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Abstract
Study design—Animal study.

Objective—This study examined how soon after spinal cord injury (SCI) bone loss occurs, and
investigated the underlying molecular mechanism.

Methods—Eight-week-old male Wistar rats underwent complete transection of the thoracic
spinal cord at T3—4 or sham operation (n7=10-12 per group). Blood, hindlimb bone samples, and
bone marrows were collected at 2 and 7 days after SCI.

Results—The neurologically motor-complete SCI causes loss of bone mass and deterioration of
trabecular bone microstructure as early as 2 days after injury; these skeletal defects become more
evident at 7 days. These changes are associated with a dramatic increase in levels of bone
resorption maker CTX in blood. Alternations of gene expression in hindlimb bone tissues and
bone marrow cells at the first week after SCI were examined. Gene expressions responsible for
both bone resorption and formation are increased at 2 days post-SClI, and the associated bone loss
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and bone deterioration are likely the result of higher levels of osteoclastic resorption over
osteoblastic formation, as may be extrapolated from findings at molecular levels.

Conclusions—Rapid bone loss occurs as early as 2 days after motor-complete SCI and
interventions for inhibiting bone resorption and prompting bone formation should start as soon as
possible after the injury to prevent bone loss.

Introduction

Spinal cord injury (SCI) is a devastating neurological disorder that causes extreme
immobilization with immediate and irreversible unloading of the skeleton and leads to
marked bone loss. In individuals with neurologically motor-complete SCI, bone mass may
be diminished by more than 50% at the distal femur and proximal tibia [1-4]. Consequently,
fractures of the distal femur and proximal tibia are the most common fractures in individuals
with SCI [5, 6]. In humans with SCI, BMD declines rapidly at all sublesional skeletal sites at
rates as high as 1% per week for the first year after injury [1, 4, 7]. In studies performed in
acute models of SCI in rats, loss of trabecular bone in the proximal tibia approaches 70% at
3 weeks after a complete spinal cord transection [8] and over 60% at the distal femoral
metaphysis at 10 days after severe spinal cord contusion [9]. Recent studies reported that
SCI reduced bone mass and caused deterioration of trabecular bone microstructure as early
as 1 week after injury [10-12]. Considering the fact that as much as —50% of reduction in
bone mass can be induced by SCI within a short period time of 1 week [12], we hypothesize
that bone loss can occur even much earlier time points after SCI.

To date, the mechanisms underlying bone loss due to SCI remain largely unknown. As such,
at the present time no practical treatment has been reported to delay or prevent bone loss, or
promote rebuilding of bone, in patients with SCI [13]. A better understanding of the
molecular mechanism and risk factors for SCl-related bone loss is critical in identifying
therapeutic targets to preserve the mass and structural integrity of bone and reduce fracture
and associated co-morbidity. Uncoupled bone turnover after SCI has been reported,
including a reduced bone formation rate, as well as marked acceleration of bone resorption
associated with increased osteoclast surface and increased potential of bone marrow
progenitors for osteoclastic differentiation [1, 2, 7, 14]. In contrast, coupled bone remolding
has been also observed. In addition to dramatically increased bone resorption, the osteoblast
number and activity are unaffected or even elevated at 3 weeks after SCI in rats [8] and,
similarly, bone formation markers are at normal or slightly above normal levels in SCI
patients at 3 months post injury [15, 16].

Bone resorption is stimulated by cells of the osteoblast lineage by the release of receptor
activator of NF-kB ligand (RANKL), which stimulates differentiation and activity of
osteoclasts [17]. RANKL is probably responsible for much of the bone loss resulting from
various states of immobilization, such as that occurring after SCI [17]. Cells of the
osteoblast lineage release osteoprotegerin (OPG), a decoy receptor which inhibits RANKL
[17]. Osteocytes, which are derived from osteoblasts after they become encased in bone, are
the major source of RANKL in unloaded bone [18]. The Wnt/B-catenin pathway is a key
determinant of bone mass by controlling osteoblast function, and that regulation of this
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pathway in bone by Wnt inhibitors contributes to the regulation of bone mass [17, 19]. Wnt
inhibitors linked to bone metabolism include sclerostin, Dickkopf-1 (DKK1) and frizzled-
related proteins (sSFRPs) and play important roles in the pathogenesis of disuse osteopenia
[20]. Sclerostin and DKK1 act by binding to the Wnt co-receptor LRP5/6 thereby inhibiting
Whnt signaling, whereas sFRPs bind Wnts to reduce their biological activity [20]. Sclerostin
is encoded by the SOST gene to potently inhibits bone formation and is produced by bone
cells, particularly osteocytes [21]. Recent clinical studies have demonstrated that serum
sclerostin levels are elevated after acute SCI [22]. Most recently, administration of sclerostin
antibody prevented or reversed bone loss by increasing bone formation and restoring
deterioration of osteocyte morphology/structure in rat models of acute SCI [23-25],
suggesting that sclerostin probably contributes to the modulation of SCI-induced bone loss.

