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Abstract

Sclerostin, encoded by the Sost gene, is an important negative regulator of bone formation that has
been proposed to have a key role in regulating the response to mechanical loading. To investigate
the effect of long-term Sclerostin deficiency on mechanotransduction in bone, we performed
experiments on unloaded or loaded tibiae of 10 week old female Sost—/- and wild type mice.
Unloading was induced via 0.5U botulinum toxin (BTX) injections into the right quadriceps and
calf muscles, causing muscle paralysis and limb disuse. On a separate group of mice, increased
loading was performed on the left tibiae through unilateral cyclic axial compression of equivalent
strains (+1200 pe) at 1200 cycles/day, 5 days/week. Another cohort of mice receiving equivalent
loads (—9.0 N) also were assessed. Contralateral tibiae served as normal load controls. Loaded/
unloaded and normal load tibiae were assessed at day 14 for bone volume (BV) and formation
changes. Loss of BV was seen in the unloaded tibiae of wild type mice, but BV was not different
between normal load and unloaded Sost—/- tibiae. An increase in BV was seen in the loaded tibiae
of wild type and Sost—-/- mice over their normal load controls. The increased BV was associated
with significantly increased mid-shaft periosteal mineralizing surface/bone surface (MS/BS),
mineral apposition rate (MAR), and bone formation rate/bone surface (BFR/BS), and endosteal
MAR and BFR/BS. Notably, loading induced a greater increase in periosteal MAR and BFR/BS in
Sost—-/- mice than in wild type controls. Thus, long-term Sclerostin deficiency inhibits the bone
loss normally induced with decreased mechanical load, but it can augment the increase in bone
formation with increased load.
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Introduction

Sclerostin, a secreted glycoprotein encoded by the Sost gene, is an important negative
regulator of bone accumulation.(1:2) Sclerostin inhibits canonical Wnt signaling via blockade
of low-density-lipoprotein receptor-related protein (LRP) receptors, including LRP5 and
LRP6.(3) Sclerostin expression is specific to terminally differentiated cells embedded within
mineralized matrix, including osteocytes, cementocytes, and hypertrophic chondrocytes, but
not osteoblasts or bone lining cells.(!:4=6) The major downstream effect of Sclerostin
expression is the inhibition of osteoblastogenesis,®) although Sclerostin has also been
shown to promote osteoclastogenesis,(’:8) via modulation of receptor activator of nuclear
factor kappa-B ligand (RANKL) and osteoprotegerin (OPG), synthesis in osteocytes.(®:10)

The key role of Sclerostin in regulating bone homeostasis was identified via the human
conditions van Buchem’s disease and Sclerosteosis.(11-14) Both result from mutations in the
Sost gene, leading to increased bone formation and high bone mass. A comparable high
bone mass and increased bone formation phenotype has been described in mouse models in
which Sost is knocked-out.(5:16) This role of Sclerostin has led to inhibitory strategies for
the prevention and treatment of bone loss in osteoporosis and metabolic bone disease.
Animal and human trials of anti-Sclerostin antibodies have demonstrated increased bone
formation and mass with treatment.(27-22) Importantly, the effect on bone formation has
been seen in models of osteoporosis and on resting bone surfaces along with remodeling
surfaces.

Sclerostin has further been proposed to be a key regulator of mechanotransduction in bone.
Increases in Sclerostin have been implicated in the bone loss associated with reduced
loading. Sost mRNA expression was reported to increase in rodent models of limb disuse
and decline upon subsequent loading.(23.24) Mice deficient in Sclerostin, through genetic
knock-out or short-term anti-Sclerostin antibody treatment, did not display the same extent
of bone volume loss following hind limb unloading through tail suspension.(25:26) This result
suggests that Sclerostin expression may mediate the response of bone to unloading.
Discrepancies remain whether this bone loss inhibition is due to reduced bone anabolism, or
rather decreased resorption. Conversely, Sost mMRNA and Sclerostin protein expression were
decreased following mechanical loading, and this reduction correlated with regions showing
increased bone formation.(23:24) Importantly, in a transgenic mouse that constitutively
expressed elevated Sclerostin levels, bone formation and bone volume gain associated with
mechanical loading was inhibited.(2”) However, limited research has been undertaken to
understand the effect that Sclerostin deficiency has on bone’s ability to respond to increased
mechanical load. This investigation is important with the potential use of anti-Sclerostin
antibodies.

