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Sclerostin, a product of the Sost gene, is a Wnt-inhibitor and thus negatively

regulates bone accrual. Canonical Wnt/b-catenin signalling is also known to

be activated in mechanotransduction. Sclerostin neutralizing antibodies are

being tested in ongoing clinical trials to target osteoporosis and osteogenesis

imperfecta but their interaction with mechanical stimuli on bone formation

remains unclear. Sost knockout (KO) mice were examined to gain insight

into how long-term Sost deficiency alters the local mechanical environment

within the bone. This knowledge is crucial as the strain environment

regulates bone adaptation. We characterized the bone geometry at the tibial

midshaft of young and adult Sost KO and age-matched littermate control

(LC) mice using microcomputed tomography imaging. The cortical area and

the minimal and maximal moment of inertia were higher in Sost KO than in

LC mice, whereas no difference was detected in either the anterior–posterior

or medio-lateral bone curvature. Differences observed between age-matched

genotypes were greater in adult mice. We analysed the local mechanical

environment in the bone using finite-element models (FEMs), which showed

that strains in the tibiae of Sost KO mice are lower than in age-matched LC

mice at the diaphyseal midshaft, a region commonly used to assess cortical

bone formation and resorption. Our FEMs also suggested that tissue mineral

density is only a minor contributor to the strain distribution in tibial cortical

bone from Sost KO mice compared to bone geometry. Furthermore, they

indicated that although strain gauging experiments matched strains at the

gauge site, strains along the tibial length were not comparable between age-

matched Sost KO and LC mice or between young and adult animals within

the same genotype.
1. Introduction
Sclerostin, a product of the Sost gene, negatively regulates bone accrual through

Wnt inhibition [1–4]. A deficiency in sclerostin leads to a high bone mass pheno-

type that is associated with increased bone strength in humans and mice [1].

Mutations of the Sost gene and a non-coding deletion 35 kb downstream of this

gene leads, respectively, to sclerosteosis and van Buchem’s disease in humans

[5,6]. Both conditions have similar phenotypes characterized by osteosclerosis

and hyperostosis. Apart from syndactyly and minor digital deformities, prenatal

skeletal development is normal in humans with sclerosteosis. Postnatal
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development is marked by increased longitudinal growth,

although closure of the growth plates occurs normally [7].

Also an increased bone mineral density (BMD) with increasing

age has been reported in sclerosteosis patients, starting from

early childhood [7–9]. Studies on bone material properties per-

formed by Lierop and colleagues [7] revealed lower

mineralization and higher heterogeneity of mineralization in

young and adult sclerosteosis patients. Also the mineral matur-

ity to crystallinity ratio was lower in these patients compared to

healthy controls. These findings are likely to be explained, at

least in part, by the higher bone formation observed in scleros-

teosis patients, since newer tissue has a lower mineralization.

The Sost knockout (KO) mouse model also presents a high

bone mass phenotype [10,11], although limited characterization

of the bone composition [12,13] and morphology [10,14] has

been published. Two studies found the mineral-to-matrix ratio

of newly formed cortical and trabecular bone to be significantly

lower in Sost KO mice than in age-matched wild-type (WT) mice

[12,13], while no differences in global bone mineralization were

found between the Sost KO and WT mice when looking at the

whole bone cross section and not just at the newly formed

tissue [13]. Contrarily, Li et al. and Kramer et al. have shown

significant higher tissue mineral density (TMD) in trabecular

bone of Sost KO mice compared to WT [10,11].

As most studies have concentrated on young mice, little is

known as to how Sost deficiency alters whole bone geo-

metry and TMD after skeletal maturation. Whole bone

geometry and TMD affect the local strain environment within

the bone, and thus regulate bone adaptation processes [15,16].

Main et al. [17] showed that the bones of 26 week old C57Bl/6

mice are more curved than those of 10 week old C57Bl/6 mice,

which increases their bending stresses under axial compression

loading. The increase in the curvature counteracts effects that

age-related increases in mineral and geometric properties of

the cross-section have on the bending stresses. No clinical or

preclinical studies have yet examined how changes in bone

mass or whole bone morphology due to Sost deficiency affect

the local mechanical strain environment within the bone.

This knowledge is particularly relevant since the local strain

environment regulates the anabolic response to loading.

Since the anabolic response to loading did not occur with

high Sost levels [18], it appears that lower levels of Sost are

essential for the anabolic response to loading to occur. We

recently showed an increased bone formation surface (MS/

BS) after in vivo mechanical loading in 10 week and 26 week

old Sost KO mice compared to age-matched littermate control

(LC) mice [19]. We also observed a greater load-induced (inter-

limb difference) total bone gain (Ct.Ar/T.Ar, Ct.Th) in both

young and adult Sost KO mice compared to LC mice, the inter-

limb difference being the difference between the loaded and

non-loaded limb of the same animal. Histomorphometric par-

ameters revealed that this gain was achieved through a higher

load-induced bone formation at both the periosteal and endo-

cortical surface in the adult Sost KO, whereas just the periosteal

surface showed a higher load-induced response to loading in

young Sost KO compared to young LC mice. In contrast,

Robling et al. [20], showed that load-induced ulnar periosteal

bone formation occurred normally in Sost KO mice. Morse

et al. [14] observed a greater response to loading in 10 week

old Sost KO mice compared to WT at the metaphyseal region

(Ct.Th: þ23% in Sost KO, þ8% in WT), but a similar response

at the diaphyseal region located at 37% of the total tibial

length (Ct.Th: þ15% in Sost KO, þ15% in WT). We recently
showed in WT mice that the tibial metaphyseal and mid-

