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ABSTRACT: Overexpression of Wnt10b from the osteocalcin promoter in transgenic mice increases postnatal
bone mass. Increases in osteoblast perimeter, mineralizing surface, and bone formation rate without detect-
able changes in pre-osteoblast proliferation, osteoblast apoptosis, or osteoclast number and activity suggest
that, in this animal model, Wnt10b primarily increases bone mass by stimulating osteoblastogenesis.

Introduction: Wnt signaling regulates many aspects of development including postnatal accrual of bone.
Potential mechanisms for how Wnt signaling increases bone mass include regulation of osteoblast and/or
osteoclast number and activity. To help differentiate between these possibilities, we studied mice in which
Wnt10b is expressed specifically in osteoblast lineage cells or in mice devoid of Wnt10b.
Materials and Methods: Transgenic mice, in which mouse Wnt10b is expressed from the human osteocalcin
promoter (Oc-Wnt10b), were generated in C57BL/6 mice. Transgene expression was evaluated by RNase
protection assay. Quantitative assessment of bone variables was done by radiography, �CT, and static and
dynamic histomorphometry. Mechanisms of bone homeostasis were evaluated with assays for BrdU, TUNEL,
and TRACP5b activity, as well as serum levels of C-terminal telopeptide of type I collagen (CTX). The
endogenous role of Wnt10b in bone was assessed by dynamic histomorphometry in Wnt10b−/− mice.
Results: Oc-Wnt10b mice have increased mandibular bone and impaired eruption of incisors during postnatal
development. Analyses of femoral distal metaphyses show significantly higher BMD, bone volume fraction,
and trabecular number. Increased bone formation is caused by increases in number of osteoblasts per bone
surface, rate of mineral apposition, and percent mineralizing surface. Although number of osteoclasts per bone
surface is not altered, Oc-Wnt10b mice have increased total osteoclast activity because of higher bone mass.
In Wnt10b−/− mice, changes in mineralizing variables and osteoblast perimeter in femoral distal metaphyses
were not observed; however, bone formation rate is reduced because of decreased total bone volume and
trabecular number.
Conclusions: High bone mass in Oc-Wnt10b mice is primarily caused by increased osteoblastogenesis, with a
minor contribution from elevated mineralizing activity of osteoblasts.
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INTRODUCTION

OSTEOPOROSIS IS A disease characterized by pathologi-
cally low bone mass and elevated risk of fracture. Al-

though development of osteoporosis is commonly associ-
ated with aging and menopause, genetic mutations have
been identified that cause osteoporosis and/or contribute to
its severity.(1,2) For instance, development of osteoporosis
pseudoglioma(3) and juvenile osteoporosis(4) is caused by
inactivating mutations in low-density lipoprotein receptor-

related protein 5 (LRP5), a co-receptor for the Wnt signal-
ing pathway.(5) Furthermore, genetic analyses of kindred
populations with high or low bone mass have identified
activating(6) and missense(7,8) mutations in Lrp5, respec-
tively. Thus, understanding mechanisms by which Wnt sig-
naling regulates bone remodeling may help identify suitable
targets for drug therapy of bone diseases.

The canonical Wnt signaling pathway is initiated when
Wnts, a family of 19 secreted glycoproteins, bind to friz-
zled receptors(9) and LRP co-receptors at the cell mem-
brane.(10–12) Transmission of the intracellular Wnt signal is
still under study but involves interactions of frizzled withThe authors state that they have no conflicts of interest.
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disheveled and LRP5/6 with axin,(13,14) which promotes dis-
association of a protein complex that, in the absence of Wnt
signaling, phosphorylates �-catenin and targets it for ubiq-
uitin-mediated degradation.(15–17) With active Wnt signal-
ing, �-catenin accumulates in the cytosol and translocates to
the nucleus where it promotes Tcf/Lef mediated transcrip-
tion.(18) A number of proteins antagonize the Wnt signaling
pathway including secreted frizzled-related proteins
(sFRPs), Wnt inhibitory factor, dickkopfs, sclerostin, and
chibby.(19–23) Therefore, effects of Wnt signaling in bone
homeostasis are potentially influenced by expression of
Wnts, Wnt receptors, Wnt inhibitors, and downstream sig-
naling components.