The canonical Wnt/B-catenin pathway has many inhibitors and regulators aside from
Sclerostin. Other Wnt inhibitors, such as secreted Fzd-related-proteins (sFRPs) and
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Dickkopfs may have a role in Wnt inhibition within the bone compartment, or may be
compensatory in the absence of Sclerostin. Interestingly, Dickkopf-1 (Dkk1) is up-regulated
when Sclerostin is absent.(28:29) Further, Dkk1 might have a Wnt3a-independent effect on
cyclooxygenase-2 (Cox-2) expression, an early mechanical loading induced transcript.(30)

In this study, we aimed to investigate the effects of long-term Sclerostin deficiency on
mechanotransduction. Increased and decreased loading studies were performed on the Sost-/
— mouse and age-matched wild type controls. Bone volume and formation changes in
loaded/unloaded and contralateral tibiae were examined using a combination of micro-
computed tomography (microCT) and histomorphometry outcome measures.

Materials and Methods

Sost

knockout mice Sost—/- mice, previously described,14:31) were backcrossed to C57BL/6J
genetic background using founders with above 99.09% isogenicity/identity to the C57BL/6J
strain. Age-matched Sost+/+ (wild type/WT) C57BL/6J control mice were obtained (Charles
River Laboratories, Sulzfeld, Germany). All animal experiments were approved by the
Western Sydney LHD Animal Ethics Committee, protocol 4174.

Botulinum toxin-induced tibial unloading

10 week old female Sost—/- and wild type mice (N = 10/strain) were anesthetized (70 mg/kg
ketamine, 10 mg/kg xylazine) and then injected with 0.5U botulinum toxin (BTX, Allergen)
into both the right quadriceps and the right calf muscles. This treatment caused tibial
unloading by muscle paralysis and limb disuse. After 24 hours mice were unable to use their
right hind limb. Left tibiae served as normal load controls. Mice were monitored throughout
the study to ensure limb disuse was maintained; including assessing ability to grip, walk,
and stretch out the right hind limb. Weekly body weights were recorded (Fig. S1). Mice
were injected with calcein (10 mg/kg, Sigma Aldrich) 8 and 1 days before euthanasia, and
euthanized at day 14. Post-harvest, hind limbs (tibia, fibular, femur and muscle) were
weighed excluding skin and feet, and fixed 24 hours, 10% formalin and stored in 70%
ethanol.

Tibial mid-diaphyseal strain gauging

As Sost—/- mice possessed denser bones than wild type, strain gauging was performed to
calibrate the applied loading to reflect any stiffness differences present between the two
genotypes. Strain (bone tissue deformation) levels at the midshaft of right and left tibiae
were measured in 10 week old female Sost—/—- and wild type mice (N = 5/strain) as
previously described.(32) Briefly, mice were anesthetized (isoflurane inhalation) and a small
incision was made in the skin at the anterior tibia, half way down the bone. Muscle and
periosteum were scraped away to expose the diaphysis, and the bone cleaned/dried with
methyl ethyl ketone. A miniature single element strain gauge (EA-06-015LA-120, Vishay
Micromeasurements, NC, USA) was attached to the medial midshaft aligned with the bone’s
longitudinal axis.
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The left hind limb was placed into a custom made loading apparatus so that the heel and
knee were cupped and held securely. A range of cyclic axial compressive loads, ranging —4
to —24N, were applied using a 4 Hz haversine waveform. No tibial failures occurred with the
load range. The strain at each load increment was recorded (National Instruments, Labview
v8.2). The relationship between the axial force applied and the strain on the tibial midshaft
was determined for each genotype and was used to calculate the load required to achieve
+1200ue at the tibial mid-shaft for both the Sost-/- and wild type mice.

Cyclic tibial loading

10 week old female Sost—/- and wild type mice (N = 10/strain) underwent unilateral cyclic
axial compression of the left tibia. 1200 cycles were applied 5 days/week for 2 weeks, with
rest on days 6, 7, 12, and 13. Equivalent loads for Sost—/- and wild type mice were applied
to achieve +1200pe on the mid-shaft. A separate cohort of wild type and Sost—/- mice all
received —9.0N force to directly compare load-matched responses between the genotypes.
Weekly body weights were recorded (Fig. S1).

Mice were injected with calcein (10 mg/kg, Sigma) 10 and 3 days before euthanasia, and
euthanized at day 14. Tibiae were fixed 24 hours in 10% formalin and stored in 70%
ethanol.

