
Vol.:(0123456789)1 3

Calcified Tissue International (2018) 103:443–454 
https://doi.org/10.1007/s00223-018-0439-8

ORIGINAL RESEARCH

Sclerostin Antibody Reverses the Severe Sublesional Bone Loss in Rats 
After Chronic Spinal Cord Injury

Wei Zhao1,2 · Xiaodong Li5 · Yuanzhen Peng1 · Yiwen Qin1 · Jiangping Pan1 · Jiliang Li6 · Aihua Xu6 · 
Michael S. Ominsky5,9 · Christopher Cardozo1,2,3 · Jian Q. Feng7 · Hua Zhu Ke8 · William A. Bauman1,2,4 · 
Weiping Qin1,2

Received: 16 November 2017 / Accepted: 8 May 2018 / Published online: 21 June 2018 
© This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2018

Abstract
To date, no efficacious therapy exists that will prevent or treat the severe osteoporosis in individuals with neurologically 
motor-complete spinal cord injury (SCI). Recent preclinical studies have demonstrated that sclerostin antibody (Scl-Ab) can 
prevent sublesional bone loss after acute SCI in rats. However, it remains unknown whether sclerostin inhibition reverses 
substantial bone loss in the vast majority of the SCI population who have been injured for several years. This preclinical 
study tested the efficacy of Scl-Ab to reverse the bone loss that has occurred in a rodent model after chronic motor-complete 
SCI. Male Wistar rats underwent either complete spinal cord transection or only laminectomy. Twelve weeks after SCI, 
the rats were treated with Scl-Ab at 25 mg/kg/week or vehicle for 8 weeks. In the SCI group that did not receive Scl-Ab, 
20 weeks of SCI resulted in a significant reduction of bone mineral density (BMD) and estimated bone strength, and dete-
rioration of bone structure at the distal femoral metaphysis. Treatment with Scl-Ab largely restored BMD, bone structure, 
and bone mechanical strength. Histomorphometric analysis showed that Scl-Ab increased bone formation in animals with 
chronic SCI. In ex vivo cultures of bone marrow cells, Scl-Ab inhibited osteoclastogenesis, and promoted osteoblastogen-
esis accompanied by increased Tcf7, ENC1, and the OPG/RANKL ratio expression, and decreased SOST expression. Our 
findings demonstrate for the first time that Scl-Ab reverses the sublesional bone loss when therapy is begun after relatively 
prolonged spinal cord transection. The study suggests that, in addition to being a treatment option to prevent bone loss after 
acute SCI, sclerostin antagonism may be a valid clinical approach to reverse the severe bone loss that invariably occurs in 
patients with chronic SCI.
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MOI  Moment of inertia
FEA  Finite element analysis
BFR  Bone formation rate
MS/BS  Mineralizing surface/bone surface
DXA  Dual-energy X-ray absorptiometer
PFA  Paraformaldehyde
CFU-F  Colony-forming unit-fibroblastic
CFU-ob  Colony-forming unit-osteoblastic staining
MSC  Mesenchymal stem cells
TRAP  Tartrate-resistant acid phosphatase
H&E  Hematoxylin and eosin
CTX  Serum C-terminal telopeptide of Type I 

collagen
CTR   Calcitonin receptor
BV  Bone volume
TV  Tissue volume
Tb.N  Trabecular number
Tb.Th  Trabecular thickness
Tb.Sp  Trabecular separation
Conn.D  Connectivity density
SMI  Structure model index
OV  Osteoid volume
OS  Osteoid surface
N. Oc  Osteoclast number
Pm  Perimeter

Introduction

The decline in bone mass and deterioration of the skeletal 
architecture are well-known consequence of spinal cord 
injury (SCI). More than 50% of individuals with chronic SCI 
will sustain a low-impact or osteoporotic fracture at some 
point subsequent to being paralyzed [1]. At the sublesional 
long-bone epiphyses, bone loss rate may approach ~ 1% per 
week for the first year following injury [2]. The greatest 
decreases in bone mass and the most common sites for fra-
gility fractures are observed at the distal femur and proximal 
tibia [2]. Fractures lead to serious medical complications 
including pressure ulcer formation, increased pain, spastic-
ity, and lower limb amputation [3]. Despite these serious 
clinical complications, currently there is no standard or well-
accepted guideline for the diagnosis, prevention, or treat-
ment of SCI-induced osteoporosis.