diaphyseal regions have a different strain-threshold above

which an anabolic response to loading in cortical bone occurs

[21], which may explain the region-specific differences. At the

50% mid-diaphyseal region, the same region reported in our

study, Morse et al. observed a slightly lower response to load-

ing in Sost KO compared to WT mice (Ct.Th: 11% in Sost KO,

14% in WT).

It is known that the bone anabolic response to loading is

diminished in adult compared to young individuals, both in

humans and mice [1,22]. Our data show that there is also a

reduction of bone mechanoresponsiveness in Sost KO mice

occurring with maturation [19]. Clinical trials are currently

underway to examine the effect of monoclonal antibodies inhi-

biting sclerostin on bone mass of individuals with osteoporosis

[23,24], an age-associated disease, and osteogenesis imperfecta

[25], a lifelong disease associated with low bone mass and com-

promised bone quality. As we are interested in the potential

additive effect of loading and sclerostin antibodies on bone

gain during growth and skeletal maturation, it is important

that we understand how the strain environment changes

with skeletal maturation under long-term Sost deficiency.

Therefore, the aim of this study is to investigate how long-

term Sost deficiency alters whole bone geometry and TMD

and subsequently affects the local strain environment within

the bone, since this regulates bone adaptation. Furthermore,

we aim to comprehend how the strain environment changes

with skeletal maturation under long-term Sost deficiency. We

hypothesized that strains will be lower in Sost KO than in LC

mice in regions different from the strain gauge site despite

being identical in that particular position (anterior–medial sur-

face of the cortical mid-diaphysis). We tested this hypothesis by

investigating the local strain distribution in the bone by in vivo
strain gauge experiments and finite-element models (FEMs) of

young and adult female Sost KO and LC mice. These data are

critical to our understanding of how long-term Sost deficiency

is affected by skeletal maturation and whether mechani-

cal loading could enhance bone mass concurrently with

sclerostin-neutralizing antibody treatment.
2. Material and methods
2.1. Animals and strain gauging experiments
In this study, mouse tibiae were used to investigate alterations in

the bone mechanical behaviour due to Sost deficiency and matu-

ration. These mouse tibiae were obtained from 10 and 26 week

old Sost KO and LC mice (n ¼ 5 for 10 week old LC, n ¼ 7 for 26

week old LC and 10 week and 26 week old Sost KO), which had

been used in a previous strain gauging experiment [19]. The

limbs were excised after in vivo, experimental strain measurement

and euthanization.

2.2. Ex vivo microCT
Ex vivo microCT imaging of the Sost KO and LC bone tibiae was

performed. For scan acquisition (Skyscan 1172, Bruker, Kontich,

Belgium), the following settings were used: isotropic voxel resol-

ution of 9.91 mm, 100 kVp, 100 mA, 3608, using 0.38 rotation steps

and 3 frames averaging. We segmented background and soft

tissue voxels from bone voxels by applying a global threshold of

0.650 g cm23 in both ages and genotypes. This threshold, which

kept both cancellous and cortical bone voxels, was calculated

using the linear attenuation coefficient (m) distribution of the

whole tibia and calculating the minimum between the bone
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and the soft tissue peaks. Two phantoms with densities of 0.25 and

0.75 g HA cm23 were used to calculate the tissue mineral density

(TMD) based on them of the scans. Frequency plots of the microCT

images after densitometric calibration can be found in the

electronic supplementary material, data S2.
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2.3. Bone curvature and morphometric parameters
of the cortical bone

We analysed bone curvature and bone morphometric parameters

using microCT images (n ¼ 5, for 10 week old LC; n ¼ 7, 26

week old LC and 10 week and 26 week old Sost KO). The binarized

scans were manually aligned using commercial software (Data-

Viewer, Bruker, Kontich, Belgium). The minimal and maximal

moments of inertia (Imin, Imax) were calculated for each microCT

slice located in the tibial midshaft (5% of the total tibial length

centred at 50% of the total tibial length) and averaged. Also the cor-

tical area (Ct.Ar) was determined and averaged in this region. All

parameters were calculated using open-source image processing

software (BoneJ, ImageJ, NIH, Bethesda, USA) [26]. Since

small rotations of the bone cross-section can have a considerable

effect on Ct.Ar and moments of inertia, we used not just a three-

dimensional view of the bone when aligning it but also projections

engendered when cutting it in several planes. After bone realign-

ment, slices at the metaphysis, the tibial central section, the distal

tibiofibular junction and the ankle were checked. If one bone was

not well aligned, we realigned it again.

