantified
from the stained sections. Histological sections from Axin2�/� mice
and Axin2+/+ littermates were stained with Safranin O/Light Green
for qualitative analysis at postoperative day 21.
2.3. Immunohistochemistry

Femurs were fixed in 10% neutral buffered formalin and decal-
cified for 7 days in 15% EDTA; complete decalcification was con-
firmed by X-ray. Decalcified bones were embedded in paraffin
and sectioned longitudinally through the defect at a thickness of
8 microns. Immunohistochemical staining was performed with
monoclonal antibodies directed to activated form of beta-catenin
that is un-phosphorylated on Ser33/37 and Thr41 (D13A1, Cell
Signaling #8814, 1:50 dilution), or an IgG isotype control (Vector
Laboratories I-1000). Chromogens were developed using a polyva-
lent secondary HRP detection kit (Abcam, ab93697) followed by
30-30-diaminobenzidine (DAB) (Sigma–Aldrich), and then counter-
stained with fast green.
2.4. Statistics

Statistics were performed with JMP 9.0 statistical analysis soft-
ware (SAS Institute Inc., Cary, NC). Data were compared between
groups within each experiment with Student’s t-tests using a sig-
nificance of p < 0.05 for all comparisons.
Fig. 4. Bone defect healing is accelerated in Axin2�/� mice. (A) MicroCT recon-
structions of defects in wild-type (Axin2+/+) and Axin2�/� mice at postoperative day
21. (B) Histological sections of defects in wild-type (Axin2+/+) and Axin2�/� mice at
postoperative day 21 stained with Safranin O/Light Green. (C) Quantitative
assessment of defect diameter. Defect diameter was calculated with image analysis
software from longitudinal views of the microCT reconstructions.
3. Results and discussion

As previously reported, Sost�/� animals presented with notice-
ably enhanced bone mass as compared to WT (Sost+/+) controls at
13 weeks of age (Fig. 1; note differences in cortical bone thickness
between Sost+/+ and Sost�/� animals) [21]. Surgical defects were
successfully induced in mice from both groups (Fig. 1A). Fourteen
days after surgery, Sost�/� animals had significantly more bone in
the healing defect as compared to Sost+/+ controls (Fig. 1A and B).
MicroCT analysis confirmed an increase in bone volume fraction
at the defect site (+49%, p = 0.021; Fig. 1C) and a reduction in the
defect diameter (Fig. 1D). This increase in regenerated bone was
largely due to an increase in the thickness of trabecularized spic-
ules, as Tb.Th within the defect was significantly (+21%) greater
in Sost�/� as compared to wild-type Sost+/+ mice (Fig. 1E). In con-
trast, no differences were seen in the number (+8%, p = 0.342) or
spacing (�19%, p = 0.242) of bone struts between Sost�/� and
Sost+/+ mice. These data are consistent with the previously reported
developmental phenotype, which showed significantly thicker tra-
beculae (+49%) in the metaphysis of the distal femur as compared
to WT littermates at 8 weeks of age, with no differences in trabec-
ular number or separation [21].

Histomorphometric analyses revealed a significant increase in
osteoblast surface (+155% p = 0.004) and osteoblast numbers,
whether normalized to bone area (+193%, p = 0.045) or tissue area
(+291%, p = 0.027) within the defect site in the Sost�/�mice as com-
pared to Sost+/+ littermates (Fig. 2). These results indicate that the
rapid healing in the Sost�/� animals may be attributed to a greater
population of osteoblast-lineage cells available to generate new
bone.

To gain insight into mechanisms of rapid healing in the Sost�/�

animals, immunohistochemistry was performed at postoperative
day 7 to detect the presence of activated b-catenin, the non-phos-
phorylated form of b-catenin that is capable of translocating to the
nucleus and increasing expression of Wnt-responsive target genes.
Active b-catenin staining was more intense within the defect of
Sost�/� mice than in Sost+/+ animals (Fig. 3).

Finally, we compared the healing response of Sost�/� mice to an-
other animal model with enhanced b-catenin signaling. Axin2�/�

mice demonstrate high osteoblastic bone formation activity in
both axial and appendicular skeletal sites due to enhanced
canonical Wnt/b-catenin signaling that increases progenitor cell
proliferation [22,24,30]. We previously reported that bone mar-
row-derived osteoblast progenitors from Axin2�/� animals rapidly
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differentiate into matrix producing osteoblasts with enhanced pro-
duction of key osteoblast genes like Runx2 and Osteocalcin [24].
Similar to the Sost�/� mice, Axin2�/� animals demonstrated rapid
healing of the surgical defect via intramembranous bone repair,
resulting in a significantly smaller defect diameter as compared
to Axin2+/+ littermates at postoperative day 21 (Fig. 4). These data
are consistent with a previous, comprehensive investigation of de-
fect repair in the tibia of Axin2�/� animals, where Axin2�/� mice
displayed increased cell proliferation and earlier expression of
osteoblastic markers like type I collagen and alkaline phosphatase
as compared to WT controls [31].

In summary, Sost deficiency enhances intramembranous bone
repair by stabilizing b-catenin levels and increasing osteoblast
numbers. These data suggest that early and localized administra-
tion of anti-sclerostin therapies or other therapeutic agents that
up-regulate canonical Wnt/b-catenin signaling could accelerate
fracture healing.
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