Elucidation of the Wnt/β-catenin signaling pathway in 
bone homeostasis has transformed our understanding of the 
cellular and molecular mechanisms in bone formation and 
resorption [4–7]. Recent studies suggest that sclerostin is 
a key regulator of SCI-induced bone loss [8–12]. Encoded 
by the SOST gene, sclerostin is a glycoprotein secreted pri-
marily by osteocytes under physiological conditions, and 
is a potent inhibitor of bone formation [13, 14]. Sclerostin 
binds to low-density lipoprotein receptor-related protein 5/6 

and antagonizes the Wnt signaling pathway [15, 16]. Down-
regulation of sclerostin is associated with increased osteo-
genesis and bone mass [17, 18]. Mechanical stimulation in 
vivo dramatically reduces the expression of sclerostin by 
osteocytes [19]. Moreover, targeted deletion of sclerostin in 
mice increased bone formation, bone mass and strength [17, 
20], and these animals are resistant to unloading-induced 
bone loss [20]. In humans, mechanical unloading of bone 
occurs in various conditions that result in paralysis and the 
inability to ambulate. Therefore, the association between 
sclerostin and bone loss may be anticipated to be strong-
est in pathological conditions that result in individuals who 
occupy the lowest end of the activity spectrum, such as those 
with chronic SCI.

Recent studies conducted by our group and other investi-
gators have shown that pharmacological inhibition of scle-
rostin with a sclerostin antibody (Scl-Ab), when adminis-
tered immediately after lesion, prevents bone loss in animals 
with either acute motor-incomplete [11] or motor-complete 
SCI [10]. We have also reported that sclerostin-deficient 
mice are resistant to the major sublesional bone loss that 
invariably follows SCI [12]. However, other highly clinically 
relevant questions should be addressed, such as whether 
sclerostin inhibition is able to reverse bone loss in individu-
als with SCI who have been injured for several years and 
have had substantial sublesional bone loss, which represents 
the vast majority of the SCI population. Patients with SCI 
who are chronically immobilized are appreciated to develop 
several pathological changes that may contribute to the 
extensive loss of sublesional bone mass that occurs after 
SCI, including those of systemic hormonal, metabolic, and 
inflammatory disorders [10].

We hypothesize that Scl-Ab is able to reverse bone loss 
that has occurred after chronic motor-complete SCI. To test 
this hypothesis, an established rat model of sublesional bone 
loss following complete spinal cord transection [10, 21, 22] 
was used to investigate the effects on the sublesional skel-
eton after 8 weeks of treatment with Scl-Ab that was initi-
ated 12 weeks after motor-complete SCI. Jin et al. reported 
that 4 weeks after SCI in rodents, the neural regenerative 
response has subsided, an astrocytic scar has been estab-
lished at the injury site, and spontaneous functional recovery 
has reached a plateau, and, as such, has been characterized 
as a chronic model of SCI [23]. Other investigators have 
characterized 3–12 weeks after SCI in the rodent models as 
chronic injury [24–27]. We and others have demonstrated 
that motor-complete SCI resulted in dramatic decrease in 
trabecular bone mass (− 62 to − 76%) at the distal femur 
at 21–56 days post-injury [10, 28–31]. A reduction of tra-
becular bone mass by − 65% was observed 16 weeks after 
SCI in rodents, suggesting that bone loss sustains following 
the neurological injury [32]. Thus, initiating drug treatment 
after 12 weeks of SCI in a rodent model should represent a 
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sufficient duration of injury after which a substantial amount 
of bone loss will have occurred. In this study, the effects 
of Scl-Ab were examined on bone mass and architecture, 
histomorphometric indices of bone formation and resorp-
tion, osteoblastogenic and osteoclastogenic lineage of bone 
marrow progenitor cells, as well as gene expression associ-
ated with bone remolding.

Materials and Methods

Animals, Surgery, and Drug Administration

Eight-week-old male Wistar rats (275 g) were purchased 
from Charles River (Wilmington, MA, USA), housed in 
a temperature and humidity-controlled room providing a 
12-h:12-h day:night cycle, and fed food and water ad libi-
tum. All procedures were approved by the James J. Peters 
VA Medical Center Institutional Animal Care and Use Com-
mittee (IACUC). Spinal cord transection was performed, 
as previously described [10, 21, 22] and are described in 
more details in Supplemental Materials. Sham-transected 
animals received a laminectomy-only surgery (Sham ani-
mals, n = 10). Twelve weeks following injury, a rat Scl-Ab 
(36.5 mg/ml, Amgen Inc., Thousand Oaks, California, USA) 
was subcutaneously administered at 25 mg/kg/week (SCI/
Scl-Ab animals, n = 12), or vehicle (saline; SCI animals, 
n = 11),) and continued for 8 weeks. As used in our previ-
ous study [10], the half dose (25 mg/kg/week) of Scl-Ab 
relative to that (25 mg/kg/twice a week) in other studies 
[33–36] was chosen to use in the present study; the choice 
was based on Amgen’s recommendation with a goal to 
explore the minimum effective dose of Scl-Ab capable of 
maintaining therapeutic efficacy at a lower cost (personal 
communication). For dynamic histomorphometric analysis, 
newly formed bone was labeled with fluorochromes by sub-
cutaneous injection of calcein (10 mg/kg body weight) and 
xylenol orange (90 mg/kg body weight) on Day − 6 and − 2 
before euthanasia, respectively. Eight weeks after Scl-Ab 
was started, animals were anesthetized by isoflurane inhala-
tion. Additional details procedures for tissue collection are 
provided in Supplemental Materials.