Dual-energy X-ray absorptiometry

MicroCT

Dual-energy X-ray absorptiometry (DXA) (GE Lunar PIXImus; Lunar Piximus Corp,
Madison, WI, USA) was performed at days 0, 7, and 14 for unloading and loading studies,
either under isoflurane anesthesia or post-euthanasia. For unloading studies a region of
interest of 20 pixels long by 13 pixels wide was positioned below the growth plate within
the metaphysis, which is the region most responsive to unloading-induced bone loss. For
loading studies a region of interest of 30 pixels long by 13 pixels wide was analyzed in the
diaphysis, centered half-way along the tibia, to correlate with the region where the known
strain was produced. Bone mineral density (BMD) and bone mineral content (BMC) were
obtained.

Right and left tibiae from unloading/loading studies were microCT scanned (Skyscan 1174
2; Skyscan NV, Kontich, Belgium) using 12 pum isotropic voxel resolution, 0.5 mm
aluminium filter, 50 kV X-ray tube voltage, 800 LA tube electric current, and 4500 ms
exposure time. Images were reconstructed using a 0-0.1 greyscale (NRecon v1.6.1.7;
Skyscan NV) and analysed with CTAnalyser (Skyscan NV). The minimum threshold for
bone was 0.4 g/cm3, determined through correlation to phantoms of known density.

All microCT analysis excluded the fibula. A volume of interest (VOI) denoted “7.8 mm
VOI” was selected, commencing 0.5 mm below the growth plate and finishing 7.8 mm
distally, proximal to the tibia-fibula joint (Fig. 1). Consecutive VOlIs of height 0.06 mm
were assessed along the 7.8 mm VOI to visualize bone volume change, between treated and
control, along the loaded/unloaded tibiae. Sub-regional analysis was performed within the
metaphysis and diaphysis (Fig. 1). A metaphyseal VOI height of a 1.2 mm, commencing 0.5
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mm below the growth plate, was denoted the metaphyseal “Canc+Cort” VOI as it assessed
both the cancellous and cortical metaphyseal bone together. Within this region, a
“Cancellous” only VOI was analyzed by excluding the cortical sheath. The “Cortical” bone
was also analyzed separately, excluding cancellous bone. Two diaphyseal VOIs of 0.5 mm
height were assessed, 37% and 50% down the tibia from the proximal end. These VOls

correspond with other published studies that examine the response to increased load in the
tibia.(23,32-34)

Bone parameters assessed within cancellous VOIs were trabecular bone volume (BV),
trabecular bone volume/total volume (BV/TV), tissue volume (TV), and tissue mineral
density (TMD), as well as microarchitecture parameters of trabecular thickness (Tb.Th),
number (Th.N), and separation (Th.Sp). Within cortical VOIs cortical BV, cortical thickness
(Ct. Th) and TMD were assessed, as well as periosteal (Ps) and endosteal (Ec) surface and
polar moment of inertia [MMI(polar)], a geometric predictor of whole bone strength. When
the metaphyseal VVOI contained cancellous and cortical bone then BV and TV were
assessed.

Bone histomorphometry

Mineralized diaphyseal samples were embedded in methyl methacrylate and 5 um transverse
sections cut at two regions of interest in each tibia: 37% and 50% from the proximal end of
the tibiae. Images were captured using a Leica DMLA CTRMC microscope (Leica
Microsystems, Heerbrugg, Switzerland) and a QICAM Fast 1394 color 12 bit camera with
QCapture software version 2.6.8.2 (Quantitative Imaging Corporation, British Columbia,
Canada). The diaphyseal cortical bone was analyzed for daily mineral apposition rate
(MAR), mineralizing surface/bone surface (MS/BS), and bone formation rate/bone surface
(BFR/BS).

Coronal sections of the proximal tibiae were cut for metaphyseal cancellous bone
assessment. Mineralized metaphyseal samples were cryosectioned (5 um) using Cryofilm
type 11CA0) (Section-Lab Co., Hiroshima, Japan) and images captured using Aperio
Scanscope FL, Scanscope CS2 and Aperio Imagescope v11.2.0.780 (Aperio, Vista, CA,
USA). Samples were analyzed for MAR, MS/BS, and BFR/BS. Sections were also stained
for tartrate-resistant acid phosphatase (TRAP) and analysis performed for osteoclast number
(N.Oc), osteoclast surface (Oc.S), and bone surface (BS), with the size of the osteoclast
(Oc.S/BS) and the fraction of bone surface with osteoclasts adhered (Oc.S/BS) examined.
All histomorphometry was performed with BIOQUANT measure 32 Nova Prime (Nashville,
TN, USA).