We characterized the bone curvature at the central section

(CS) of the midshaft by calculating the distance of the centroid

of each section to a reference line passing through the centroid

of the widest cross-section at the ankle (malleoli) and the centroid

of a proximal cross-section located at 10% of the total tibial

length (TL) from the tibial condyles (figure 2a). This distance

was calculated in anterior–posterior (CAP) and in medio-lateral

(CML) directions. The fibula was manually removed from the

images before the centroids were calculated. We also measured

the TL from the microCT images.

After determining with a Shapiro–Wilks test that the data had

a normal distribution, we performed parametric statistics. The

between-subject effects of genotype (Sost KO mice and LCs) and

age (10 week old, 26 week old) as well as their interactions were

assessed using a two-way ANOVA (SAS 9.3, Cary, USA). Sub-

analyses were performed using independent Student’s t-test for

some datasets. A p-value �0.05 was considered significant.

The per cent difference between genotypes is presented as (Sost
KO 2 LC)/LC) � 100%. Age related differences for each of the

genotypes are calculated as (26 weeks 2 10 weeks)/10 weeks) �
100%.
2.4. Finite-element modelling
FEMs of 10 and 26 week old Sost KO and LC tibiae (n ¼ 1/age/

genotype) were built based on the ex vivo microCT data of strain

gauged mice tibiae described in §2.2. After image segmentation,

a triangular approximation of the bone surface was calculated

using an unconstrained smoothing algorithm. The generated sur-

face contained a large number of triangular faces (approx. 7 �
106). To maintain fidelity, the number of faces was progressively

reduced with further implementation of best isotropic vertex

placement until a ‘feasible’ triangle number of approximately

0.25 � 106 was achieved. The volume enclosed by the bone

surface was then filled with linear four node tetrahedral mesh

elements. Thus, we created models with adaptive multi-

resolution grids, in which the geometry of the trabecular bone

was preserved. All these procedures were performed using

commercial software (Amira 5.4.3, FEI, Hillsboro, USA).
2.4.1. Loads and boundary conditions
Loading and boundary conditions aimed to replicate previously

reported strain-gauge in vivo loading experiments in mouse tibia

[19]. A compression load was introduced through the knee with

an inclination relative to the bone axis of 108 [27]. The load was

applied on a reference node, which was kinematically coupled to

the nodes on the surface of the proximal tibial plateau (relative

displacements were constrained, relative rotations were kept

free). The reference node was allowed to move exclusively in

the direction of the applied load. Surface nodes on the distal

part of the bone were allowed to move in the anterior–posterior

direction but not in the medial–lateral (malleoli constrain this

movement) and to rotate around the medial–lateral axis of the

tibia, which is the axis of the articulatio talocruralis (hinge joint).

Two different load cases were investigated:

(1) Load-matched load case: an identical compression load of

211 N was applied to all groups.

(2) Strain-matched load case: a compression load that induced

900 microstrains (m1) at the anteromedial aspect of the

tibia midshaft, as we have previously measured using in
vivo strain gauging [19] was applied. Pflanz et al. [19] deter-

mined that compression loads of 27, 27, 212.9 and 214.5 N

induce 900 m1 at the strain gauge (SG) site in 10 week LC, 26

week LC, 10 week Sost KO and 26 week Sost KO mice,

respectively. The applied axial loads were not scaled for

mouse body weight since the aim was to ‘replicate’ the in
vivo experiment. These load levels triggered an osteogenic

response in all four groups [19]. For this load case, we

studied the effect of variations of +108 in the load axis

due to potential misalignments (see electronic supplemen-

tary material, data S3).

Boundary conditions and the load were introduced using the

same commercial software that we used for the analysis and

post-processing (Abaqus 6.12.2, Dassault Systemés Simulia,

Providence, USA).
2.4.2. Material properties
Bone material properties were considered linear elastic and iso-

tropic. The Poisson’s ratio was set to 0.35 [28] for all models.

Heterogeneous models were created in which Young’s

modulus (E) assigned to each element was estimated using a

power-law relationship between the linear attenuation coefficient

(m) and stiffness [28,29]. For a thorough description of the bone

material properties assignation, we refer to the electronic sup-

plementary material, data S4. The code for the assignation of m

to the tetrahedral elements and the code for the final model-

assembly are included as electronic supplementary material,

data S6.

In addition, to isolate the influence of bone geometry on the

predicted strains, we developed homogeneous models with an

identical Young’s modulus of 12 GPa for all elements in all

groups. In 10 and 26 week old LC and in 10 week old Sost KO,

the proximal tibio-fibular junction was not completely minera-

lized. Therefore, a linear elastic material with a Young’s modulus

of 1.6 MPa and Poisson’s ratio of 0.2 was used to model this non-

mineralized region, according to values found in the literature

for mouse cartilage [30]. This approach has been followed by

other groups developing FEMs of the tibia of young C57Bl/6

mice [31].