Bone Mineral Density, Structure, and Mechanical 
Properties

Areal bone mineral density (BMD) measurements were per-
formed on all of the collected bone samples using a small 
animal dual-energy X-ray absorptiometer (DXA) (Lunar 
Piximus, Fitchburg, WI, USA), as previously described [10, 
12, 21, 22, 37, 38]. Volumetric BMD and bone architecture 
of the distal femur and midshaft were assessed by a Scanco 
µCT scanner (µCT-40; Scanco Medical AG, Bassersdorf, 

Switzerland) at 16 mm isotropic voxel size, as previously 
described [10] and additional details may be found in Sup-
plemental Materials.

Mechanical properties at the distal femur trabecular bones 
were estimated from micro-finite element analysis (µFEA), 
following the manufacturer’s recommended procedures, as 
previously described [32, 39]. Briefly, µFEA models were 
produced by converting each bone voxel to an 8-node brick 
element. Bone tissue was subjected to applied uniaxial com-
pression, with an elastic modulus of 15 GPa and Poisson’s 
ratio of 0.3 for each element. A linear elastic analysis was 
used to estimate the bone stiffness and failure load.

Bone Histomorphometric Studies

For fluorochrome-based determination of rates of bone 
formation by dynamic histomorphometry, 6-mm sections 
embedded in methyl methacrylate plastic were cut using a 
Reichert-Jung sledge microtome. Xylenol orange and calcein 
were visualized by fluorescent microscopy and the distance 
between labeled layers was used as a measure of the rate of 
bone formation, as determined by morphometry software. 
To quantify the osteoclast number, tartrate-resistant acid 
phosphatase (TRAP) staining was used to specifically label 
osteoclasts in deplasticized distal femur sections. Slides 
were counterstained with hematoxylin and eosin (H&E). 
Von Kossa/Tetrachrome staining was performed to meas-
ure osteoid volume and osteoid surface. Osteoclasts and 
osteoid were measured under bright field microscopy using 
an Olympus microscope with an OsteoMeasure system 
(Osteometrics, Atlanta, GA, USA). Additional details pro-
cedures performed are provided in Supplemental Materials.

Serum Levels of CTX and Osteocalcin

Blood samples collected at termination were centrifuged at 
1500 g for 10 min at 4 °C, and the serum was separated and 
then stored at − 80 °C. Serum C-terminal telopeptide of type 
I collagen (CTX) levels were measured using a RatLapsTM 
enzyme-immunoassay kit from Immunodiagnostic Systems 
(Fountain Hills, AZ). Serum concentrations of osteocalcin 
were measured using a rat osteocalcin immunoassay kit 
(Alfa Aesar). All samples were assayed in duplicate, fol-
lowing the manufacturer’s recommended procedures, as 
previously described [22, 37].

Ex Vivo Osteoblastogenesis and Osteoclastogenesis 
Assay

Procedures for osteoblast and osteoclast formation from 
bone marrow stem cells were performed, as previously 
described [10, 12, 21, 22, 37, 38] and are described in 
greater detail in Supplemental Materials.
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RNA Extraction and Quantitative PCR

Total RNAs were extracted from bone marrow cell cultures 
using the TRI reagent (Sigma-Aldrich). One µg of total RNA 
was used to synthesize the first strand cDNA by the High 
Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems). Real-time PCR determination of mRNA levels 
was performed in the ViiA7 system (Applied Biosystems) 
as described previously [10, 12, 21, 22, 37, 38]. Relative 
expression levels were calculated using the  2− ΔΔCt method 
with 18S RNA as an internal control [40].