Our previous work suggests that activation of Wnt sig-
naling in mesenchymal precursors stimulates osteoblasto-
genesis and inhibits adipogenesis.(24) Temporal and genetic
analyses suggest that Wnt signaling alters cell fate predomi-
nantly by suppressing expression of adipogenic transcrip-
tion factors.(25) Moreover, we found that Wnt10b is an en-
dogenous regulator of bone mass.(24) In Wnt10b−/− mice,
distal metaphyses of femurs have ∼30% less bone volume
fraction and mineral density than femurs in wildtype mice.
Furthermore, transgenic mice that express Wnt10b in bone
marrow and adipose tissues from the FABP4 promoter
(FABP4-Wnt10b) have increased trabecular bone volume
and are resistant to bone loss associated with estrogen
depletion or aging. FABP4-Wnt10b mice are also geneti-
cally lean, with ∼50% reduction in adipose tissue mass and
serum leptin, and are resistant to diet-induced obesity.(26)

Mechanistic analyses of how Wnt10b directly increases
bone mass in FABP4-Wnt10b mice are complicated by re-
duced leptin, which indirectly regulates bone formation
through a hypothalamic loop involving sympathetic activa-
tion to bone marrow.(27,28) In addition, activation of Wnt
signaling has been proposed to increase bone mass through
a number of mechanisms involving both osteoblasts and
osteoclasts.(29–31) Thus, we generated transgenic mice in
which Wnt10b is expressed in mature osteoblasts as a
means to better understand mechanisms by which Wnt sig-
naling regulates postnatal bone mass.

MATERIALS AND METHODS

Mice

The Oc-Wnt10b transgene was constructed by excising
the human osteocalcin promoter (3.5 kb) from pBS(K-)
vector (gift from TL Clemens, University of Alabama at
Birmingham) using HindIII/XhoI and inserting the pro-
moter into the HindIII/SalI site of a pCRII (Invitrogen,
Carlsbad, CA, USA) vector that was previously generated,
by PCR, to contain mouse Wnt10b cDNA (1.2 kb; Gen-
Bank accession no. NM_011718) followed by the coding
sequence for rabbit �-globin intron/poly A tail for trans-
gene stability.(26) The HindIII/XhoI fragment of the Oc-
Wnt10b transgene construct was purified and microinjected
into fertilized C57BL/6 mouse eggs by the transgenic ani-
mal model core facility at the University of Michigan. Mice
were screened for integration of the Oc-Wnt10b transgene
by PCR using primers specific for the transgene, and nine

were positive. Based on radiographic and �CT analyses,
five showed some evidence of high bone mass; however,
two founder males with increased bone mass by radio-
graphic analysis were bred to wildtype C57BL/6 females to
establish lines for subsequent analyses (Supplementary Fig.
1). Of these, line 492 showed very high bone mass. Only line
488, with a moderate increase in BMD, was extensively
studied and is reported herein. The mouse colony for line
488 was maintained by crossing transgene-positive males
with wildtype C57BL/6 females. Wnt10b−/− mice were cre-
ated by Timothy Lane (UCLA) and Philip Leder (Harvard
University) and will be described elsewhere. Wnt10b−/−

mice were maintained on an FVB background. Wnt10b−/−

mice were generated by mating heterozygous males and
females. For Oc-Wnt10b and Wnt10b−/− mice, the respec-
tive control groups were obtained from same sex litter-
mates. All animal studies were approved by the University
Committee on Use and Care of Animals and were cared for
by the Unit for Laboratory Animal Medicine at the Uni-
versity of Michigan.

Transgene expression

RNA was isolated from tissues with RNA Stat 60 (Tel-
Test, Friendswood, TX, USA). Expression of Wnt10b
transgene in tissues was measured by RNase protection as-
say, as described previously.(26,32) The riboprobe hybridizes
to both Wnt10b and the �-globin intron and contains the
fragment between P1 and P2 as shown in the transgene
schematic (Fig. 1).