In the 10 week old LC, we additionally found that the mineral-

ization at the growth plate was so low that there was a

disconnection between the epiphysis and metaphysis in the

meshed models. We remeshed the model including the growth

plate and manually assigned to this region the same material

properties that we used for the cartilage of the tibio-fibular junction.
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2.4.3. Data analysis
Heterogeneous FEMs (n ¼ 1/age/genotype) were validated by

comparing the predicted strains at the strain gauge site (strain-
matched load case) to the strains measured in the in vivo loading

experiments previously reported [19]. The strain gauge position

was, after removal of the metallic parts, still visible in the microCT

scans. From the microCT scans, we measured that the strain

gauges had been positioned, on average, at 41% of the whole

tibial length measured from the proximal end. The corresponding

predicted strain gauge value for each bone was calculated by aver-

aging the strain in the direction of the strain gauge at its mounting

position (1xx).

We calculated the structural stiffness of the bone in all groups

by dividing the load in the bone axis direction by the displacement

of the reference node in this same direction.

For each element within the heterogeneous and homogeneous

FEMs, the maximum absolute value between the maximal (tensile,

1max) and minimal (compressive, 1min) principal strains was calcu-

lated. Thereafter, the mean values of the tensile (�1max) and

compressive (�1min) strains in each cross-section along the bone

length were determined. Elements for which abs(1max) .

abs(1min) were used to calculate �1max and s.d.(1Max), elements for

which abs(1Max) � abs(1Min) were used to calculate �1min and

s.d.(1min), where s.d. stands for standard deviation. We focused

on the CS of the midshaft since it is the centre of the region of inter-

est (ROI) in which bone formation and resorption in response to

loading has been previously evaluated in this mouse model [19].

3. Results
3.1. Bone morphology
The ANOVAs performed on the morphological parameters of

the cortical bone showed that both genotype and age have a

significant effect on the Ct.Ar, Imin and Imax (figure 1) at the

tibial midshaft. The t-tests revealed significant genotype

related differences in Ct.Ar, Imin and Imax for both the

10 week and the 26 week old animals. Ct.Ar, Imin and Imax

were 84%, 171% and 161% higher in the 10 week Sost
KO than in the 10 week old LC. The genotype related

differences were even more dramatic in the adult animals

with 131% higher Ct.Ar, 249% higher Imin and 223% higher
Imax in 26 week Sost KO compared with the age-matched LC

(p , 0.0001 for all three variables and both ages). Skeletal

maturation led to a significantly greater Ct.Ar, Imin and Imax

in the tibial midshaft of the Sost KO and LC mice (figure 1).

Regarding bone curvature, the ANOVA showed no signifi-

cant difference either in the CML or the CAP at the midshaft

between Sost KO and their age-matched LCs (figure 2). In con-

trast, animal age was found to have a significant effect on the

CAP and CML. The t-tests revealed that adult LC mice had sig-

nificantly greater CAP (þ142%) and CML (þ32%) than young

LC mice, but this age-related effect on whole bone curvature

was not measured in the Sost KO mice (table 1).

As expected, the tibiae of both Sost KO and LC mice were

significantly longer at the age of 26 weeks than at the age of

10 weeks (table 1). Both young and adult Sost KO mice

showed a significantly greater tibial length than aged-matched

LCs (TL ¼ þ3.5% for the 10 week old and TL ¼ þ2.4% for the

26 week old mice).
3.2. Bone tissue mineral density and bone stiffness
The 10 week old LC mouse showed higher bone volume with

low TMD values compared with the 26 week old LC

(figure 3a). The 10 and 26 week old Sost KO mice showed simi-

lar TMD distributions, which were between the values

obtained for the 10 and 26 week old LC mice. Accordingly,

higher amounts of bone volume were characterized by a low

Young’s modulus in the 10 week old compared to the 26

week old LC heterogeneous model (figure 3b,c). Age-related

differences in the mean distribution of tissue stiffness were

not observed between 10 and 26 week Sost mice (figure 3b),

however regional differences were observed. For example, a

larger tissue volume presented high stiffness at the midshaft

in the 26 week old compared with 10 week old Sost mice

(figure 3c). The mean Young’s modulus of the heterogeneous

FEMs was similar between 10 and 26 week old Sost KO ani-

mals (10.67 GPa for the 10 week old Sost KO, 10.79 GPa for

the 26 week old Sost KO). A lower mean Young’s modulus

was determined for the 10 week old compared with the 26
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10 week old 26 week old

LC Sost KO LC Sost KO

Ct.Ar (mm2) 0.520+ 0.040 0.963+ 0.057* 0.599+ 0.027þ 1.380+ 0.047*þ

Imin (mm4) 0.048+ 0.006 0.130+ 0.012* 0.060+ 0.005þ 0.210+ 0.010*þ

Imax (mm4) 0.062+ 0.011 0.161+ 0.017* 0.080+ 0.009þ 0.259+ 0.020*þ

CML (mm) 0.12+ 0.06 0.14+ 0.05 0.29+ 0.10þ 0.16+ 0.12

CAP (mm) 0.51+ 0.06 0.55+ 0.09 0.67+ 0.06þ 0.65+ 0.11

TL (mm) 16.47+ 0.15 17.05+ 0.14* 17.23+ 0.07þ 17.65+ 0.12*þ

*p , 0.05 compared to age-matched LC.
þp , 0.05 compared to young mice with same genotype.
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week LC mouse (9.87 GPa for the 10 week old LC, and

11.16 GPa for the 26 week old LC).

3.3. Mechanical strains within the tibiae of load-
matched Sost knockout and littermate control mice

When comparing the age-matched genotypes using homo-

geneous FEMs under the same compression load, the

diminished strains, due to increased bone mass in Sost deficient

mice becomes visible (figure 4a). Tensile strains were on

average 52% lower in the 10 week old Sost KO than in the

age-matched LC, whereas they were 63% lower (in absolute

value) for the adult Sost KO than for the adult LC (figure 4b).

