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Mice with sclerostin gene deletion are resistant to the severe
sublesional bone loss induced by spinal cord injury
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Abstract
Summary Bone loss after spinal cord injury (SCI) is rapid, se-
vere, and refractory to interventions studied to date. Mice with
sclerostin gene deletion are resistant to the severe sublesional
bone loss induced by SCI, further indicating pharmacological
inhibition of sclerostin may represent a promising novel ap-
proach to this challenging medical problem.
Introduction The bone loss secondary to spinal cord injury
(SCI) is associated with several unique pathological features,
including the permanent immobilization, neurological dys-
function, and systemic hormonal alternations. It remains un-
clear how these complex pathophysiological changes are
linked tomolecular alterations that influence bonemetabolism
in SCI. Sclerostin is a key negative regulator of bone forma-
tion and bone mass. We hypothesized that sclerostin could
function as a major mediator of bone loss following SCI.

Methods To test this hypothesis, 10-week-old female
sclerostin knockout (SOST KO) and wild type (WT) mice
underwent complete spinal cord transection or laminectomy
(Sham).
Results At 8 weeks after SCI, substantial loss of bone mineral
density was observed at the distal femur and proximal tibia in
WT mice but not in SOST KO mice. By μCT, trabecular bone
volume of the distal femur was markedly decreased by 64 %
in WT mice after SCI. In striking contrast, there was no sig-
nificant reduction of bone volume in SOST KO/SCI mice
compared with SOST KO/sham. Histomorphometric analysis
of trabecular bone revealed that the significant reduction in
bone formation rate following SCI was observed in WT mice
but not in SOST KO mice. Moreover, SCI did not alter osteo-
blastogenesis of marrow stromal cells in SOST KO mice.
Conclusion Our findings demonstrate that SOST KO mice
were protected from the major sublesional bone loss that in-
variably follows SCI. The evidence indicates that sclerostin is
an important mediator of the marked sublesional bone loss
after SCI, and that pharmacological inhibition of sclerostin
may represent a promising novel approach to this challenging
clinical problem.
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MS/BS Mineralizing surface/bone surface
MSCs Mesenchymal stem cells
PFA Paraformyldahyde
SCI Spinal cord injury
SOST Sclerostin

Introduction

Spinal cord injury (SCI) is a devastating neurological disorder
that causes rapid and severe osteoporosis with increased risk
of fracture below the level of injury [1]. In patients with neu-
rologically motor-complete SCI, bone mass may be reduced
bymore than 50% at the distal femur and proximal tibia [1, 2].
Sublesional bone loss is most rapid during the first 6 to
12 months after SCI [3, 4] and continues beyond the initial
rapid phase of bone loss in both the cortical and trabecular
compartments [5]. The mechanisms responsible for SCI-
induced bone loss remain largely unknown, and, as such, there
is no targeted approach that has been identified to adequately
preserve the mass and structural integrity of bone after motor-
complete SCI [6]. A better understanding of the molecular
mechanism and risk factors for SCI-related bone loss is critical
in identifying therapeutic targets for the prevention or treat-
ment of osteoporosis, fracture, and associated comorbidity.

The Wnt/β-catenin pathway has been reported to have
an anabolic action on bone by regulating osteoblast func-
tion [7, 8]. Regulation of Wnt signaling in bone by Wnt
inhibitors including sclerostin, DKK1, and sFRPs is cru-
cial in the pathogenesis of disuse osteopenia [9].
Sclerostin, a product of the SOST gene, is produced pre-
dominantly by osteocytes and is a potent inhibitor of bone
formation. Sclerostin and DKK1 act by binding to the
Wnt coreceptor LRP5/6 thereby inhibiting Wnt signaling,
whereas sFRPs bind Wnts to reduce their biological ac-
tivity [9]. In humans and mice, loss of function mutations
in SOST increases bone mass [10, 11]. Following in vivo
mechanical loading, SOST/sclerostin is downregulated
[12]. Conversely, expression of sclerostin is increased in
osteocytes after hindlimb unloading [12, 13]. Importantly,
targeted deletion of the sclerostin gene in mice increased
bone formation and bone strength [13, 14] and conferred
resistance to mechanical unloading-induced bone loss
[13]. Sclerostin antibody restored bone mass after ovari-
ectomy [15] and increased bone mass in aged male rats
[16] and, furthermore, it mitigated bone loss in animal
models of hindlimb-immobilization [17]. In recent phase
I and II clinical trials in postmenopausal women,
sclerostin antibody increased bone mineral density
(BMD) and bone formation markers while it decreased a
marker of bone resorption [18, 19]. Recent clinical studies
suggest elevation of serum sclerostin levels after acute
SCI [20]. Most recently, the application of sclerostin