Demineralization and histological analysis

At the indicated ages, mice were killed, and femurs, cal-
varia, and/or mandibles were isolated. The samples were
fixed in 10% neutral buffered formalin overnight, decalci-
fied in 0.5 mM EDTA (pH 7.33), embedded in paraffin, and
sectioned at 5 �m thickness. To assess tissue morphology,
histological sections were stained with H&E. For measure-
ment of cell proliferation, mice were injected with BrdU
labeling reagent (100 dl/10 g; Zymed Laboratories, San
Francisco, CA, USA) 2 h before death, and histological
sections were assessed using a BrdU staining kit (Zymed
Laboratories). Histological sections were evaluated using
image analysis software (Bioquant, Nashville, TN, USA).
For each section evaluated, BrdU+ bone-lining cells and
BrdU− bone-lining cells were counted and percent of
BrdU+ cells was calculated. To identify apoptotic cells, tis-
sue sections were probed for DNA strand breaks using the
In Situ Cell Death Detection Kit (Roche Pharmaceuticals,
Nutley, NJ, USA). Briefly, dewaxed histological sections
were incubated with TUNEL reaction solution for 1 h at
37°C in the dark. Sections were rinsed with PBS and coun-
terstained with Hoechst nuclear dye. Sections were evalu-
ated by fluorescence microscopy by counting TUNEL+

bone-lining cells versus Hoechst-positive bone-lining cells.
To evaluate number of osteoclasts, tissue sections were
stained for TRACP using a Leukocyte acid phosphatase
staining kit (Sigma Aldrich Diagnostics, St Louis, MO,
USA). TRACP+ osteoclasts were counted per millimeter
bone surface using image analysis software (Bioquant).
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Double staining of mouse skeletons

General patterning of bone and cartilage was assessed by
staining skeletons of newborn pups (P0) with alcian blue for
cartilage and alizarin red for bone, as described in detail by
Menengola et al.(33) After staining, bones were disarticu-
lated and evaluated under a dissecting microscope for gross
changes in cartilage and bone development.

Dynamic labeling of bone

Male mice at ∼3 mo of age were given injections of 10 mg
calcein green (Sigma Aldrich Diagnostics) per gram body
weight 7 days apart and killed 2 days after the final injec-
tion. On the indicated days, two intraperitoneal injections
were given 10 h apart with the first injection at 9:00 a.m.
Femurs were dissected free of tissue, fixed in ethanol, and
embedded in methyl methacrylate. Longitudinal sections of

5 �m thickness were prepared for analysis. Measurements
were performed on the entire marrow region within the
cortical shell, between 0.1 and 1.5 mm proximal to the distal
growth plate–metaphyseal junction, using an image analysis
system (Osteomeasure, Atlanta, GA, USA). Trabecular
area, perimeter, single- and double-labeling surfaces, inter-
labeling width, osteoblast surface, and osteoclast number
were measured, and trabecular number, thickness, separa-
tion, mineral apposition rate, and bone formation rate/
tissue volume (BFR/TV) and surface (BFR/BS) referents
were calculated as described previously.(34,35)

µCT and radiography

Femoral �CT was as described previously,(36) using the
stereology function of GE Medical Systems Microview soft-
ware. 3D images were obtained for mandibles using �CT.
Radiographic images were obtained using a specimen radi-
ography system (Faxitron, Wheeling, IL, USA), 25 kV for
15 s at ×2 magnification.

Serology

For analysis of serum leptin, blood was collected at time
of death, and serum was prepared for ELISA according to
manufacturer’s protocol (CrystalChem, Downers Grove,
IL, USA). For analysis of serum C-terminal telopeptide of
type I collagen (CTX), mice were fasted for 6 h, blood was
collected from the saphenous vein, and serum was prepared
for ELISA according to manufacturer’s protocol (Nordic
Bioscience Diagnostics). All serum samples were assayed in
duplicate.

Statistical analysis

Unless indicated otherwise, data are presented as mean ±
SD. Data are considered significant at p < 0.05 by two-tailed
Student’s t-test analysis.

RESULTS

Generation of Oc-Wnt10b mice

To study the effects of canonical Wnt signaling on post-
natal bone homeostasis, we generated transgenic mice that
express Wnt10b in osteoblasts from the human osteocalcin
promoter (Oc-Wnt10b; Fig. 1A). By PCR screening, nine
mice integrated the transgene, and based on radiographic
images, five showed some increase in bone mass. Although
line 492 had considerably more trabecular bone than other
Oc-Wnt10b lines (Supplementary Fig. 1), our interest was
in characterizing a more physiological, rather than patho-
or superphysiological, state of bone remodeling. Thus, line
488, which has a more moderate increase in bone mass, was
chosen for further characterization (Fig. 1). As expected, an
RNase protection assay using a transgene specific probe
revealed that the Oc-Wnt10b transgene (line 488) is ex-
pressed specifically in bone, including calvaria and femur of
adult Oc-Wnt10b mice (Fig. 1B), without detectable ex-
pression in other tissues or in wildtype mice (data not
shown). The transgene expression of Wnt10b in line 488 is
∼5-fold higher than endogenous Wnt10b in calvaria and
femoral marrow (data not shown). Body length (Fig. 1C)
and weight (Fig. 1D) are not significantly different between