The compressive strains were on average 50% lower in the 10

week old Sost KO than in the age-matched LC, whereas they

were 62% lower for the adult Sost KO than for the adult LC.
Interestingly, these differences were more pronounced in the

diaphyseal midshaft than in the rest of the bone for both ten-

sion and compression. Maturation led to lower strains in

both the LC and the Sost KO mice, with the decrease being

much more pronounced in the Sost KO than in the LC.

Heterogeneous FEMs, to compare the age-matched geno-

types under the same compression load, led to similar

strain distribution within the tibia when compared to the

strains obtained with the homogeneous models (electronic

supplementary material, data S5).

3.4. Mechanical strains within the tibiae of strain-
matched Sost knockout and littermate control mice

The predicted strains at the strain gauge site by heterogeneous

FEMs were: 1085 m1 young Sost KO, 1010 m1 young LC, 870 m1
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adult Sost KO and 862 m1 adult LC. The whole-bone stiffness

was: 290 N mm21 in the young Sost KO, 122 N mm21 in

the young LC, 409 N mm21 in the adult Sost KO and

165 N mm21 in the adult LC.

When comparing age-matched mice using heterogeneous

FEMs, mean tensile and compressive predicted strains in

cortical bone were higher for LC than for Sost KO mice

along the whole tibia (figure 5) except for its distal end,

where the strains were slightly higher in the Sost KO.

At the tibial midshaft region (47.5% to 52.5% of tibial

length), large differences between genotypes in both ages

were found, with higher strains in LC mice compared with

the age-matched Sost KO (table 2). Establishing a comparison

between ages, adult animals showed lower strains than

young mice with the same genotype for both tension (28%

for the Sost KO and 5% for the LC) and compression (31%

for the Sost KO and 16% for the LC).

Although predicted strains at the strain gauge site were

similar between aged-matched genotypes, maximum tensile
strains at the central section of the tibial midshaft were

considerably higher in the LC compared to Sost KO mice,

in both age groups (figure 6).
4. Discussion
In this study, we investigated the long-term effects of sclerostin

deficiency in bone morphology, material properties and the

mechanical environment within the tibia in young and adult

mice. We found that long-term sclerostin deficiency leads to

changes in bone morphology, which result in decreased mech-

anical strains within the cortical bone. The decreased strains

can be observed even at the mid-shaft region, where we

previously reported an increased response to mechanical load-

ing in female Sost KO mice [19]. In agreement with Morse et al.
[14], we showed the tibiae of the Sost KO to have a notably

greater cortical area and moment of inertia than those from

the LC mice.



3000
(a) (b)

2000

1000

0

–1000

–2000

–3000

–4000
0 20 40

bone length (%)
60 80 100 0 20 40

bone length (%)
60 80 100

e– m
in

 (
me

)
e– m

ax
 (

me
) 3000

2000

1000

0

–1000

–2000

–3000

–4000

e– m
in

 (
me

)
e– m

ax
 (

me
)& &10 wk Sost KO

0% 100%

strain gauge10 wk LC
26 wk Sost KO
26 wk LC

Figure 5. Mean tensile and compressive strains along the length of the tibia for the heterogeneous FEMs of the 10 (a) and 26 (b) week old female Sost KO and LC
mice. Strain-matched load case. Lines represent �1max and �1min. Shaded regions correspond to +s.d. (1max) and +s.d. (1min), where s.d. stands for standard
deviation, which reflects the range of 1max for tension and 1min for compression within the cross-section.

10 wk Sost KO10 wk LC

posterior

lateral

–2008 ± 889 927 ± 444 –1611 ± 755 635 ± 304 –1630 ± 691 934 ± 446 –1187 ± 622 531 ± 325

anterior

medial

emax ppal = max (|emin|,|emax|)

e–min ± s.d. e–max ± s.d. e–min ± s.d.

Diff (e–min) 
20% 32% 27% 43%

Diff (e–max) Diff (e–min) Diff (e–max) 

e–max ± s.d. e–min ± s.d. e–max ± s.d. e–min ± s.d. e–max ± s.d.

+2332 me
+1500
+1125
+750
+375
0
–375
–750
–1125
–1500
–1875
–2250
–2625
–3000
–4162 me

26 wk Sost KO26 wk LC

Figure 6. Strain distribution in the cross section located in the middle of the tibia. Heterogeneous models, strain-matched load case. Percentages indicate the strain
difference between Sost KO and their age matched LC (Sost KO 2 LC)/LC) � 100%.