antibody increased bone formation and prevented bone
loss and osteocyte morphology/structure changes in rat
models of acute SCI [21, 22], suggesting that sclerostin
is probably responsible for modulating SCI-related bone
loss.

Based on these consideration, we hypothesize that
sclerostin could function as a major mediator of bone loss
following SCI. To test this hypothesis, it would require inves-
tigating the response of mice to SCI-induced extrememechan-
ical unloading in the absence of sclerostin gene. We sought to
test the effects of a complete spinal cord transection (T10) on
bone loss in sclerostin knockout (SOST KO) mice and com-
pare findings to those of wild-type (WT) mice with SCI. If
sclerostin is important for SCI-induced bone loss, then the
mice with targeted deletion of sclerostin gene should be resis-
tant to such bone loss.

Materials and methods

Animals, surgery, and tissue collection

Ten-week-old female SOST KO mice (20–25 g) and WTcon-
trol mice were obtained from Amgen as previously described
[14]. All animals were maintained on a 12:12-h light/dark
cycle with lights on at 07:00 h in a temperature-controlled
(20 ± 2 °C) vivarium, and all procedures were approved by
the James J Peters VAMedical Center IACUC. Animals were
provided water and standard chow ad libitum.

Four groups of animals were studied: WT/Sham, WT/SCI,
SOST KO/Sham, and SOST KO/SCI (n = 11–15 per group).
Spinal cord transection surgery was performed, as previously
described, with some modifications [23, 24]. In brief, animals
were anesthetized by inhalation of isoflurane and the spinal
cord was transected at the interspace between the ninth and
tenth vertebral bodies. Urine was expressed three times daily
until automaticity of bladder developed, then as needed.
Baytril was administered for the first 3 days postoperatively
then as indicated for cloudy or bloody urine or for overt
wound infection. Sham-transected animals received an identi-
cal surgery, including a laminectomy, except that the spinal
cord was not manipulated.

For dynamic histomorphometric analysis, newly formed
bones were labeled with fluorochromes by subcutaneous in-
jection of calcein (10 mg/kg body weight) and xylenol orange
(90 mg/kg) on day −6 and −2 before euthanasia, respectively.
Eight weeks after SCI, animals were euthanized by inhalation
of isoflurane prior to harvesting of tissue for study. The leg
was removed using sterile technique; careful dissection was
performed to free the head of the femur from the pelvis. The
gastrocnemius muscle was removed by careful dissection,
weighed, and normalized relative to body weight prior to spi-
nal cord transection (pre-operative body weight). Blood was
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collected by cardiac puncture. To preserve bone for micro-CT
and histomorphometry studies (n = 6–8 per group), the left leg
was removed and placed into tubes containing 4 % PFA over-
night, after which the PFAwas replaced with 70 % ethanol for
storage. The right femur and tibia (n = 4–5 per group)
were placed in ice-cold Minimum Essential Alpha
Medium (α-MEM) and then immediately processed for
bone marrow cell cultures.