FIG. 1. General characteristics of Oc-Wnt10b mice. (A) Sche-
matic of transgene in which the human osteocalcin promoter di-
rects expression of mouse Wnt10b. The HindIII/XhoI fragment
was injected into blastocysts and transgene-specific primers (P1
and P2) were used for identification of founders and subsequent
genotyping of progeny by PCR. (B) Tissue-specific expression of
Wnt10b transgene was evaluated by RNase protection assay in
calvaria (Cal), lung, white adipose tissue (WAT), liver, brain,
skeletal muscle (Mus), and femur (Fem) using a radiolabeled
probe for the Wnt10b transgene spanning the P1–P2 fragment.
(C) Body length from nose to anus, (D) total body weight, and (E)
weight of epididymal white adipose tissue (E-WAT) was mea-
sured, and (F) serum leptin was assayed by ELISA in littermate
control (WT) and Oc-Wnt10b male mice at 3 mo of age. Data are
presented as mean ± SD (n � 8). For C–F, differences were not
observed between genotypes.
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wildtype and Oc-Wnt10b male mice at 3 mo of age. Impor-
tantly, the Oc-Wnt10b transgene does not alter weight of
adipose tissues, including epidydimal adipose tissue (Fig.
1E), and circulating levels of leptin are similar between
genotypes (Fig. 1F). Thus, these transgenic mice provide a
model to study mechanisms by which Wnt10b expressed
exclusively by osteoblast lineage cells in bone directly in-
creases bone mass.

Oc-Wnt10b mice have increased mandibular bone
and delayed incisor development

Although differences were not observed in body size of
Oc-Wnt10b mice at 3 mo of age (Figs. 1C and 1D) or in
patterning of bone or cartilage at birth (Supplementary
Figs. 2A and 2B), we observed that Oc-Wnt10b weanlings
are slightly smaller in weight (Fig. 2A), but not in length
(Fig. 2B), at 3 wk of age. Moreover, Oc-Wnt10b mice do
not thrive on weaning unless water-softened or ground
chow is provided, suggesting a defect or delay in tooth de-
velopment. To assess molar and incisor development in Oc-
Wnt10b mice at 3 wk of age, mandibles were isolated and
scanned by �CT. Although differences in first, second, and
third molars between genotypes are not obvious (Fig. 2C),
mineral density and thickness of incisors’ enamel and den-
tin are compromised (Fig. 2C, note asterisks).

To confirm whether Oc-Wnt10b mice have delayed inci-
sor eruption, mice were evaluated twice daily for eruption
of incisors through soft tissue. In wildtype mice, 90% of
incisors erupt by day 13 (n � 43), yet in Oc-Wnt10b mice,

<30% of incisors erupt by day 13, with ∼20% erupting each
additional day through day 16 (n � 31; Fig. 2D). Average
day of incisor eruption was extended from 11.3 ± 0.8 days in
controls to 13.6 ± 1.45 in Oc-Wnt10b mice (p < 0.001). To
study whether delayed incisor development and eruption is
caused by changes in early events within tooth formation,
mandibles from postnatal day 6 were fixed and sectioned
(Fig. 2E). Although histological analysis revealed that de-
velopment of the first molar appears similar between geno-
types, roots from mandibular incisors in Oc-Wnt10b mice
have not extended to the first molar, presumably because of
the high bone mass. By 6 wk of age, eruption of incisors in
Oc-Wnt10b mice is largely complete, and incisor mineral-
ization and extension through the mandible appear normal
(data not shown).

Altered development of mandibular bone at 6 days of
age in Oc-Wnt10b mice led us to evaluate development of
calvaria, because both are derived from intramembranous
osteogenesis. Interestingly, differences between histology
of calvaria in littermate control and Oc-Wnt10b mice at 5
days or 1.5 mo of age were not observed (Supplemental Fig.
2C). In addition, histological analysis of suture lines pro-
vided no evidence for craniosynostosis.