Table 2. Mean compressive (�1min) and tensile strains (�1max) at the tibial midshaft region (47.5% to 52.5% of tibial length). Strain-matched load case.

10 week old 26 week old

LC Sost KO LC Sost KO

�1min (m1) 21968+ 893 21653+ 752 21663+ 668 21140+ 611

�1max (m1) 921+ 460 706+ 381 874+ 460 505+ 285
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Although we recognize that the assessment of volumetric

TMD using polychromatic microCT has limitations [32], we

aimed to consider the effects of regional differences in TMD

on the strain environment. Two studies [10,11] report signi-

ficantly increased TMD in the trabecular bone of the distal

metaphysis of the femora of 17 week old female Sost KO com-

pared with WT. Contrarily, Ross and colleagues [13] found no

significant differences on the global bone mineralization,

measured with bSEM, between the Sost KO and the WT

mice. Similar to this finding [13] but not to other data [10,11],

we did not observe dramatic differences between the TMD dis-

tribution in the adult Sost KO and the aged-matched LC mice. It

should be mentioned that even though the TMD was assessed

locally to calculate an estimated Young’s modulus, the average

values that we report are for the whole bone and no distinction

between small compartments of either cortical or trabecular

bone have been analysed separately, as the above referenced

studies did [10,11].
The differences in the TMD distribution between the

young Sost KO and LC mice were more pronounced than

between adult mice, but we think that they rather rely on

the phenotypic singularities and the apparently delayed

maturation that we found in the LC. We found that the LC

mice had a larger growth plate (non-mineralized tissue) in

the proximal tibia compared to what we have observed

previously in C57Bl/6 mice [28]. Since canonical Wnt signal-

ling promotes maturation of chondrocytes, which express

sclerostin themselves when terminally differentiated, it has

been speculated that lack of sclerostin may favour increased

differentiation towards hypertrophic chondrocytes which

results in a larger hypertrophic zone in the growth plate

[23]. We cannot explain the reasons for the abnormal

growth plate in the LC mice but they could be related to an

insufficient production of sclerostin by heterozygote mothers,

which has influence on the endochondral ossification of their

homozygote þ/þ offspring. A genetic drift is extremely
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unlikely since breeding programmes at animal facilities are

designed to avoid them.

Bone curvature was considerably higher in the anterior–

posterior direction (CAP) compared to the medial–lateral

direction (CML) in both LC and Sost KO mice. This finding

has also been previously shown in young growing (6 to 16

week old) female C57Bl/6 mice [17]. CAP plays a key role

in the amount of bending engendered by a compressive

load and thus it is one of the major contributors to the tensile

strains at the anterior part of the tibia. No significant differ-

ence either in anterior–posterior or medial–lateral direction

were found at the midshaft between Sost KO and their

age-matched LCs.

We used both homogeneous and heterogeneous FEMs to

characterize the mechanical environment within the bone due

to controlled external loading. Homogeneous models allowed

us to isolate the influence of bone geometry on the induced

strains, while heterogeneous models gave us insight into how

the TMD was influencing the strains. When introducing an

identical compressive load to all four models (load-matched
experiment) the strains in the tibiae of the Sost deficient were

dramatically lower than in their age-matched LC for both the

heterogeneous and homogeneous models. Interestingly, these

differences in the strains were more pronounced at the diaphy-

seal midshaft than the rest of the bone in both tension and

compression. The region of the midshaft is commonly used to

characterize cortical bone, so further studies assessing bone for-

mation in Sost KO mice and using littermate mice as controls

should consider this fact. Also the most distal part of the bone

(80–90% bone-length) was a region of pronounced differences

between the Sost KO animals and their age-matched LC.

Previous studies examining the anabolic response to mech-

anical loading in Sost KO mice did not use LC mice, but rather

WT controls. These mice should display more variability in

terms of basal Sost expression, due to differing genetic back-

grounds. In the present study, we ensured the animals were

from the same breeding pair to avoid such variability. The

use of LC is even more important considering the growth

plate anomaly we observed in Sostþ/þ mice. Additionally,

none of the studies so far published included FEMs to examine

the strain distribution during in vivo loading, but only relied on

strain gauging at a single site on the tibia [14] or on extrapol-

ations based on the ulnar strains of a different mice strain

[20]. This work shows that strain gauge-based strain-matched
experiments do not ensure comparable strains along the

tibiae of Sost KO and LC mice and that in silico models are

needed to assess the strain environment.

The present work reveals that the use of heterogeneous

FEMs leads to small differences in the strain distribution

within the tibia when compared to the strains obtained with

the homogeneous models. The homogeneous models predicted

higher strains than the heterogeneous models in the mid-

diaphysis for both ages and phenotypes, both in tension and

compression, although the Young’s modulus (E) used for the

homogeneous models (12 GPa) is higher than the average E
of the corresponding heterogeneous model (figure 3b). This

can be explained since the TMD at the mid-diaphysis is

higher than in other regions of the bone and so is the E assum-

ing the power law relationship between TMD and E used in this

work (figure 3c). We conclude that for tissue level models like

the ones presented here, homogeneous models provide results

that are accurate enough. Nevertheless, the choice of the E
should not be made just under consideration of the average E
for the whole bone but also considering the local stiffness of

the region of interest and its relationship to the average stiffness.