Dual-energy X-ray absorptiometry

Areal BMD measurements were performed by using a small
animal dual-energy X-ray absorptiometer (DXA) (Lunar
Piximus, WI, USA) as described [22, 25, 26]. Hindlimbs were
positioned on the DXA platform with the knee flexed at an
angle of 135 degrees, and DXA images were acquired with
Lunar Pixmus software. The instrument was calibrated with a
phantom following the procedures recommended by the man-
ufacturer on each day of use prior to analysis of experimental
samples. The metaphysis of the distal femur and proximal
tibia was selected as regions of interest (ROI). The coefficient
of variation for the repeated measurements for the ROI was
approximately 1.5 %.

Volumetric BMD and bone architecture of the distal femur
were assessed by a Scanco μCT scanner (μCT-40; Scanco
Medical AG, Switzerland) at 16 mm isotropic voxel size, as
previously described [22]. Image reconstruction and 3D quan-
titative analysis were performed using software provided by
Scanco. Scans were initiated at the growth plate and moved
proximally for a total of approximately 300 slices. A region of
interest consisting of 100 slices beginning 0.5 mm proximal to
the growth plate and continuing in a proximal direction was
included in the analysis. Standard nomenclature and methods
for bone morphometric analysis were employed [22].

Bone histomorphometric analysis

For fluorochrome-based determination of rates of bone
formation by dynamic histomorphometry, the distal fe-
murs were embedded in methyl methacrylate plastic and
were then cut in 6 μm thicknesses of sections using a
Reichert-Jung sledge microtome. Xylenol orange and
calcein were visualized by fluorescent microscopy
(OsteoMeasure™ system, OLYMPUS, Japan), and the
distance between labeled layers was used as a measure
of the rate of bone formation as determined by mor-
phometry software [22, 27].

Ex vivo osteoblastogenesis assay

Procedures for osteoblast formation from bone marrow stem
cells were performed, as previously described [22, 24, 25].
Briefly, cells were flushed from the marrow cavity with α-

MEM and seeded into tissue culture wells in this medium,
and the harvested bone marrow cells were then cultured in
α-MEM supplemented with 15 % preselected FCS
(Hyclone, Logan, UT, USA) and ascorbic acid-2-phosphate
(1 mM). Recruitment of marrow stromal cells to the osteoblast
lineage was assessed at 10 days of culture by counting the
number of bone marrow stromal cells that were positively
stained for alkaline phosphatase for colony-forming unit-fi-
broblastic (CFU-F) (Sigma). In separate plates, the cell culture
was continued until day 28, when the number of colonies
producing mineralized bone matrix (CFU-osteoblastic (OB)
staining, CFU-OB) was determined by von Kossa staining
(Sigma) [22, 27–33]. Colonies were counted according to
their diameters: 1.0–2 mm for one colony, 2–4 mm for two
colonies, 4–6 mm for three colonies, and 6 to 8 mm for four
colonies, as previously described [34].

Isolation of total RNA and quantitative PCR

Total RNA from ex vivo cultured osteoblasts was isolated and
used for real-time PCR determination of mRNA levels as de-
scribed previously [22, 24, 25]. qPCR was performed with an
Applied Biosystems (ABI) Via 7 thermal cycler using ABI
Taqman 2X PCR mix and ABI Assay on Demand qPCR
primers. Changes in expression were calculated using the 2-
ΔΔCt method using 18S RNA as the internal control [22, 24, 25].

Statistics

Data are expressed as mean ± SEM; the number of indepen-
dent samples (n) is provided in the legend of each figure. The
statistical significance of differences among means was tested
using one-way analysis of variance and a Newman–Keuls
post hoc test to determine the significance of differences be-
tween individual pairs of means using a p value of 0.05 as the
cutoff for significance. Statistical calculations were performed
using Prism 4.0c (GraphPad Software, La Jolla, CA, USA).

Results

SOST deletion in mice prevented SCI-induced bone loss

Body weight and the mass of gastrocnemius were significant-
ly and similarly reduced after SCI in both WT and SOST KO
mice (Fig. 1a, b).