Increased trabecular bone in femurs of Oc-Wnt10b
mice

To assess whether Oc-Wnt10b mice also have changes in
long bone architecture, femurs were isolated and scanned
using �CT. Visual inspection of �CT images of male mice

FIG. 2. Oc-Wnt10b mice have increased
mandibular bone and delayed incisor devel-
opment. (A) Body weight and (B) length of
littermate control (WT) and Oc-Wnt10b
mice at 3 wk of age. Data are presented as
mean ± SD (n � 8). ap < 0.05. (C) �CT
images of WT and Oc-Wnt10b mandibles,
buccal-lingual, at the first, second, and third
molars. *Difference in incisor development.
(D) WT and Oc-Wnt10b mice were evalu-
ated for eruption of mandibular incisors
twice daily on days indicated. Eruption, as
percent of total, is presented for WT (circles;
n � 43) and Oc-Wnt10b (square; n � 31).
(E) H&E-stained histological sections of WT
and Oc-Wnt10b mandibles at 6 days of age.
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at 3 mo of age reveals that Oc-Wnt10b mice have notice-
ably more trabecular bone throughout the entire endocor-
tical compartment (Fig. 3A). Computed analyses of a
1-mm3 area within the distal metaphyses revealed a 1.4-fold
increase in BMD (Fig. 3B) and a 2.5-fold elevation in bone
volume fraction (BV/TV; Fig. 3C). The change in bone vol-
ume was caused by a 1.87-fold rise in trabecular number
(Fig. 3D) without differences in trabecular thickness (Fig.
3E). As expected, an increase in both bone volume fraction
and number of trabeculae was accompanied by reduced
spacing between trabeculae (Fig. 3F). Last, cortical bone
volume in control and Oc-Wnt10b mice, as assessed by �CT
and subsequent histomorphometric analyses, was similar
(data not shown).

Dynamic changes in bone formation of Oc-Wnt10b
and Wnt10b−/− mice

To study how Wnt10b increases bone volume fraction,
male mice at 3 mo of age were injected with calcein, 9 and
2 days before isolation and analysis of femurs. Calcein binds
to calcium that is being incorporated into new bone and
thus allows for assessment of dynamic changes that occur in
bone formation by fluorescent microscopy. Static histomor-
phometric analyses of femoral sections indicate that Oc-
Wnt10b mice have a 1.8-fold increase in bone volume frac-
tion (BV/TV; Fig. 4A) and a 1.3-fold change increase in
trabecular number (Tb.No; Fig. 4B), which corresponds
with architectural findings by �CT (Fig. 3). Dynamic histo-
morphometry reveals that expression of Wnt10b from the
osteocalcin promoter significantly enhances rate of mineral
apposition (MAR; Fig. 4D) and percent mineralizing sur-
face (MS/BS; Fig. 4E). Together, increased rate and extent
of mineralization in femurs of Oc-Wnt10b mice promote a
75% increase in bone formation rate (BFR/TV; Fig. 4F).
Although increased rate of bone formation could be caused
in part by enhanced activity of osteoblasts,(37) the ∼1.4-fold
increase in the percentage of bone surface occupied by os-

teoblasts (%Ob.Pm; Fig. 4C) and the increased mineraliz-
ing surface suggests that bone formation in Oc-Wnt10b
mice is largely caused by elevated numbers of osteoblasts.
Importantly, osteoclast variables, including number of os-
teoclasts/bone perimeter (WT, 1.21 ± 0.16 versus Tg, 1.12 ±
0.05; mean ± SE) and percent osteoclasts on bone perimeter
(WT, 1.78 ± 0.24 versus Tg, 1.62 ± 0.08), were not statisti-
cally different between genotypes.