Statistics

Data are expressed as mean ± SEM. The number of inde-
pendent samples (n) is provided in the legend of each fig-
ure. The statistical significance of differences among means 
was tested using one-way analysis of variance and a New-
man–Keuls post hoc test to determine the significance of dif-
ferences between 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

Scl‑Ab Restored BMD, Bone Structure, 
and Mechanical Strength in Rats After Chronic SCI

At the termination of the study, the animals had a ~ 50% gain 
in body weight, and there were no significant differences 
among Sham, SCI and SCI/Scl-Ab animal groups either 
before performing surgery or at time of sacrifice (Fig. 1A). 
At 20 weeks after SCI, BMD of distal femoral metaphysis, 
proximal tibial metaphysis, and the lumbar spine (L3–L5) 
were lower than those of the Sham animals by about − 22, 
− 15, and − 9%, respectively (Fig.  1B–D). Administra-
tion of Scl-Ab significantly increased the area BMD at the 
distal femur (+ 38.5%, p < 0.001; Fig. 1B), proximal tibia 
(+ 41.9%, p < 0.001; Fig. 1C), and lumbar spine (+ 47.7%, 
p < 0.001; Fig. 1D) when compared to SCI animals injected 
with vehicle. Notably, animals received Scl-Ab also showed 
higher BMD than control Sham animals at all three sites 
evaluated, with the greatest increase in BMD noted at the 
lumbar spine (+ 34.1%, p < 0.001; Fig. 1D).

Bone architecture was examined by high-resolution µCT 
to assess changes in trabecular bone of the distal femo-
ral metaphysis (Fig. 2A). In vehicle-treated SCI animals, 
trabecular bone volume (BV/TV) at this site was signifi-
cantly reduced (− 37.2%, p < 0.001; Fig. 2B-a), due largely 
to decreased trabecular number (Tb.N) (− 33%, p < 0.001; 
Fig. 2B-d) with no change in trabecular thickness (Tb.Th) 

Fig. 1  Sclerostin antibody 
reverses the loss in bone min-
eral density after chronic SCI. 
A Body weight before surgery 
and at sacrifice. Areal BMD 
acquired by DXA imaging at 
(B) distal femoral metaphysis, 
C proximal tibial metaphysis, 
and D lumbar spine. Data are 
expressed as Mean ± SEM, 
*p < 0.05, ***p < 0.001 versus 
the indicated group by one-way 
ANOVA plus Newman–Keuls 
post hoc test, n = 10–12 animals 
per group
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(Fig. 2B-b). Trabecular connectivity was greatly reduced 
(Conn. D) (− 53.2%, p < 0.001; Fig.  2B-e), associated 
with transformation from plate-like to rod-like structures 
as reflected by the higher structure model index (SMI) 
(+ 112.4%, p < 0.001; Fig. 2B-f). Administration of Scl-
Ab after SCI completely restored trabecular bone vol-
ume (+ 136.7%, p < 0.001; Fig. 2B-a) and SMI, primarily 
by increasing trabecular thickness (+ 131.5%, p < 0.001; 
Fig. 2B-b) and to a lesser degree, by decreasing trabecu-
lar separation (− 33.3%, p < 0.01; Fig. 2B-c). Furthermore, 
administration of Scl-Ab to the SCI animals resulted in a far 
greater trabecular bone volume (Fig. 2B-a) and thickness 
(Fig. 2B-b), as well as a lower SMI (Fig. 2B-f), than those 
in the Sham animals.

Finite element analysis (FEA) based on µCT images was 
performed to evaluate the effect of Scl-Ab on bone mechani-
cal strength. In vehicle-treated SCI animals, the bone stiff-
ness was reduced by − 57.3% (p < 0.001, Fig. 2C-a), and 

estimated failure load was reduced by − 39.2% (p < 0.001, 
Fig. 2C-b). Scl-Ab treatment led to a drastic increase of esti-
mated stiffness (+ 270.5% vs. SCI-vehicle and + 58.0% vs. 
sham; Fig. 2C-a) and failure load (+ 122.1% vs. SCI-vehicle, 
p < 0.001; Fig. 2C-b). There is no difference in bone tissue 
vBMD across Sham, SCI, and SCI/Scl-Ab animal groups, 
suggesting that the changes in the estimated mechanical 
properties are specific, but not attributed to changes in mate-
rial properties of the bone (Supplemental Fig. 1A).