Using a small animal dual-energy X-ray absorptiometer,
BMD was determined. In the WT mice with SCI, significant
loss of BMD was observed at the distal femur (−18 %) and at
the proximal tibia (−28 %), as compared to WT/Sham control
animals; a small, non-significant decrease in BMD of lumbar
vertebra L3–L5 was also noted after SCI (Fig. 1c–e).
Compared to WT/Sham mice, bone mass in SOST KO/Sham
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mice was higher at each of these sites (+55 % at the distal
femur, +27 % at the proximal tibia, and +67 % at the L3–
L5, respectively). Importantly, in SOSTKO/SCI mice, no loss
of BMDwas observed at the distal femur or the proximal tibia,
and bone loss of the vertebra was non-significant, when com-
pared with the SOST KO/Sham animals (Fig. 1c–e).

Trabecular architecture was examined by high-
resolution μCT (Fig. 2 (a)). SCI resulted in a markedly
decrease of trabecular bone volume (BV/TV, −64 %) at
the distal femur of WT mice. In striking contrast, there
was no significant reduction of trabecular BV/TV in SOST
KO/SCI mice compared with SOST KO/Sham mice,
whose trabecular BV/TV was about 8-fold higher than
that in WT/Sham mice (Fig. 2 (B—a)). Similarly, signif-
icant changes of the trabecular bone number (−52 %,
Fig. 2 (B—b)), thickness (−30 %, Fig. 2 (B—c)), separa-
tion (+190 %, Fig. 2 (B—d)), connectivity density
(−81 %, Fig. 2 (B—e)), and structure model index
(+46 %, Fig. 2 (B—f)) were found in WT/SCI animals
when compared to WT/sham animals, but not in SOST
KO/SCI animals compared to the SOST KO/Sham ani-
mals. A statistically non-significant reduction (−34 %) of
trabecular BV/TV was noted in SOST KO/SCI mice,

compared to SOST KO/Sham mice; however, the trabecu-
lar BV/TV in SOST KO/SCI mice remained five times
higher than that in WT/Sham mice.

High-resolution μCTwas also used to assess the effects of
sclerostin deficiency on the cortical architecture of the femur
midshaft (Fig. 3a). SCI significantly decreased the femur
midshaft BV/TV (∼15 %) in WT animals, but not in SOST
KO/SCI animals compared with SOSTKO/Shammice, whose
BV/TV was about +27 % higher than that in WT/Sham mice
(Fig. 3b).

SCI did not alter bone formation in SOST KO animals

Dynamic histomorphometric analysis (Fig. 4a) was conducted
to measure the mineral apposition rate (MAR) and mineraliz-
ing surface/bone surface (MS/BS) for trabecular bone of the
distal femur metaphysis. SCI significantly reduced MAR
(Fig. 4 (B—a)) and bone formation rate (BFR/BS, Fig. 4
(B—c)) in WTmice but not in SOSTKOmice. No significant
difference in MS/BS was observed inWTmice after SCI. The
increases in MS/BS and BFR/BS were observed in SOST KO
mice when compared toWTmice as previously reported [14],
although these changes did not reach statistic significance.

Fig. 1 Deletion of SOST gene prevents loss of BMD after SCI (a and b).
Masses of body and gastrocnemius muscle in each group are shown.
Gastrocnemius muscle weights at sacrifice were normalized relative to
body weight prior to spinal cord transection (pre-operative body weight).
Areal bone mineral density (aBMD) measurements in each group are
shown at the distal femur (c), proximal tibia (d), and spine (L3–L5) (e),

respectively. Data are expressed as mean ± SEM. WT/Sham group, n =
11; WT/SCI group, n = 12; KO/Sham group, n = 13; and KO/SCI group,
n = 11. Significance of differences was determined using one-way analy-
sis of variance with a Newman–Keuls test post hoc. *p < 0.05,
**p < 0.01, and ***p < 0.001 versus the indicated group; NS no signifi-
cant difference
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SCI did not affect osteoblastogenesis in SOSTKO animals

The potential of bone marrow stromal cells to undergo
osteoblastogenic differentiation was determined by counting
the number of bone marrow stromal cells that were positively
stained for CFU-F. The commitment of osteoprogenitors was
assessed by determining the number of colonies producing
mineralized bone matrix (CFU-OB) by von Kossa staining.