Our prior analysis of Wnt10b−/− mice indicated that en-
dogenous Wnt10b is necessary for proper development
and/or maintenance of trabecular bone mass.(24) To under-
stand mechanisms whereby signaling by endogenous
Wnt10b contributes to bone mass, we performed calcein-
labeling experiments in 3-mo-old female Wnt10b−/− mice in
parallel to those described above for Oc-Wnt10b mice. As
anticipated based on prior �CT analyses,(24) histomorpho-
metric measurements of femoral distal metaphyses from
Wnt10b−/− mice revealed a 30% decrease in bone volume
fraction (Fig. 4A) and trabecular number (Fig. 4B). Al-
though differences were not observed in osteoblast perim-
eter (Fig. 4C), MAR (Fig. 4D), or percent mineralizing
surface (Fig. 4E), total bone formation rate was decreased
in Wnt10b −/− mice (Fig. 4F) because of a decrease in bone
volume and trabecular number. Because differences in os-
teoblast number and mineralizing variables were not ob-
served at this time-point, it leaves open the possibility that
effects of Wnt10b are mediated earlier in development.

Mechanism by which Wnt10b signaling increases
osteoblast number

The prominent bone phenotype in Oc-Wnt10b mice sug-
gests that there is an essential underlying change in bone
homeostasis that results in increased bone formation. Net
bone formation could be caused by increased proliferation
during osteoblastogenesis and/or increased lifespan or func-
tion of mature osteoblasts. Alternatively, increased bone
formation could be the result of opposing effects in osteo-

FIG. 3. Increased trabecular bone in Oc-
Wnt10b mice. (A) �CT images of femurs
from littermate control (WT) and Oc-
Wnt10b mice at 2.5 mo of age. (B–F) Mor-
phometric properties of 1 mm3 of distal fe-
mur from wildtype (WT) and Oc-Wnt10b
mice at 3 mo of age were analyzed for (B)
BMD, (C) bone volume fraction (BV/TV,
%), (D) trabecular number (Tr.N.), (E) tra-
becular thickness (Tb.Th.), and (F) trabecu-
lar spacing (Tb.Sp.). Data are presented as
mean ± SD. ap < 0.05; bp < 0.001 (n � 6).
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clasts. To test whether Oc-Wnt10b mice have increased pre-
osteoblast proliferation, mice at 3 and 6 wk of age were
labeled with BrdU for 2 h before fixation. Mandibles, cal-
varia, and femurs were isolated and sectioned, and cellular
replication was assessed. As expected, many cells within the
marrow spaces of these bones have BrdU incorporation.
However, overall numbers of BrdU-labeled osteoblasts, as-
sociated with bone surfaces, were low, and changes in per-
cent BrdU+ cells in mandibles at 3 wk of age (Fig. 5A) and
calvaria at 6 wk of age (Fig. 5B) were not statistically dif-
ferent than wildtype mice. Similarly, significant differences
in BrdU labeling of osteoblasts were not found in femur at
either age (data not shown). Wnt signaling is also known to
protect against apoptosis(29); thus, to test whether expres-
sion of Wnt10b in osteoblasts decreases osteoblast turn-
over, sections of long bone were assayed for differences in
apoptotic index by fluorescently labeling nicked DNA ends.
Numbers of osteoblasts undergoing apoptosis were low,
and differences were not detected between genotypes (data
not shown).

An increase in bone mass could also be caused by a de-
crease in osteoclast number and/or activity. To determine
whether Oc-Wnt10b mice have changes in numbers of os-
teoclasts, histological sections of Oc-Wnt10b and wildtype
long bones from mice at 5 days, 3 wk, and 6 wk of age, were
assayed for TRACP+ osteoclasts at 1.3 mm from the chon-
drocyte–osteoblast junction. Statistical analyses did not re-
veal significant changes in number of osteoclasts per milli-
meter of bone between WT and Oc-Wnt10b animals (Figs.
5C–5E). In some samples, there was a significant decrease
in osteoclast number at 0.3 mm from the chondrocyte–
osteoblast junction of femurs in Oc-Wnt10b mice at 5 days
of age; however, this change was not consistent over time or
on all bone surfaces. TRACP+ osteoclasts were also as-
sessed in mandibles of control and Oc-Wnt10b mice at 3
and 6 wk of age. Although the number of osteoclasts de-
creases with age, differences were not observed between

genotypes (data not shown). Although Wnt10b did not alter
osteoclast numbers, it is conceivable that osteoclast activity
is impaired in Oc-Wnt10b mice. To assay for differences in
osteoclast activity, serum was prepared from control and
Oc-Wnt10b mice at 2 mo of age, and CTX levels were
evaluated with ELISA (Fig. 5F). CTX is a collagen metabo-
lite that is produced on type I collagen degradation, thus
circulating levels of CTX correlate with total osteoclast
number and bone-resorbing activity. Analyses of CTX lev-
els in serum indicate that CTX is elevated in OC-Wnt10b
mice; however, this increase is proportional to the increase
in osteoclast number associated with additional trabecular
bone surface area in Oc-Wnt10b mice (Figs. 3 and 4). Thus,
there is no evidence that increased bone formation is
caused by reduced osteoclast number and/or activity. In-
stead, the main mechanisms whereby Wnt10b increases
postnatal bone mass seem to be increased osteoblastogen-
esis, with a smaller effect on increased osteoblast mineral-
izing activity.