Statistical analysis

Statistical analysis of strain gauge data between mouse genotypes was performed using non-
parametric Mann-Whitney U test. Remaining statistical assessment between genotypes was
performed using parametric independent sample t-test with a 95% confidence interval.
Analysis of contralateral tibiae was performed using parametric paired samples test with a
95% confidence interval. Comparison of the effect of loading/unloading treatment between
genotypes was analyzed via general linear analysis using univariate analysis of variance. For

J Bone Miner Res. Author manuscript; available in PMC 2015 November 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morse et al. Page 6

all testing a value of p < 0.05 was considered significant. All analysis was performed using
IBM SPSS Statistics 20 (SPSS Inc., Chicago, IL, USA).

Results

Sclerostin deficiency prevents bone loss caused by unloading

Localized muscle wastage was evident following BTX treatment, with 26% decreases in
weight of wild type and Sost-/— BTX-treated hind limbs versus their contralateral controls
(p < 0.01, Fig. 2A). There were no differences in hind limb weight between genotypes when
comparing treated hind-limbs only, or control hind limbs only.

Prior to BTX treatment the tibiae intended for unloading (right tibiae) of the wild type mice
had significantly greater BMD within the metaphysis than contralateral control (left) tibiae,
as measured by DXA (Fig. 2B); likely due to manual positioning of ROIs for analysis.
However, the response with unloading in wild type mice was such that metaphyseal BMD
was significantly reduced (—8%) by day 14, compared to control tibiae (p < 0.01). In
contrast, longitudinal assessment by DXA in Sost—/— mice showed no significant change
between the unloaded and control limbs in metaphyseal BMD at any time point. Percent
change in BMD from day 0 was not related to body weight changes for the unloaded tibiae
(Fig. S1). Metaphyseal BMC by DXA trended in response to unloading in a similar manner
as BMD for wild type and Sost—-/— mice (data not shown). MicroCT confirmed decreased
bone volume with unloading in the wild type mice (5%, p < 0.01, Fig. 2C), but there was
no significant difference between the Sost—/—- unloaded and contralateral tibiae. The BV
change along the tibiae of wild type and Sost—/- mice was demonstrated in a histogram (Fig.
2D).

Sub-regional microCT analyses were performed (Tables 1 and 2). In unloaded wild type
tibiae, metaphyseal bone volume decreased 9% compared to the control limb (p < 0.01).
This decreased metaphyseal BV was within both cortical (=7%, p < 0.05) and cancellous
(-20%, p < 0.01) bone. Cortical thickness (—10%, p < 0.01) and cortical TMD (-3%, p <
0.05) were also significantly decreased with unloading. This cortical bone loss in response to
unloading appeared to be primarily on the endosteal surface with an increase in the
endosteal perimeter (4%, p < 0.01) and also an increase in TV of the cancellous region (9%,
p < 0.01). Cancellous BV/TV (-25%), Tb.N (-17%), and TMD (-8%) were all significantly
decreased (p < 0.01). The mid-diaphysis showed similarly a loss of bone in response to
unloading. The two mid-diaphyseal VOIs showed significant decreases (between —5% and
—8%) in BV and cortical thickness with unloading in the wild type tibiae (p < 0.01). In the
37% cortical VOI, the endosteal perimeter was significantly increased (7%, p < 0.05),
suggesting localized widening of the marrow cavity at this region.

In the Sost—/- unloaded tibiae a statistically significant but small (—3%) decrease in cortical
thickness was seen in the 50% cortical VOI (p < 0.05). This decrease did not translate into
changes on any other bone parameters, for either the 50% or 37% cortical VVOlIs.

Dynamic histomorphometry of control wild type and Sost—/- tibiae indicated that bone
formation in the metaphysis of Sost—/- mice approached that of wild type mice by 12 weeks
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of (Fig. 3). Further, unloading did not alter any of these bone formation parameters in wild
type or Sost—/- mice, suggesting bone formation was not the major responder to decreased
loading. However, no changes were seen in N.Oc, Oc.S/N.Oc, or Oc.S/BS with unloading
compared to control tibiae for wild type and Sost-/- mice, suggesting no unloading-related
changes in osteoclast size or the fraction of bone surface with osteoclasts adhered. Wild type
control and unloaded tibiae did have significantly greater Oc.S/BS compared to Sost—/-
control and unloaded tibiae (p < 0.01). This difference is likely due to a greater bone surface
in the Sost—/— mice as N.Oc was not changed between the mouse strains or treatment.