Consistent to the previous findings [22, 24], decreases in os-
teoblastogenesis (CFU-F and CFU- OB staining) and the
levels for transcripts encoding the osteoblast differentiation
markers Runx2 and osteocalcin were observed inWTanimals
following SCI (Fig. 5a, b). Notably, there were an +180 % or
+168% increase in the numbers of CFU-F positive staining or
mineralized nodules (CFU-OB) cells, respectively, in SOST
KO/Sham mice when compared to WT/Sham mice; of

WT/Sham WT/SCI KO/Sham KO/SCI
A

B a b c

d e f

Fig. 2 Effects of SCI on
trabecular architecture of the
distal femur in WTand SOSTKO
mice. A Representative micro-CT
3D images of trabecular
microarchitecture are displayed.B
Measurements are shown for (a)
trabecular bone volume per total
tissue volume (BV/TV); (b)
trabecular number (Tb.N, mm−1);
(c) trabecular thickness (Tb.Th
(mm)); (d) trabecular separation
(Tb.Sp (mm)); (e) connectivity
density (conn.D (mm−3)), and ( f )
structure model index (SMI).
Data are expressed as mean ±
SEM. WT/Sham group, n = 8;
WT/SCI group, n = 7; KO/Sham
group, n = 7; and KO/SCI group,
n = 6. Significance of differences
was determined by using one-way
analysis of variance with a
Newman–Keuls test post hoc.
*p < 0.05, **p < 0.01, and
***p < 0.001 versus the indicated
group

WT/Sham WT/SCI

KO/Sham KO/SCI

BA

Fig. 3 Effects of SCI on cortical architecture of the femur midshaft in
WT and SOST KO mice. a Representative micro-CT 3D-images of cor-
tical microarchitecture are displayed. b Cortical bone volume over total
tissue volume (BV/TV). Data are expressed as mean ± SEM. WT/Sham

group, n = 8; WT/SCI group, n = 7; KO/Sham group, n = 7; and KO/SCI
group, n = 6. Significance of differences was determined by using one-
way analysis of variance with a Newman–Keuls test post hoc. *p < 0.05
versus the indicated group
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interest, there was no change in CFU-F positive staining or
CFU-OB cells in SOST KO/SCI mice when compared to
SOST KO/Sham mice (Fig. 5a, b). Consistently, in ex vivo
cultures of osteoblasts derived from marrow stromal stem
cells, mRNA levels of Runx2, osteocalcin, Tcf7, and Lef-1
were significantly increased by about 1.7- to 2.3-fold, in the
SOST KO/Sham group compared to the WT/Sham group; a
non-significant increase in mRNA levels for Bmp2 or Axin2
was also observed. Of note, there was no significant change in
mRNA expression of Runx2, osteocalcin, Tcf7, Lef-1, Bmp2,
or Axin2 in SOSTKO/SCImice when compared to SOSTKO/
Sham mice (Fig. 5c–h).

Discussion

The bone loss following SCI is associated with several unique
pathological features that differentiate it different from other
forms of osteoporosis. These features include permanent im-
mobilization, neurological dysfunction, systemic hormonal al-
ternations, and associated metabolic disorders [1]. It is un-
known how these complex pathophysiological changes are
linked to molecular alterations that could influence bone me-
tabolism and adaptations in SCI. To address this fundamental
question, our study compared the effects of a complete spinal
cord transection on bone loss in WTanimals and in SOSTKO
animals. The targeted deletion of sclerostin gene in mice was

resistant to sublesional loss of trabecular and cortical bone
mass due to SCI, as characterized by no change of BMD, bone
volume or BFR in SOST KO mice after SCI. Furthermore, at
the cellular level, SCI did not alter osteoblastogenesis in SOST
KO mice. Sclerostin appears to plays an essential role in me-
diating the severe bone deterioration that results from SCI.