DISCUSSION

The Wnt pathway signals through autocrine and para-
crine interactions to regulate many aspects of cell biology
including development.(38) Wnt10b is 1 of 19 Wnts that
activate the Wnt signaling pathway.(39) Thus far, only
Wnt10b has been reported to play an endogenous role in
postnatal maintenance of bone homeostasis.(24) However,
because there is only a 20–30% reduction in trabecular
bone in Wnt10b−/− mice, there is likely at least one or even
several other Wnts that help to maintain bone volume frac-
tion. Indeed, redundancy and/or compensation within the
Wnt signaling pathway, either by other Wnts or by factors
that modulate Wnt signaling, may be an important control
mechanism for maintaining homeostasis,(40) even with loss
of one or more signaling components.

Our goal was to overexpress a physiologically relevant

FIG. 4. Bone formation rates in Oc-
Wnt10b and Wnt10b−/− mice. Mineralization
of bone was evaluated with calcein labeling
in Oc-Wnt10b (Tg), Wnt10b−/− (null), and lit-
termate controls (WT) mice at 3 mo of age.
Femurs were isolated and sectioned for static
and dynamic histomorphometry. (A) Bone
volume/total volume (BV/TV; %), (B) tra-
becular number (Tb.No.; #/mm), (C) osteo-
blast perimeter (Ob.Pm.; %), (D) mineral
apposition rate (MAR; �m/d), (E) mineral-
izing surface/bone surface (MS/BS; %), and
(F) bone formation rate/tissue volume (BFR/
TV; %/yr) are presented as mean ± SE. ap <
0.05, bp < 0.01, cp < 0.005, dp < 0.001 (n � 6).
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Wnt in mature mineralized tissue-associated cells including
osteoblasts, cementoblasts, and odontoblasts(41) and evalu-
ate effects on development and postnatal bone remodeling.
In our model system in which Wnt10b is expressed under
control of the osteocalcin promoter, analyses of femoral
bones indicated that Wnt10b stimulates an increase in os-
teoblast number and mineralizing activity (Fig. 4) without
effects on preosteoblast proliferation, osteoblast turnover,
and osteoclast activity (Fig. 5). Such findings provide evi-
dence that targeting the Wnt signaling pathway might in-
crease bone formation and bone volume fraction in the
aged population or in postmenopausal women.

Although there is no difference in pre-osteoblast prolif-
eration or osteoblast apoptosis at 3 and 6 wk of age (Fig. 5),
there is an increase in overall osteoblast numbers per bone
perimeter at 3 mo of age (Fig. 4). Thus, it seems that local
expression of Wnt10b from osteoblasts induces differentia-
tion of adjacent osteoblast precursor cells. We, and others,
have shown previously that endogenous Wnt10b is ex-
pressed in mesenchymal precursor cells,(24,42,43) and
whereas enforced expression of Wnt10b ultimately results
in induction of osteoblast transcriptions factors, including
Runx2, Dlx5 and Osterix,(24) stimulation of osteoblastogen-
esis seems to be predominantly caused by rapid suppression
of adipogenic transcription factors.(25) Moreover, expres-
sion of Wnt10b in mesenchymal precursor cells promotes
mineralization in vitro and bone formation in vivo.(24) Al-
though it remains possible that Wnt10b increases the pool
of osteoblastic progenitors, it is highly likely that increased
bone formation rate and osteoblast number is in part
caused by effects of Wnt10b on osteoblastogenesis.