Variation of bone strain in Sclerostin deficient mice

The Sost—/- tibiae showed a trend toward increased stiffness under the same compressive
cyclic loading force compared to wild type control mice. While this difference did not reach
significance (p = 0.09, Fig. 4), a post hoc power analysis indicated based on the effect size
(Cohen d value=1.24) that the observed power ($) was 0.32. Based on the high effect size
both strain matched and force matched experiments were carried out. For strain-matched
experiments, the Sost-/- and wild type mice received —12.5 N and —9.0 N force,
respectively, to induce equivalent strains of 1200ue on the mid-diaphysis of the tibiae. For
force matched experiments, separate groups of Sost—/— and wild type mice received —9.0 N
loading.

Sclerostin deficiency results in increased load-induced bone formation

Prior to loading (day 0) the relative BMD of wild type tibial middiaphyses intended for
loading (left tibiae) was less than that of the contralateral controls (right tibiae) (p < 0.05) as
measured by DXA (Fig. 5A); likely due to manual positioning of ROIs for analysis.
However, the response of strain-matched loading by day 14 was a significant increase in
diaphyseal BMD over controls (16%, p < 0.01). No difference in BMD was seen at day 0
between the loaded/contralateral Sost—/- tibiae by DXA (Fig. 5A). Notably, diaphyseal
BMD was significantly increased in the strain-matched Sost—/— mice following loading
(11% at day 7, 23% at day 14; p < 0.01). Change in BMD over the study period was not
related to body weight changes (Fig. S1). Diaphyseal BMC trended similarly to BMD in
wild type and Sost-/- mice by DXA (data not shown).

Loading-induced increases in BV was confirmed by MicroCT in wild type and Sost—/— mice
at day 14 (p < 0.01, Fig. 5B). The 20% BV increase in strain-matched Sost—/- tibiae was
significantly greater than the 15% BV increase in wild type tibiae (p < 0.01). These BV
increases were constant along the 7.8 mm diaphyseal region that was analyzed (Fig. 5C).
Similar BMD and bone volume responses to loading were also seen in the load-matched
study for the Sost—/— mice (Fig. 6). This confirmed that the response to loading in the Sost-/
— mice was not only a result of the increased load applied in the strain-matched study.

As strain engendered on the bone, rather than an external load, correlates with
mechanotransduction responses,35-38) further microCT sub-regional analysis was
performed for the strain-matched loading cohort of mice. Within the metaphysis effects with
loading were similar in the wild type and Sost—/— mice (Table 1). BV was increased in the
loaded tibiae compared to their contralateral controls, but only within the cortical bone
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compartment (p < 0.01). The 29% increase in Sost—/- cortical BV was significantly greater
than the 13% increase in WT tibiae (p < 0.01). The cortical thickness of this metaphyseal
sheath was increased for both wild type and Sost—/- loaded tibiae, due to increases in their
periosteal perimeters (p < 0.01). A small 2% TMD increase was seen in the Sost—/— loaded
metaphyseal cortex only (p < 0.01). No change in BV or BV/TV was seen in the cancellous
metaphyseal bone of the wild type mice, while Sost—/- mice had a significant decrease in
cancellous BV and BV/TV with loading (—13% and —7%, p < 0.05). However, TV of the
cancellous compartment was also 5% decreased in the Sost—/- loaded mice (p < 0.01),
suggesting a shift toward cortical bone within the metaphyseal VOI of the Sost—/- tibiae.

The cortical bone within the two mid-diaphyseal VOIs (37%, 50% along the tibiae,
respectively) showed similar results to the metaphyseal cortical bone (Table 2). There were
significant increases seen in BV (17%, 19% wild type; 19%, 13% Sost—/-), Ct.Th (16%,
17% wild type; 16%, 10% Sost—/-), and periosteal perimeter (5%, 8% wild type; 5%, 4%
Sost-/-) (p < 0.01), suggesting periosteal expansion. These resulted in increased

MMl (polar) in both wild type (26%, 30%) and Sost—/- (30%, 20%) loaded tibiae compared
to their contralateral controls (p < 0.01). A small 2% increase in TMD was seen within the
37% VOI for Sost—/- loaded tibiae only (p < 0.01).

Dynamic histomorphometry of non-loaded control tibiae of the wild type and Sost—/- mice
indicated that bone formation in the mid-diaphysis of Sost—/- mice approached that of wild
type mice by 12 weeks of age (Fig. 7). Within the metaphyseal cancellous bone MS/BS,
MAR and BFR/BS were not different between the genotypes. Within the mid-diaphysis
(37% cortical ROI) MS/BS was significantly increased in the Sost—/- control tibiae
compared to wild type control (p < 0.01), but MAR and BFR/BS were not different between
the genotypes on either the periosteal or endosteal surfaces. Comparable findings were noted
at the mid-diaphyseal 50% cortical ROI (data not shown).