The purpose of this study was to examine how rapidly bone loss can occur after SCI in
young adult rats and to investigate underlying molecular mechanism. A rat model of
complete spinal cord transection at the midthoracic level was used for these studies as we
previously described [24, 26-28]. Because the majority of persons with SCI are male, male
rats were selected for this work. The authors report herein that SCI induces bone loss and
structural deterioration as early as 2 days after injury, at least in part, as a consequence of an
excess of osteoclastic resorption over that of osteoblastic formation, as evidenced and
extrapolated from molecular findings. The findings from the present study have implication
in bone loss after acute SCI, particularly in clinical cases of children or Veterans with SCI.
The latter is of particular interest since Veterans Health Administration has the largest single
network of SCI care in the nation [29].

Animals surgery, drug administration, and tissue collection

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 Veterans Affairs JJP VA Medical Center Institutional Animal Care and Use
Committee. Spinal cord transection surgery was performed as previously described [24-28].
In brief, 9-week-old male Wistar rats (Charles River) were anesthetized by inhalation of
isofluorane (3-5%) and hair were removed with a clipper. Skin over the back was cleaned
with betadine and isopropyl alcohol. After making a midline incision, the spinal cord at the
site of transection (T3-4) was visualized by laminectomy, and the spinal cord was transected
with microscissors. The space between transected ends of the spinal cord was filled with
surgical sponge and the wound was sutured closed in two layers. Urine was manually
expressed three times daily until bladder automaticity developed, then this procedure was
performed as needed. Baytril was administered for the first 3-5 days post-operatively then as
needed for cloudy or bloody urine as a sign of probable urinary tract infection or for
evidence of wound infection. Sham-transected animals received only a laminectomy.

Body weights were recorded prior to spinal cord transection (preoperative body weight) and
daily after SCI. Body weight at sacrifice was normalized relative to preoperative body
weight. Two or seven days after SCI, animals were euthanized by inhalation of isofluorane
prior to harvesting the tissue for study. The leg was removed using sterile technique; careful
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dissection was performed to free the head of the femur from the pelvis. To preserve bone for
micro-CT (7= 6-7 per group), the leg was removed and placed into tubes containing 4%
PFA overnight, after which the PFA was replaced with 70% ethanol for storage. The femur
and tibia (n7=5-6 per group) were placed in ice-cold Minimum Essential Alpha Medium (a-
MEM), and then immediately processed for extraction of total RNA from whole bone and
bone marrow cell cultures, as described below.

Dual-energy X-ray absorptiometry

Areal BMD measurements were performed on excised hindlimbs (7= 10-12 animals per
group) by using a small animal dual-energy X-ray absorptiometer (DXA) (Lunar Piximus,
WI, USA) as described [24-28, 30, 31]. Hindlimbs were positioned on the DXA platform
with the knee flexed at an angle of 135° and DXA images were acquired with Lunar Pixmus
software. The instrument was calibrated with a phantom following the procedures
recommended by the manufacturer on each day of use prior to analysis of experimental
samples. The metaphysis of the distal femur and proximal tibia were selected as regions of
interest (ROI). The coefficient of variation for the repeated measurements for the ROl was
~1.5%.

Micro-CT analysis of bone microarchitecture

Bone architecture of the distal femur was assessed by a Scanco UCT scanner (vivaCT 80;
Scanco Medical AG, Switzerland) at 21 mm isotropic voxel size, as previously described
[24-27, 32] (also see the Supplemental Materials and Methods for greater details). Image
reconstruction and 3D quantitative analysis were performed using software provided by
Scanco. Scans were initiated at the distal end of the femur and extended to the center of the
femur, for a total of ~777 slices (~16.3 mm). Trabecular ROI consisted of 189 slices (~3.969
mm), beginning 0.5 mm proximal to the growth plate and continuing in a proximal direction,
were included in the bone analysis. Cortical ROI consisted of 100 slices at the proximal end
of the scans, located ~2.1 mm at the center of the femur, were also analyzed. Standard
nomenclature and methods for bone morphometric analysis were employed [24, 32].

Mechanical properties at the distal femur trabecular bones were estimated from micro-finite
element analysis (UFEA), following the manufacturer’s recommended procedures, as
previously described [2, 25, 33-35]. Briefly, UFEA models were produced by converting
each bone voxel to an eight-node brick element. Bone tissue was subjected to applied
uniaxial compression, 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.

Serum levels of CTX and osteocalcin

Blood samples (7= 10-12 animals per group) were clotted at room temperature for 15 min
and centrifuged at 2000 rpm for 10 min at 4 °C. After that, 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 enzyme-linked immunoassay kit from Biomedical Technologies Inc. (Stoughton,
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MA). All samples were assayed in duplicate, following the manufacturer’s recommended
procedures.

Extraction of total RNA from bone

Total bone RNA was extracted as previously described with some modifications [36].
Briefly, long bones were dissected free of soft tissues, and bone marrow were flushed away
with PBS using a 27 G*2 needle-syringe. The bone samples (~1 g) were longitudinally cut
into small piece and then digested three times with 2 mg/ml collagenase type | (Gibco, >150
Units; 20 ml), one time with 5 mM EDTA (Sigma-Aldrich, 10 ml)), and one more with the
collagenase and EDTA, each for 25 min on a shaker with rotation at 150 rpm at 37 °C.
Following the digestions, the bone samples were crushed using a mortar and pestle in liquid
nitrogen. RNA was extracted from the lysate using the TRizol reagent (Sigma Aldrich)
according to the manufacturer’s instructions.