Recent clinical studies indicate elevation of serum
sclerostin levels after short-term SCI, suggesting that rapid
bone loss due to motor-complete SCI results, at least in part,
from elevated sclerostin levels during the acute and sub-acute
phases after SCI, and that blocking sclerostin activity could
represent a therapeutic option for patients with short-term SCI
[20, 35]. This notion is supported by the recent findings from
ours and others in which sclerostin antibody can prevent
sublesional bone loss in rat models of acute SCI [21, 22].
However, whether sclerostin plays a role in the bone loss after
SCI at the chronic stage remains controversial. In one study, a
decline in the levels of serum sclerostin during chronic SCI
and a strong correlation between serum sclerostin levels and
BMD values in SCI patients were reported, suggesting that
sclerostin may not be an appropriate therapeutic marker to
employ in the treatment of osteoporosis in those with chronic
SCI [35]. In contrast, a recent study by Invernizzi et al. dem-
onstrated significantly higher values of serum sclerostin in
long-term SCI compared with healthy subjects [36].

Recent work in rats with motor-complete SCI has demon-
strated that sublesional loss of trabecular BV/TV rapidly

a b

c d

WT/SCIWT/Sham

KO/SCIKO/Sham

BA

Fig. 4 Effects of SCI on bone formation parameters inWTand SOSTKO
mice. A Representative dynamic histomorphometric analysis images are
displayed. B Measurement of (a) mineral apposition rate (MAR); (b)
mineralizing surface/bone surface (MS/BS); (c) bone formation rate over
bone surface (BFR/BS) and (d) bone formation rate over total tissue
volume (BFR/TV) for trabecular bone of the distal femur metaphysis.

Data are expressed as mean ± SEM. WT/Sham group, n = 8; WT/SCI
group, n = 7; KO/Sham group, n = 7; and KO/SCI group, n = 6.
Significance of differences was determined using one-way analysis of
variance with a Newman–Keuls test post hoc. *p < 0.05 and **p < 0.01
versus the indicated group; NS no significant difference
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occurred as early as 1 week after injury [37], with additional
loss of bone by −61 to 67 % within the first 2–3 weeks [37],
−70 % at 33 days [38], and −67 % at 56 days [22, 39]. In the
present study, trabecular BV/TV in WT mice at 56 days after
SCI is lost by −64 %, a magnitude similar to the one typically
observed in SCI rats at the same duration of post-injury that is
almost equivalent to the maximal degree of bone loss in rats
with chronic SCI [22, 38, 39]. From the prior discussion, it
would follow that the bone adaptation in animals injured 56
after SCI would serve as an appropriate model for capturing
the effects of both the acute and chronic phases of sublesional
bone loss. In this regard, our findings that SOST KO mice are
resistant to the severe bone loss at 56 days after SCI, clearly
define the key role for sclerostin in the development of bone
loss not only during the acute phase but also during the chron-
ic phase. Because there is currently no clinically proven phar-
macological approach to prevent osteoporosis in acute SCI, a
majority of the 12,000 new cases of SCI each year in the USA
progress to the chronic phase without any treatment to halt the
development of osteoporosis [1]. Thus, our current findings

have important therapeutic implications, strongly suggesting
that sclerostin antibodies could be a valid option to prevent the
bone loss in patients with acute and, possibly, mitigate addi-
tional bone loss in those with chronic SCI.