Periosteal and endosteal responses were both seen with loading of wild type and Sost-/-
mice. On the periosteal surface, MS/BS, MAR, and BFR/BS were all significantly increased
compared to the contralateral control tibiae (p < 0.01). The MAR and BFR/BS response was
greater in Sost—-/— mice than wild type (p < 0.01). Endosteal MAR (p < 0.01) and BFR (p <
0.05) were also significantly increased for wild type and Sost—/— mice. However, MS/BS
was decreased on this surface for both wild type (p < 0.01) and Sost-/- loaded tibiae (p <
0.05).

Discussion

This study comprehensively investigates the response of the Sost—/— mouse line to increased
cyclic loading and Botox-induced unloading. Sclerostin plays a major role in
mechanotransduction in bone. Acute and chronic Sclerostin deficiency can prevent bone loss
associated with reduced loading(®>26) and upregulation of Sclerostin can prevent increases
in bone volume associated with increased loading.(2”) We hypothesized that the response of
bone to mechanical loading and unloading would be significantly impaired in the absence of
Sclerostin, in comparison to C57BI/6J wild type controls.
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Contrary to our initial hypothesis, Sost—/— mice responded positively to a cyclic load
protocol; cortical bone volume increased significantly in both Sost—/- and control mice and
correlated with increased bone formation. While Sclerostin has been identified as a key
factor in the anabolic response of bone to load, our results indicate an alternative Sclerostin-
independent mechanism. While prior findings indicate that Sclerostin down-regulation
within osteocytes is necessary for bone response to loading,(2”) our data suggest that Sost
deficiency is not sufficient to induce maximal bone anabolism, and that anabolism can be
further increased with mechanical load. Further, an enhanced bone formation response to
increased load was seen in the Sost—/- tibiae. MAR and BFR/BS responses on the periosteal
mid-diaphyseal surfaces of the Sost—/- tibiae were increased compared to the wild type
responses. These data indicate an increased response to strain-matched loading with Sost
deficiency.

While the anabolic response to load is not dependent on Sclerostin, unloading-induced bone
loss was attenuated in Sost—/— mice. This is consistent with the prior literature showing
Sclerostin to be a key modulator of unloading induced bone loss.(25:26:39) Direct resorption
assessment would provide clearer information of this effect on catabolism, as the osteoclast
parameters measured only reflect their resorption activity. However, as bone formation was
not effected by unloading this appears to disregard bone anabolism changes as the primary
response of decrease bone volume with unloading.

These results of loading and unloading regimes in a situation of long-term Sclerostin
deficiency provide clinically relevant findings. Human studies of bed-rest have reported
elevated Sclerostin levels, suggesting that anti-Sclerostin treatment may target the
mechanism of bone loss.(4%41) These data support the clinical utility of anti-Sclerostin
therapies for treating boss loss associated with unloading, such as disuse osteopenia. Further,
the benefit of encouraging exercise/bone loading for individuals with osteoporosis receiving
anti-Sclerostin therapy is unknown. These data raise the possibility that exercise may
provide an additive anabolic effect on bone even in the presence of Sclerostin blockade.
However, this hypothesis will need to be validated via controlled clinical studies.

The Sclerostin-independent bone response to increased load indicates the involvement of
other factors in bone mechanotransduction. Other inhibitors of the canonical Wnt/B-catenin
signaling pathway may have a role in mechanotransduction, acting along-side Sclerostin or
taking up such a role where Sclerostin is deficient. Such compensation may be the cause of
the comparable metaphyseal and diaphyseal bone formation parameters between Sost—/-
and wild type control tibiae at 12 weeks age. A key candidate is Dkk1 which is up-regulated
in the Sclerostin knock-out mouse and within van Buchem and Sclerosteosis patients.(28:29)
Elevated Dkk1 levels within the bone compartment could down-regulate in response to
increased load, leading to increased Wnt/B-catenin signaling and bone formation. Further, a
more intricate system independent of, or in synergy with, the Wnt/B-catenin pathway may be
involved in bone modulation. Factors of interest include estrogen receptor a (ERa), insulin-
like growth factor 1 (IGF-1), parathyroid hormone (PTH), leptin, prostanoids, PGE2,
connexin 43, interleukin-11, and bone morphogenetic proteins (BMPs).(30.42-47)
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Future work investigating other potential mechanotransduction modulators is required. Such
prospective modulators may be highlighted by gene and protein expression analysis
following loading/unloading and also studies of longer loading/unloading periods. In
particular, prolonged unloading in a Sclerostin deficient system has not been studied in
detail and compensatory responses may emerge with longer unloading. Moreover,
investigation of models that feature deficiency in multiple Wnt pathway regulators may
reveal compensation or synergy with Sclerostin, or suggest modulators outside the Wnt
pathway.