Cortical bone structure at the femur midshaft was exam-
ined by high-resolution µCT (Fig. 3A). Cortical BMD was 
not significantly different at 20 weeks after SCI (Supple-
mental Fig. 1B). However, compared to those from the sham 
group, bones from the SCI group were thinner with reduc-
tions in bone area (− 15.3%, p < 0.05; Fig. 3B-a) and total tis-
sue area (− 16.7%, p < 0.05; Fig. 3B-a) and a slight increase 
in endosteal perimeter (+ 1.3%; Fig. 3B-b), resulting in a 
− 7.6% decrease in cortical thickness (Ct. Th) (p < 0.01; 

Fig. 2  Effects of sclerostin antibody on trabecular bone architecture 
and strength in the trabecular distal femur metaphysis. A Representa-
tive µCT 3D images of trabecular microarchitecture. B Measurements 
are shown for (a) trabecular bone volume versus total bone volume 
(BV/TV, %); (b) trabecular thickness (Tb.Th, mm); (c) trabecular 
separation (Tb.Sp, mm); (d) trabecular number (Tb.N,  mm− 1); (e) 
connectivity density (conn.D,  mm− 3); and (f) structure model index 

(SMI, range from 0 to 3, with 0 = plate like and 3 = rod like). C Scle-
rostin antibody increases trabecular bone strength. (a) Bone stiffness 
and (b) failure load were estimated from micro-finite element analysis 
(µFEA). Data are expressed as Mean ± SEM, *p < 0.05, **p < 0.01, 
***p < 0.001 versus the indicated group by one-way ANOVA plus 
Newman–Keuls post hoc test, n = 10–12 animals per group. NS not 
significant
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Fig. 3B-c.). In Scl-Ab-treated SCI animals, a significant 
increase in both cortical bone volume (~ + 11% vs. SCI or 
Sham; Fig. 3B-d) and thickness (+ 22% vs. SCI-vehicle and 
+ 12.7% vs. Sham; Fig. 3B-c) was observed. These sclerostin 
antibody-mediated changes are predominantly attributed to 
significant reductions in endosteal perimeter (− 10% vs. SCI-
vehicle, p < 0.01; Fig. 3B-b) and medullary area (− 36.1% 
vs. sham, p < 0.001; Fig. 3B-a) and a moderate increase in 
periosteal perimeter (+ 2% vs. sham; Fig. 3B-b).

Scl‑Ab Greatly Enhanced Bone Formation in Rats 
After Chronic SCI

Serum osteocalcin level was slightly suppressed in vehicle-
treated SCI animals, which was significantly elevated by Scl-
Ab administration to the SCI animals (+ 23.1%, p < 0.05; 
Fig. 4A) compared to that in Sham animals. No significant 
difference in serum CTX levels were observed among Sham, 
SCI, and SCI/Scl-Ab animals (Supplemental Fig. 2A).

In parallel, dynamic histomorphometric analysis was 
performed to examine the effect of Scl-Ab on bone forma-
tion (Fig. 4B) at the distal femur. Although no decrease in 
bone formation rate (BFR/BS) or mineralizing surface (MS/
BS) was detected in vehicle-treated SCI animals, increased 
new bone formation at the trabecular surface was present 

in Scl-Ab-treated animals, as evident by robust increases in 
BFR/BS (p < 0.001) and MS/BS (p < 0.001) (Fig. 4C).

Von Kossa/Tetrachrome staining was performed to meas-
ure osteoid volume (OV/TV or OV/BV) and osteoid surface 
(OS/BS). A marginal decrease in OV/TV or OV/BV and OS/
BS was found in the vehicle-treated SCI animals compared 
to those in Sham animals (Fig. 5A). Scl-Ab administration in 
SCI animals resulted in substantial elevations in both osteoid 
volume (> 3.6 fold for OV/TV and > 7.4 fold for OV/BV, 
Fig. 5B) and osteoid surface (> 4.6 fold, Fig. 5B) to levels 
higher than those in Sham animals.

As our group has previously reported in animals after 
acute SCI [10], a significant reduction of osteoclast number 
(N. Oc/T. Ar and N. Oc/B. Pm) and surface (Oc. S/BS) at 
trabecular bone was observed in vehicle-treated SCI ani-
mals, when compared with Sham animals. Treatment with 
Scl-Ab in SCI animals did not significantly affect the osteo-
clast number (Supplemental Fig. 2B and 2C).

Scl‑Ab Increased Osteoblastogenesis and Inhibited 
Osteoclastogenesis in Bone Marrow Precursors 
in Rats After Chronic SCI

Colony-forming unit–fibroblastic (CFU-F) staining, a 
marker for commitment of bone marrow precursors to 
osteoblast lineage, was performed to evaluate the effect of 