Our mouse model is one of several models that report
changes in bone homeostasis caused by altered expression
of components in the Wnt signaling pathway. Interestingly,
bone phenotypes and mechanisms by which Wnt signaling
increases bone formation are not consistent across models.
For instance, mice deficient in the Wnt inhibitor sFRP1
have increased trabecular BMD only as adults.(44) This phe-
notype is caused by increases in osteoblast number and
differentiation, as well as a decrease in osteoblast apoptosis.
A mouse model that expresses a constitutively active

LRP5(G171)
(45) has high bone density by 5 wk of age be-

cause of an increased number of osteoblasts. Recently, two
studies reported that constitutive expression of �-catenin in
bone results in increased bone deposition; however, mice
from both models die within 5 wk of birth.(46,47) These mice
have serious defects in osteoclast differentiation because of
an increase in osteoprotegerin expression from osteoblasts.
Moreover, knockout models for �-catenin in bone also sug-
gest a defect in osteoclast differentiation as a primary cause
for the bone phenotype.(46,47) Thus, in vivo evidence sug-
gests that regulation of Wnt signaling at the cell membrane
(i.e., sFRP1, Wnt10b, and LRP5) induces an increase in
bone mass through changes in osteoblast differentiation
and activity, whereas regulation of Wnt signaling at the
level of �-catenin increases bone mass through an osteo-
clast-mediated mechanism. Recent results show that Wnt
signaling regulates mTOR activity and protein translation
in a �-catenin–independent manner,(37) raising the possibil-
ity that Wnt signaling may also increase the mineralization
capacity of osteoblasts through this mechanism. In addition,
the severity of the bone phenotype in mice with altered
expression of �-catenin may not be completely caused by
effects on Wnt signaling, because �-catenin is also impor-
tant for direct cell-to-cell interactions.(48) From these and
other studies, regulation of Wnt signaling at the plasma
membrane may be a viable target for increasing bone for-
mation in osteopenic or osteoporotic patients.

Another salient phenotype of interest in Oc-Wnt10b
mice is the delay in incisor development and eruption. This
defect causes a noticeable change in overall growth of Oc-
Wnt10b mice between 3 and 4 wk of age because of the
compromised dental functions that prevent the animals
from receiving sufficient nutrients from standard solid
chow. This problem was completely circumvented, how-
ever, by providing a powdered diet. Although our knowl-
edge of tooth development has increased dramatically dur-
ing the past decades,(49) information on tooth type
specification remains limited. Development of molars and
incisors results from reciprocal signaling between dental
epithelium and mesenchymal tissues, nevertheless, incisors
possess several unique features. For instance, unlike mo-

FIG. 5. Pre-osteoblast proliferation, osteo-
clast number, and osteoclast activity in Oc-
Wnt10b mice. BrdU-positive and -negative
bone-lining cells were counted in histological
sections of mandible at 3 wk of age (A) and
calvaria at 6 wk of age (B) from littermate
control (WT) and Oc-Wnt10b mice with n �
3 with five sections counted/bone. TRACP+

osteoclasts per millimeter of bone surface
were counted in histological sections of lit-
termate control (WT) and Oc-Wnt10b femur
at 5 days (C), 3 wk (D), and 6 wk (E) of age
with n � 3 with five sections counted/bone.
Serum CTX was assayed by ELISA in 2-mo-
old littermate control (WT; n � 7) and Oc-
Wnt10b male mice (n � 5). Data are pre-
sented as mean ± SD. ap < 0.05.
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lars, murine incisors continuously develop and erupt. Such
a feature renders incisors susceptible to homeostasis of sur-
rounding bone. Therefore, it is conceivable that the delay in
incisor eruption seen in Oc-Wnt10b mice could be second-
ary to the increase in the adjacent craniofacial bone. The
latter seems to be largely associated with increased osteo-
blast number and activity rather than repressed osteoclast
functions. For example, TRACP staining of mandible at 3
wk of age (Fig. 5) shows that number of osteoclasts is not
altered in Oc-Wnt10b mice. Alternatively, but not exclu-
sively, Wnt10b may function through the genetic program
intrinsic to incisor development to yield the observed re-
sults. Consistent with this idea, it has been reported that
incisors possess distinct signaling molecules that only func-
tion during incisor development.(50) Indeed, more thorough
analyses of Oc-Wnt10b mice are needed to determine the
initiating events that lead to the increase in bone in the
cranium and its effects on incisor development. Results
from such analyses will not only provide valuable informa-
tion on the role of Wnt10b signaling on tooth development
in general but also on tooth type specification.
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