Bone volume was increased in diaphyseal and metaphyseal cortical bone of wild type and
Sost-/- mice. The metaphyseal bone response was greater in the Sost—/- tibiae than the wild
type tibiae, and could reflect site-specific differences in mechanical strain induced on the
two genotypes. The strains induced when loading the Sost—/- and wild type bones were
measured and calibrated, but only the diaphyseal strains could be concluded as equivalent.
Differences in bone volume, stiffness, and geometry between the genotypes may affect the
strain engendered within the metaphysis. However, bone compartment specific responses to
changes in Wnt/B-catenin signaling are known and may support the site-specific responses
seen in the Sost—/- tibiae as true effects.(28:39)

An anabolic bone response to loading was not seen within metaphyseal cancellous bone of
either Sost—/- or wild type mice. Further, the overall tissue volume of the metaphyseal
cancellous region was reduced in the Sost—/— mice. These data suggest a generalized
corticalization of the Sost—/— metaphysis in response to increased loading.

The lack of an anabolic cancellous response is in contrast to other similar loading regimes
within the literature,(32-3448) |ikely due to the age of the mice used, the mechanical strain
engendered, or the VOIs selected. An age-dependent response of cancellous bone to loading
has been shown, particularly when comparing growing mice versus adult mice.(48) Further,
studies with a cancellous bone response in C57BI/6 mice, of comparable age and loading
regimes as our investigation, were either loaded to induce a higher tibial mid-shaft strain, or
were measured with more rudimentary VOIs.(32-34) These VOIs were cylinder volumes
positioned within the marrow space of the metaphysis, providing only a representative
examination of the cancellous bone. Our study provided a more expansive investigation.
This does highlight the challenge of comparing results of published loading/unloading
studies, with no commonly accepted standards for analysis. Other variables such as sex,
loading period/regime, and mouse strain may also be responsible for inconsistencies in wild
type responses within the literature. Of particular note, with emerging evidence of ERa
involvement in mechanotransduction, there may be gender specific effects confounding
comparisons.(30:44)

Some limitations existing within this study are worth note. Littermate controls, unavailable
to us, would have provided optimal controls. Back-crossing of founder Sost—/- mice, of
99.09% isogenicity/identity to the C57BL/6J strain, supports minimum strain differences;
however, genetic drift between the two colonies cannot be completely discounted. Further,
age-matched non-treated mice would provide rigorous baseline controls, confirming
contralateral tibiae as suitable controls. There is the potential for compensation by control
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limbs following treatment of the contralateral limbs, particularly in the BTX model.
Previous murine unloading studies utilising BTX to induce hind-limb disuse have shown
moderate systemic effects resulting in a lowering of bone mass in the contralateral (non-
treated) tibiae compared to baseline controls, likely a result of reduced activity.(49.50)
However, this does not discount the comparative effect of unloaded tibia.

Despite these limitations, this study presents a direct comparison of increased and decreased
load responses in Sclerostin deficient bone and provides novel information about the role of
Sclerostin in mechanotransduction. Although Sclerostin loss-of-function offers protection
from unloading induced bone loss, it does not prevent bone gain in response to increased
load but rather results in an increased bone formation response. Thus, while Sclerostin may
be involved in bone mechanotransduction, it is not the sole modulator of the loading
response. Future work is required to elucidate other factors that are essential for sensing and
transducing mechanotransduction signals in response to bone load. Disclosures The authors
received materials support for this study from Novartis Pharma. The authors have received
additional funding and materials support from Novartis Pharma for research separate to this
submission. Prof. Little has received funding support from Amgen and Celgene and Dr.
Schindeler has received funding support from Celgene and N8 Medical for studies unrelated
to this submission.
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Fig. 1.
A 7.8 mm VOI of the tibia starting 0.5 mm below the proximal growth plate was assessed.