Fig. 3  Effects of sclerostin 
antibody on cortical architec-
ture of the femur midshaft. A 
Representative µCT 3D images 
of cortical microarchitecture 
are displayed. B Measure-
ments are shown for (a) total, 
bone, and medullary tissue 
area  (mm2); (b) periosteal and 
endosteal perimeters (mm); 
(c) cortical thickness (Ct. Th, 
mm); (d) cortical bone volume 
over total tissue volume (Ct. 
BV/TV). Data are expressed 
as Mean ± SEM, *p < 0.05, 
**p < 0.01, ***p < 0.001 versus 
the indicated group by one-way 
ANOVA plus Newman–Keuls 
post hoc test, n = 10–12 animals 
per group
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Fig. 4  Sclerostin antibody increases bone formation of trabecular 
bone at the distal femur. A Bone formation marker osteocalcin lev-
els were measured by ELISA. B Representative images of 6-µm-thick 
bone specimens showing double labeling of calcein green and xylenol 
orange under fluorescence microscopy (magnification ×20). C Meas-

urement of (a) bone formation rate over bone surface (BFR/BS); and 
(b) mineralizing surface/bone surface (MS/BS). Data are expressed as 
Mean ± SEM, **p < 0.01, ***p < 0.001 versus the indicated group by 
one-way ANOVA plus Newman–Keuls post hoc test, n = 10–12 ani-
mals per group. NS not significant

Fig. 5  Effects of sclerostin antibody on osteoid volume and surface 
area at trabecular bone of distal femur. A Representative images of 
trabecular bone sections from the femoral metaphysis by Von Kossa/
Tetrachrome staining (magnification ×20). The light blue area of 
VKM staining on trabecular surfaces representing osteoid is indicated 
by arrows. B (a) Histomorphometric quantification of osteoid vol-

ume versus total volume (OV/TV), (b) osteoid volume versus bone 
volume (OV/BV), and (c) osteoid surface versus bone surface (OS/
BS). Data are expressed as Mean ± SEM, ***p < 0.001 versus the 
indicated group by one-way ANOVA plus Newman–Keuls post hoc 
test, n = 10–12 animals per group. NS not significant
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Scl-Ab on osteoblastogenesis. At 20 weeks after SCI, the 
number of marrow stromal cells that stained positive for 
alkaline phosphatase was significantly reduced (Fig. 6A, 
B). Similarly, the values for mineralized nodules (CFU-
osteoblastic [ob] staining) were significantly reduced in 
the vehicle-treated SCI group. Treatment with Scl-Ab in 
the SCI animals completely reversed these unfavorable 
changes (Fig. 6A, B). In ex vivo cultures of osteoblasts 
derived from bone marrow stromal precursors, although 
mRNA levels for the differentiation marker Runx2 and 
bone sialoprotein (BSP) did not significantly change (Sup-
plemental Fig.  3A and B), the Wnt/β-catenin–respon-
sive genes Tcf7 and ENC1 were reduced by − 30.1 and 
− 36.6%, while SOST (Fig. 6C) and sFRP1,2 mRNAs 
(Supplemental Fig. 3C and D) were significantly increased 
in the SCI group compared with the Sham group. Scl-
Ab administration to the SCI group increased BSP, Tcf7, 
and ENC1 mRNA expression and decreased SOST and 
sFRP1,2 mRNA expression to levels comparable to those 
observed in Sham animals. SCI also resulted in a marginal 

decrease of OPG/RANKL ratio (− 15.7% vs. sham; 
Fig. 6C), which was completely reversed by administration 
of Scl-Ab (+ 66.0% vs. SCI, p < 0.05; Fig. 6C) to a level 
even higher than that observed in Sham animals.

An osteoclastogenesis assay using bone marrow 
hematopoietic precursors derived from femurs and tibias 
revealed an increase in  TRAP+ multinucleated cells in cul-
tures of bone marrow cells from the vehicle-treated SCI 
rats, compared to those from Sham rats (Fig. 6D, E). The 
administration of Scl-Ab in animals with the SCI signifi-
cantly reduced the number of  TRAP+ multinucleated cells 
(p < 0.001; Fig. 6D, E). In ex vivo cultures of osteoclasts 
derived from marrow hematopoietic precursors, levels for 
transcripts encoding the osteoclast differentiation markers 
TRAP and calcitonin receptor (CTR) were both increased 
in the SCI group compared with the Sham group (Fig. 6F). 
Scl-Ab treatment reduced the expression of TRAP mRNA 
to levels similar or below those detected in Sham animals 
(Fig. 6F).