Mechanical loading is one of the primary factors control-
ling bone mass with the removal of stress and strain on the
skeleton resulting in bone loss [40, 41]. Osteocytes that com-
prise 90 to 95 % of all bone cells and have been considered as
an orchestrator of bone remodeling through regulation of os-
teoclast and osteoblast activity by sensing and transducing
mechanical signals into anabolic chemical signals [42]. It
has been reported that osteocyte expression of sclerostin is
reduced by mechanical loading and increased by unloading
[12, 14, 43], suggesting that sclerostin expression is respon-
sive to mechanical stimuli. In neurologically motor-complete
SCI, sublesional bone loss proceed at a rate of up to 1 % per
week for the first 6–12 months at the sites most severely af-
fected [1, 3], a rate that is substantially greater than that ob-
served in other types of disuse osteoporosis such as micro-
gravity (0.25 %/week) [44] and prolonged bed rest (0.1 %/

KO/Sham KO/SCIWT/Sham WT/SCI

A CFU-F Staining

B

C D

KO/Sham KO/SCIWT/Sham WT/SCI

CFU-OB Staining
E F

G H

Fig. 5 Differentiation potential of bone marrow progenitor cells
generated from WT and SOST KO mice following SCI. a
Representative images showing alkaline phosphatase staining (CFU-F)
of cultures of marrow stromal cells and cell counts of alkaline phospha-
tase–positive cells and CFU-OB staining of colonies producing mineral-
ized bone matrix after von Kossa staining. b Counts of alkaline phospha-
tase–positive cells and colonies by CFU-OBs staining. c–h Changes in
gene expression in osteoblasts developed by primary culture of bone

marrow stromal cells. mRNA levels were determined by real-time PCR.
Data are expressed as mean ± SEM; WT/Sham group, n = 5; WT/SCI
group, n = 4; KO/Sham group, n = 5; and KO/SCI group, n = 4.
Significance of differences was determined using one-way analysis of
variance with a Newman–Keuls test post hoc. *p < 0.05, **p < 0.01,
and ***p < 0.001 versus the indicated group; NS no significant differ-
ence. CFU-F colony forming unit–fibroblastic; CFU-OBs CFU-
osteoblasts
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week) [45], as well as that of post-menopausal women (3–
5%/year) [46]. Using a mechanical unloading model achieved
by tail suspension, Lin et al. found that SOST KO mice are
resistant to immobilization-induced bone loss [13]. Although
such a mechanical unloading paradigm is not a condition as
extreme as that of SCI, the finding in immobilization is similar
to our finding in that SOSTKOmice with SCI, with both mice
models protected from bone loss, suggesting a common role
of sclerostin in regulation of bone homeostasis in different
conditions of skeleton unloading.

Recently, several mice strains with the targeted deletion of
SOST full allele or SOST distal enhancer were generated and
characterized [13, 14] [47]. In these animal models and in our
current study, mice with SOST deficiency show a high bone
mass phenotype as characterized by marked increase in BMD,
bone volume, and bone formation, indicating that sclerostin
antagonizes a powerful bone formation pathway. Of note, the
present work reveals that genetic inactivation of sclerostin
prevents SCI-related bone loss, which is tightly associated
with the prevention of the SCI-induced reduction in bone for-
mation, as reflected in SOST KO mice with SCI by the ab-
sence of change in BFR and MAR. Specifically, the normal-
ization ofMAR suggests that there is a rescue in the amount of
bone matrix deposited per active osteoblast cluster. This evi-
dence indicates that sclerostin serves as a key player of bone
formation pathway in conditions of extreme immobilization
after SCI. A statistically non-significant reduction (−34 %) of
trabecular BV/TV was observed in SOSTKO/SCI mice, com-
pared to SOST KO/Sham mice. Thus, mice with the deletion
of sclerostin were largely, but not fully, protected against bone
loss after SCI. Although it may be tempting to suggest that the
predominant role of sclerostin deficiency in our mouse model
of SCI was on bone formation, with a lesser impact on bone
resorption, because the degree of inhibition of bone resorption
was not quantitated, the relative contribution on bone forma-
tion versus resorption remains merely conjecture.