Sub-regional analysis was performed in 3 VOIs. VOI 1 (Metaphyseal Canc + Cort)
represents metaphyseal bone with 1.2 mm height starting 0.5 mm below the growth plate.
The Cortical and Cancellous bone compartments of this VOI were analysed separately and
together. VOI 2 (37% Cortical) and VOI 3 (50% Cortical) represents diaphyseal cortical
bone in two 0.5 mm height VOlIs situated 37% and 50% down from the proximal tibia.
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Control and unloaded tibiae of WT (wild type) and Sost—/— mice: (A) End point weight of
control and BTX-treated hind limbs: tibia, fibula, femur and muscle, excluding skin and
feet; (B) DXA measured mean bone mineral (BMD) of the tibial metaphysis at days 0, 7,
and 14. Bars represent + SD; (C) MicroCT measured mean bone volume, within the 7.8 mm
VOI of the tibiae. Bars represent + SD; (D) Bone volume change between unloaded and
control tibiae along the 7.8 mm VOI. 1-3. Localities of sub-regional VOls: 1. Metaphyseal

VOlI, 2. 37% Cortical VOI, 3. 50% Cortical VOI. **p < 0.01.
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Fig. 3.

Histomorphometric analysis of unloaded and control wild type (WT) and Sost—/- tibiae
within metaphyseal cancellous bone. MS/BS, mineralizing surface/bone surface; MAR,
mineral apposition rate/day; BFR/BS, bone formation rate/bone surface; N.Oc, osteoclast
number; Oc.S/N.Oc, osteoclast surface/osteoclast number; Oc.S/BS, osteoclast surface/bone
surface. Bars represent + SD, n = 8-10 per group. **p < 0.01, *p < 0.05.
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Fig. 4.
Mean stiffness of wild type (WT) and Sost—/- tibiae measured by strain gauging of the mid-

diaphysis. Sost—/- tibiae trended toward being stiffer than WT controls (p = 0.09). Bars
represent + SD, n = 4-5 per group.
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Control and strain-matched (1200pe) loaded tibiae of WT (wild type) and Sost—/- mice: (A)
DXA measured mean bone mineral (BMD) of the tibial diaphysis at days 0, 7, and 14. Bars
represent + SD; (B) MicroCT measured mean bone volume, within the 7.8 mm VOI of the
tibiae. Bars represent + SD; (C) Bone volume change between loaded and control tibiae
along the 7.8 mm VOI. 1-3. Localities of sub-regional VOIs: 1. Metaphyseal VVOI, 2. 37%
Cortical VOI, 3. 50% Cortical VOI. **p < 0.01

J Bone Miner Res. Author manuscript; available in PMC 2015 November 01.

3.5+
Ik JL M wmwr

Sost-/-



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Morse et al. Page 20

A DXA Diaphyseal BMD
0.09 -
* —@— WT Control
0.08 1 - 4~- WT Treated
~ 0.07 » «—te—S0st -/- Control
£
=] «++A++ Sost-/-Treated
3" 0.06 »
)
S 0054
-]
0.04 »
z
0.00 % ' . '
0 7 14
Days
B MicroCT BV of 7.8 mm VOI C MicroCT BV Change with Loading
o 1 2 3
e 3.5
1600- E | — M m
£ 3.04 | WT
1200- 2 254 Sost-/-
— T
E 8 20
§ 'FE- 1.5-
- g 1.0 \V
g /
S 0.5 N
o
> 0-0 L] L] T T L] L] Ll Ll T L] T L] Ll U L]
[a1] OOQ‘&N(DOQ’&N(DO#QN&D
O 1 Qg = 0 O Py NGO 9 O .0 D O
OO T~ AN NOMOMOMITITOLL O OMNOD
Distance below the proximal growth plate (mm)

Fig. 6.

antrol and load-matched (—9.0N) loaded tibiae of WT (wild type) and Sost-/— mice: (A)
DXA measured mean bone mineral (BMD) of the tibial diaphysis at days 0, 7, and 14. Bars
represent + SD; (B) MicroCT measured mean bone volume, within the 7.8 mm VOI of the
tibiae. Bars represent + SD; (C) Bone volume change between loaded and control tibiae
along the 7.8 mm VOI. 1-3. Localities of sub-regional VOlIs: 1. Metaphyseal VOI, 2. 37%
Cortical VOI, 3. 50% Cortical VOI. **p < 0.01, *p < 0.05.
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Fig. 7.
Histomorphometric analysis of strain-matched (1200pe) loaded and control wild type (WT)

and Sost-/- tibiae within the diaphyseal 37% Cortical VOI. (A) Periosteal and endosteal
surfaces were analysed for: MS/BS, mineralizing surface/bone surface; MAR mineral
apposition rate/day; BFR/BS, bone formation rate/bone surface. Bars represent + SD, n= 8-
10 per group. **p < 0.01, *p < 0.05. (B) Representative images of Calcein bone labeling.
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