Heterogeneous FEMs predicted similar strain levels to

those we measured in strain gauge experiments at the midshaft

of Sost KO and LC mice for the strain-matched load case [19]. The

whole bone stiffness of the young Sost KO was 137% higher

than the whole bone stiffness of the young LC, while the

adult Sost KO had a 147% higher whole bone stiffness than

the adult LC. Yang et al. [31] reported that the whole bone stiff-

ness of their heterogeneous FEM of a 16 week old WT mouse

was approximately 180 N mm21, which is in good agreement

with the 122 N mm21 for the 10 week LC and the

165 N mm21 for the 26 week old LC presented here. The

same strain level at the gauge site did not ensure comparable

strains along the whole tibial length in Sost KO and LC mice.

In both age groups, FEMs predicted lower mechanical strains

along the length of the tibiae in Sost KO compared to LC mice.

Morse et al. [14] reported significant higher increase of BV

in the cortical midshaft of 10 week old Sost KO mice com-

pared to WT after a strain-matched loading regime. The load

levels determined by Morse and their colleagues do not

match our strain gauge experiments [19]. They applied a com-

pression load of 212.5 N to engender 1200 m1 in the midshaft

of 10 week old Sost KO mice, while we determined that

212.9 N engenders 900 m1. Discrepancies could be due to

strain gauge positioning, since the strain gradients in the

strain gauge region are high. Differences between the two

studies in the bone anabolic response to loading could also

be due to control mice used.

Interestingly, Morse et al. [14] report the increase in cortical

BV to be the highest around 2.12 mm below the growth plate,

which will correspond to the 14% of the total tibial length (TL),

while it remains small around the midshaft. They speculate

that higher strains in the metaphyseal region could be the

origin of the higher increase on cortical BV occurring with load-

ing. Our results (10 week old Sost KO, strain-matched load

case) contradict this hypothesis since �1Max at 14% of TL and

50% of TL are similar and �1Min is higher (more negative) at

the midshaft than at the cortical bone in the metaphysis.

We have previously shown that the cortical adaptive for-

mation response in the midshaft was enhanced in female Sost
KO compared to LC mice [19]. Loading-induced gains in

mineralizing surface were enhanced in Sost KO mice, although

the FEMs in the current study predict lower mean compressive

(�1Min) and tensile strains (�1Max) in female Sost KO compared to

LC mice. Our histomorphometric data reveal that bone for-

mation (MS/BS, MAR) is higher in the endosteal surface than

in the periosteal, for both Sost KO and LC mice. Sost KO mice

showed an increased bone formation in response to loading

(interlimb difference) at both the endosteal and periosteal sur-

face, although the effect is most pronounced at the periosteum

surface. A qualitative analysis of the strains in the loaded limb

at the tibial midshaft (figure 6) reveals that strains in the peri-

osteum of the Sost KO mice are lower than in their age

matched LCs for both tension and compression. This is particu-

larly surprising since our previous studies in WT mice have

shown an enhanced bone formation response at the endosteal

surface compared to the periosteal surface despite increased

strains at the periosteal surface [33]. Nevertheless, in the pre-

sent study we are not able to elucidate if the enhanced

anabolic response to loading is because the strains in the endo-

steum remain under a certain threshold or due to biological,

non-mechanically related factors. We cannot conclude that a
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lower strain-threshold triggers an osteogenic response in Sost
KO. For that, a correlation between formation events and the

strain environment in the surrounding area, as performed in

[21], must be determined.

Our previous study [19] showed that ablation of the Sost
gene in mice resulted in an increased expression of another

Wnt inhibitor, Dkk1, possibly due to a feedback mechanism

intended to compensate for the loss of Sost. Similar to other

reports (Holguin et al. [22]) Dkk1 expression was significantly

downregulated with loading (loaded versus control non-

loaded limb). The enhanced bone formation response to

loading observed in Sost KO mice compared to LC mice

suggest that Dkk1 was not sufficient to compensate for the

loss of Sost. In addition to altered Wnt signalling, other

mechanosensitive signalling pathways are likely activated in

the absence of Sost.
It is known that there is a loss of mechanosensation occur-

ring with ageing in both humans and mice [1,22] and it is

known as well, that physiologic sclerostin levels increase

with age in humans, causing a decrease in Wnt canonical

signalling. Thus, clinical trials are underway to determine

if sclerostin neutralizing antibodies can maintain Wnt-

signalling activation in patients with low bone mass. We

also showed that the anabolic response to loading was

reduced at maturation in both LC and Sost KO mice coin-

cident with age-dependent expression of Wnt target genes

in Sost KO and LC mice as well as Sost gene expression in

LC mice [19]. The strain-matched load case reveals that both

the mean maximal principal strain (�1max) and mean minimal

principal strain (�1min) are lower in the tibial midshaft of the

adult mice compared to the young mice, so we cannot

exclude that lower tensions are, at least in part, responsible

for the reduced anabolic response of the adult mice.