Fig. 6  Sclerostin antibody promotes osteoblastogenesis and Inhibits 
osteoclastogenesis in bone marrow precursors in rats after chronic 
SCI. A Representative images showing alkaline phosphatase stain-
ing (CFU-F) and Von Kossa staining (CFU-ob) of cultured bone 
marrow stromal cells. B Quantification of CFU-F+ cells and formed 
bone nodules. C Changes in gene expression of bone formation mark-
ers and Wnt signaling-related genes Tcf7, ENC1, OPG/RANKL 
ratio, and SOST in cultured bone marrow stromal cells. mRNA lev-
els were determined by quantitative PCR. D Representative images 

showing the TRAP staining of cultured bone marrow stromal cells. 
E Quantification of  TRAP+ cells. F Changes in the gene expression 
of bone resorption markers TRAP and calcitonin receptor (CTR) in 
cultured bone marrow hematopoietic stem cells. mRNA levels were 
determined by quantitative PCR. Data are expressed as Mean ± SEM, 
*p < 0.05, **p < 0.01, ***p < 0.001 versus the indicated group by 
one-way ANOVA plus Newman–Keuls post hoc test, n = 5–6 animals 
per group; for each animal, three experimental replicates have been 
conducted
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Discussion

A recent clinical study in men with varying degrees of 
SCI found that sclerostin levels were highest in subjects 
who were injured less than 5 years [41], suggesting that 
the rapid bone loss early after paralysis due to motor-com-
plete SCI could be attributed, at least in part, to elevated 
sclerostin levels, and that blocking sclerostin activity 
could be considered as a therapeutic option for patients 
with acute/subacute SCI. This hypothesis is supported by 
recent preclinical studies from our group and others, in 
which Scl-Ab prevented sublesional bone loss in rat mod-
els of acute SCI [10, 11]. However, our current knowledge 
concerning the role that sclerostin antagonism might play 
in the treatment of bone loss after chronic SCI has been 
essentially nonexistent. Morse et al. reported lower serum 
sclerostin levels and a strong positive correlation between 
serum sclerostin levels and BMD values in patients who 
had SCI for longer than 6 months, perhaps suggesting that 
sclerostin may not be an appropriate therapeutic target in 
the chronic SCI population [8], or more likely indicating 
that levels of sclerostin under steady-state conditions may 
serve as a marker for total skeletal mass. In contrast to 
the report by Morse et al. [8], a recent study by Invernizzi 
et al. demonstrated significantly higher values of serum 
sclerostin in chronic SCI (8 years after injury on average) 
compared to those in with healthy subjects [42].

The recent preclinical investigations suggest that the 
marked bone loss occurs a few weeks after injury and 
sustains in animal models of SCI [10, 29–32]. To our 
knowledge, the present study has provided the first direct 
preclinical evidence to demonstrate that Scl-Ab which is 
begun 12 weeks after motor-complete SCI largely reversed 
the cancellous bone loss, albeit the bone architecture was 
only partially restored. The restoration of bone mass and 
structure with Scl-Ab administration is associated with 
dramatically increased osteoblast activity, elevated bone 
formation rate, and increased osteoid indices. Specifically, 
robust cancellous bone deficits at the distal femur and the 
proximal tibia after 20 weeks of injury were observed. 
These deleterious microarchitecture changes were char-
acterized by increased Tb.Sp, as well as reduced Tb.N, 
Conn.D, and plate-like geometry (SMI), indicative of 
compromised structural integrity and abridged mechani-
cal strength. Pharmacological antagonism of sclerostin 
revealed bone anabolic effects that almost completely res-
cued the SCI-induced trabecular bone deterioration. These 
observations are consistent with benefits of Scl-Ab treat-
ment that have been demonstrated in other rodent stud-
ies that have employed various approaches to mechanical 
unloading [43–45]. The administration of Scl-Ab to the 
animals after SCI resulted in changes to the trabecular 

bone microstructure (e.g., volume, thickness, and SMI) 
and parameters of bone formation (e.g., BFR, MS, and 
osteoid) that were significantly greater than those of the 
Sham animals. These treatment-induced supra-normal 
changes to the skeleton are most likely secondary to a dose 
effect; therefore, additional study should be considered to 
identify the minimum effective dose of Scl-Ab to maintain 
therapeutic efficacy.

A previous study in a rat model of acute motor-incom-
plete SCI reported no change in the cortical area and thick-
ness [11]. Interestingly, in our more chronic motor-complete 
SCI model, significantly reduced bone tissue area and corti-
cal thickness were detected, which is expected to contribute 
to the reduction in cortical bone stiffness and strength, a 
possibility that remains to be further addressed by additional 
biomechanical testing. Of note, administration of Scl-Ab not 
only significantly reduced endosteal perimeter and medul-
lary area and increased cortical bone thickness, but also 
increased trabecular bone stiffness and the estimated failure 
load. Whether the benefits of Scl-Ab demonstrated in this 
study could be translated to patients with SCI to reduce frac-
ture occurrence at the sublesional skeletal sites remains to 
be determined in the future.