The present work provides the first evidence that SOST
gene deletion has a favorable impact on osteoblastic differen-
tiation potential of bone marrow progenitors by our finding of
enhanced osteoblastogenesis. The targeted deletion of SOST
gene increased the number of in ex vivo-cultured osteoblasts
and abrogated SCI-induced impairment in osteoblastogenesis.
This data is consistent with recent reports that SCI or other
conditions of unweighting reduced numbers of colonies of
marrow stromal cells, alkaline phosphatase-positive osteo-
blasts, and bone nodules; inhibition of sclerostin activity by
Scl-Ab reversed each of these adverse changes [22, 48].
Furthermore, SOST gene deletion significantly increased gene
expression in cultured osteoblasts of gene expression for os-
teoblast differentiation genes (Runx2 and osteocalcin) and
Wnt signaling (Tcf7 and Lef-1). The effects of these changes
would be expected to lead to the activation of Wnt signaling
within mesenchymal stem cells (MSCs) and, thereby, to

promote the recruitment of MSCs into osteoblast lineage and
enhance bone formation. Although quite preliminary, it is yet
tempting to postulate with the advent of recent evidence that
SCI causes a unfavorable shift from osteoblastogenesis to ad-
ipogenesis within bone marrow MSCs though adverse regu-
lation of peroxisome proliferator-activated receptor-γ and
Wnt signaling, resulting in bone loss [49]. Whether
sclerostin-mediated Wnt signaling cascade is involved in the
aforementioned coordinated molecular and cellular events in
models of SCI is an area worthy of investigation in future
studies.

Currently, there are no well-accepted interventions for the
prevention or treatment of SCI-induced osteoporosis.
Bisphosphonates are effective for osteoporosis in the elderly,
but appear, at best, to transiently reduce SCI-related bone loss
in individuals with SCI who are ambulatory [1, 50]. In those
with motor-complete SCI, bisphosphonates have no effect at
the knee [51, 52]. Development of a safe and effective therapy
for SCI-induced bone loss is a high clinical priority. Our cur-
rent findings strongly suggest that sclerostin appeared to be a
therapeutic target to treat SCI-induced bone loss. Indeed, re-
cent preclinical studies confirmed effects of sclerostin inhibi-
tion using sclerostin antibody in SCI-related bone loss [21,
22]. Further investigation on the upstream regulator, as well
as downstream effectors, of sclerostin will be needed to dissect
the molecular mechanisms of sclerostin in the regulation of
SCI-related bone loss. Screening of sclerostin inhibitors could
also be performed and further tested in SCI animal models for
drug discovery studies because such an approach would offer
easier administration, lower cost, and less side effects.

The current study reveals the resistance to SCI-induced
bone loss in SOST KO mice 56 days following SCI, yet it is
premature to speculate with any confidence as to whether the
prevention of bone loss in rodents could be translated to
chronic SCI in patients in an effort to reverse bone loss.
Additional investigation will focus on effects of sclerostin
inhibition on long-term SCI, when adverse pathological
changes including neurological dysfunction, permanent im-
mobility, systematic hormonal change, and metabolic disor-
ders are more fully developed and when extensive trabecular
bone loss has already occurred. Such a study is being actively
pursued in our laboratory.

In summary, complete spinal cord transection induced
significant loss of bone mass and bone formation below
the level of lesions in WT mice but not in SOST KO mice.
Mechanisms underlying sclerostin deficiency-mediated
promotion of bone formation are linked to the prevention
of the impaired osteoblastogenic potential of bone marrow
progenitors after SCI; one can assume through the activa-
tion of Wnt pathway. Our findings establish that the
targeted disruption of sclerostin will provide resistance
to SCI-induced severe bone loss, strongly suggesting that
blockade of sclerostin could be a promising new
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therapeutic approach in the preservation of bone mass and
integrity after motor-complete SCI. Additionally, these
findings provide relevant information with regard to ther-
apeutic options and mechanistic insights for other condi-
tions associated with disuse osteoporosis as a conse-
quence of neurological disorders and immobilization,
such as those of stroke, Parkinson’s disease, multiple scle-
rosis, poliomyelitis, bed rest, and space flight.
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