Skeletal maturation led to a significant increase in Ct.Ar,

Imin and Imax in the Sost KO animals. In contrast to LC

mice, where a significant increase in CAP was observed in

adult compared to young mice, the CAP did not increase

significantly with maturation in Sost KO mice (table 1).

With their greater area and moments of inertia and non-

increased bone curvature, Sost KO mice present all possible

geometrical features that lead to low strains in their cortical

midshaft. These results likely explain why the strains in the

central portion of the adult Sost KO tibia FEM are remarkably

lower than in the central portion of the young Sost KO tibia

FEM, although the strains at the strain gauge site are similar.

Interestingly, our histomorphometric data revealed that the

greater load-induced bone gain observed in both young

and adult Sost KO mice was achieved through higher bone

formation at both the periosteal and endocortical surface in

the adult Sost KO, whereas just the periosteal surface

showed a higher response to loading in young Sost KO com-

pared to young LC mice. These findings support the

hypothesis that lower strain thresholds trigger an osteogenic

response in Sost KO even in adult mice, but, as we have

already mentioned, a correlation between formation events

and the strain environment must be performed to test this

hypothesis.

This work has limitations. Variability of the tibial

morphologic parameters between specimens within the

same age and phenotype was small (figures 1 and 2) there-

fore one FEM per phenotype and age was created. Razi

et al. [28] and Yang et al. [29] showed that small differences

in bone morphology between female C57BL/6 J mice of the
same age led to very similar strain distributions. The

models predicted very high compressive strains in the corti-

cal bone of the metaphyseal region of the young and adult

LC animals. The increased size of the growth plate in the

LC, compared to Sost KO and age-matched WT female

C57BL/6 J [28], will likely lead to an overestimation of the

strains predicted by the models in this region, especially in

the cartilage–bony element interface. A more accurate model-

ling of this interface and a mesh with very small elements in

this region are required to evaluate with precision the strain

environment of the cortical bone of the metaphysis. In this

study we did not investigate the mechanical environment in

the tibia of elderly Sost KO mice. This was motivated by

several reasons including the increased mortality observed

in elderly Sost KO mice in our breeding programme, which

would have required an excessive number of animals. Also,

the load levels necessary to reach osteogenic mechanical

strain levels for corresponding experimental studies in elderly

Sost KO mice would have damaged the joints and thus were

not performed [19].

We investigated the effect of Sost deficiency and skeletal

maturation on whole bone morphology and the local mech-

anical strain environment induced within the bone under

external controlled in vivo loading. Our key findings were:

(i) the differences in Ct.Ar, Imin and Imax between age-

matched Sost KO compared to LC mice were much more

dramatic in the adult mice, suggesting that the phenotypic

changes in bone mass observed in Sost deficient mice

follow an increasing trend until they reach adulthood. This

fact is reflected in the mechanical environment within the

bone: differences occurring with maturation were higher for

the Sost KO than for the LC mice. (ii) TMD is a minor contri-

butor to the strain distribution in tibia cortical bone compared

to bone geometry in Sost KO mice. This finding is in agree-

ment with what has been already shown for C57Bl/6 mice

[28,29]. (iii) The strains in the tibiae of the Sost deficient

mice are dramatically lower than in age-matched LC mice

under an externally applied compressive load. These differ-

ences are especially pronounced in the diaphyseal midshaft,

a region that is commonly used to assess anabolic and catabolic

changes on cortical bone. (iv) Matching the strain level at a

single point on the bone surface of the tibial mid-diaphysis,

where a strain gauge can be placed in vivo, does not ensure

comparable strains along the entire length of the tibia in age-

matched Sost KO and LC mice. It also does not ensure

comparable strains along the tibial length of young and adult

animals within the same genotype, with discrepancies

observed to be greater for the Sost KO than for the LC mice.

It is important that we understand how long-term sclero-

stin inhibition alters the strains environment in bone and

furthermore how bone anabolic and catabolic processes are

affected by it. This knowledge is crucial to determine in

which grade a multimodal therapy including sclerostin-

antibody and mechanical stimuli could have additive or

synergistic effects on bone formation. Sclerostin neutralizing

antibodies are being tested in ongoing clinical trials to target

osteoporosis [23,24], and other low bone mass disorders such

as osteogenesis imperfecta [25]. Thus, maturity-dependent

differences in bone strains should be considered when conceiv-

ing those multimodal therapies. Sost KO mice are a widely used

model to study the effects of long-term sclerostin inhibition.

Data from the current study show decreased strains in both

tension and compression at the cortical midshaft of young
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and adult Sost KO mice compared to age-matched LC even in

strain-matched load conditions. Surprisingly, our previous

work has shown an increase of load induced bone formation

surface relative to total surface (MS/BS) in young and adult

Sost KO mice compared to age-matched LC in this region.

Together these data suggest that even physical activity which

engenders low strain magnitudes, in combination with scleros-

tin inhibition, may be a promising anabolic therapy, although

age-dependent mechano-responsiveness must be considered.
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