We previously reported that the reduced bone formation 
was observed in rats with acute motor-complete SCI by 
dynamic bone histomorphometry analysis and that Scl-Ab 
administration prevented the decrease in the bone formation 
rate [10]. In this study, although no change of bone forma-
tion rate or mineral surface was detected in animals that 
had more prolonged SCI prior to initiating therapy, phar-
macological inhibition of sclerostin resulted in an about 
sevenfold elevation of both bone formation rate and min-
eralizing surface. In addition, more prolonged SCI led to a 
marginal decrease of osteoid volume and osteoid surface, 
whereas Scl-Ab treatment to the SCI animals increased the 
osteoid formation to levels even higher than those observed 
in Sham-operated animals. This histomorphometric finding 
is in an agreement with our ELISA results in which a mar-
ginal decrease of serum osteocalcin level was detected in 
rats after prolonged SCI and that Scl-Ab administration to 
the SCI rats significantly increased the serum osteocalcin 
level. These data are in contrast to the finding from a previ-
ous report in which serum osteocalcin was not elevated by 
Scl-Ab treatment, whereas P1NP (a circulating marker of 
type I collagen deposition) was reduced by SCI, an effect 
that was completely prevented by Scl-Ab [11].

Furthermore, analogous to our previous findings in ani-
mals with acute SCI [10], Scl-Ab favorably altered the dif-
ferentiation potential of bone marrow progenitors by enhanc-
ing osteoblastogenesis and inhibiting osteoclastogenesis in 
animals with more prolonged SCI. These findings are con-
sistent with a recent report that showed that Scl-Ab reversed 
unloading-induced reduction of marrow stromal cells colony 
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numbers, alkaline phosphatase-positive osteoblasts, and 
bone nodules [43]. The promotion of osteoblastogenesis 
and the inhibition of osteoclastic genes are consistent with 
altered expression Wnt signaling pathway genes, includ-
ing the elevated expression of Tcf7, ENC1, and the OPG/
RANKL ratio, as well as reduced expression of RANKL and 
sFRP1,2. It is noted that recent findings support a relation-
ship between greater Wnt signaling, increased Enc1 expres-
sion, and improved osteoblast differentiation [21, 22]. In this 
study, no change in level of serum sclerostin was noted after 
more prolonged SCI (data not shown) when compared to 
that of Sham-operated animals. Of interest, levels of SOST 
expression in bone marrow-derived osteoblasts was up-reg-
ulated after chronic SCI in our study, which is consistent 
with the reported finding in patients with chronic SCI of 
elevated sclerostin levels associated with bone loss [42], and 
the change was reversed by Scl-Ab treatment. Appreciating 
that bone marrow cells compose a component of the local 
bone microenvironment, the increased level of SOST mRNA 
expression in bone marrow cells is a more physiologically 
meaningful finding and indicative of the role that sclerostin 
plays in the adaptation of the skeleton after SCI than that of 
alterations in circulating levels of sclerostin. Repeat dos-
ing of Scl-Ab has shown to up-regulate Wnt antagonists, 
including sclerostin and Dkk1 in bone tissues of animal 
models, which results in a negative feedback response 
to limit canonical Wnt signaling [46–48]. We previously 
reported that sclerostin antibody increased the number of 
osteocytes; therefore, it is not unexpected that sclerostin 
antibody would result in increased SOST expression in the 
bone tissue since sclerostin is produced mainly by osteocytes 
and the appearance of additional osteocytes should produce 
greater levels of sclerostin. Taken together, the overall effect 
on gene expression of Scl-Ab in local marrow microenviron-
ment has a unique role to activate the Wnt signaling pathway 
in mesenchymal stem cells (MSCs), thereby facilitating the 
recruitment of MSCs into the osteoblast cell lineage.

In summary, when initiated 12 weeks after SCI and con-
tinued for 8 weeks in a rat model of motor-complete SCI, 
administration of sclerostin-neutralizing antibody resulted 
in a dramatic increase in bone formation and bone mass in 
the skeleton below the spinal cord lesion. The mechanisms 
underlying the observed anabolic activities of Scl-Ab are 
its normalization of osteoblastogenic and osteoclastogenic 
potential of bone marrow progenitors that were unfavorably 
impaired after SCI. Although SCI leads to rapid bone loss 
and high fracture incidence, there are currently no widely 
accepted clinical guidelines to address the consequences 
of bone loss in individuals after chronic SCI. Bisphospho-
nate administration has not been consistently reported to 
reverse sublesional bone loss in individuals after chronic 
SCI [1, 49]. Thus, our current preclinical findings provide 
a strong rationale to initiate clinical trials to evaluate the 

effectiveness of sclerostin antibody immunotherapy as a 
means to reverse bone loss in individuals with chronic SCI, 
in addition to its potential role in the prevention of bone loss 
shortly following acute SCI, as has been previously reported 
in our preclinical work [10].
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