Extraction of total RNA from bone marrow cultures

Procedures for the differentiation of osteoblasts and osteoclasts from bone marrow stem
cells were performed, as previously described [25-28, 30]. Briefly, to study osteoclast cells,
bone marrow cells were isolated from the femora and tibiae in a-MEM. Marrow cells were
rinsed, resuspended in a-MEM, seeded into wells using an equal nhumber of cells in each
well, and then cultured for 2 days in a-MEM supplemented with human macrophage
colony-stimulating factor (M-CSF; 5 ng/ml). The nonadherent cells were collected and
purified by Ficoll-Plus (Amersham Pharmacia Biotech Inc., Arlington Height, IL, USA)
then seeded into wells, again with an equal number of cells per plate, and incubated in a-
MEM containing M-CSF (30 ng/ml) and RANKL (60 ng/ml) for 5 days, followed by total
RNA extraction using the TRizol reagent. To study osteoblast cells, cells were flushed from
the marrow cavity with a-MEM and seeded into tissue culture wells; the harvested bone
marrow cells were cultured in a-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 extraction of total RNA
with the TRizol reagent.

Quantitative PCR

Statistics

Real-time PCR was used for the determination of mMRNA levels, as described previously [24,
28, 30]. One microgram of total RNA was used to synthesize the first strand cDNA by the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). gPCR was
performed with an Applied Biosystems (ABI) Via 7 thermal cycler using ABI Tagman 2X
PCR mix and ABI Assay on demand qPCR primers. Changes in expression were calculated
using the 272ACt method using 18S RNA as the internal control [24, 28, 30].

Data are expressed as mean + SD; the number of independent samples (n) is provided in the
legend of each figure. The statistical significance of differences among means was tested
using Student’s £test to determine the significance of differences between individual pairs of
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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

Rapid loss of bone mass and deterioration of bone microstructure after acute SCI

Average total body weight started to decline at 2 days after SCI and were significantly lower
in the SCl-vehicle group at 7 days compared with the Sham-SCI group (Fig. 1a).

Compared with Sham rats, BMD was significantly lower in SCI groups both at the distal
femur (-4.4%, p < 0.05; Fig. 1b) and at the proximal tibia (-4.6%, p < 0.05; Fig. 1c) as early
as 2 days after injury. At 7 days post injury, BMD was further lower at the distal femur
(-10%, p< 0.01; Fig. 1b) and at the proximal tibia (-6.9%, p < 0.05; Fig. 1¢) when
compared with Sham animals.

Bone architecture was examined by high-resolution uCT to assess the changes in trabecular
bone of the distal femur (Fig. 2 and Supplementary Table 1). At two days post injury, lower
trabecular bone volume (BV/TV, —18.5%, p < 0.05; Fig. 2b, panel a), trabecular bone
number (Th.N, —13.7%, p < 0.05; Fig. 2b, panel b), trabecular bone thickness (Th.Th,
-8.7%, no significance; Fig. 2b, panel c), connectivity density (Conn-Dens, —20.6%, no
significance; Fig. 2b, panel e), and stiffness (-39.2%, no significance; Fig. 2b, panel g) with
an increased trabecular separation (+5.4%, no significance; Fig. 2b, panel d) and a higher
value for the structure model index (+26.4%, no significance; Fig. 2b, panel f) were
observed in SCI groups when compared with Sham animals. At 7 days after SCI, the
deterioration of trabecular bone microstructure had progressed further with a significant
reduction of BV/TV (-28.8%, p < 0.01; Fig. 2b, panel a), trabecular bone number (-15.8%,
p<0.05; Fig. 2b, panel b), trabecular bone thickness (-=11.4%, p < 0.05; Fig. 2b, panel c¢),
connectivity density (-43.7%, p < 0.05; Fig. 2b, panel e), and stiffness (-52.8%, p < 0.05;
Fig. 2b, panel g) with a significant increase in trabecular separation (+24.3%, p < 0.01; Fig.
2b, panel d) and a larger value for the structure model index (+36.2%, no significance; Fig.
2b, panel f).

Cortical bone structure at the femur midshaft was also examined by high-resolution uCT
(Supplemental Fig. 1a). Compared with those from the Sham group, bones at 7 days after
SCI tended to be thinner with a reduction in Ct.Ar/Tt.Ar (=7.0%, p < 0.05; Supplemental
Fig. 1b, panel a) and Ct.Th (-=7.1%, p < 0.05; Supplemental Fig. 1b, panel b) and an increase
in medullary area (+15.6%, p<0.05; Supplemental Fig. 1b, panel c). These structural
changes of the diaphysis were not observed at 2 days after SCI.

Changes of circulating bone markers and bone gene expressions at 2 days after SCI

To understand molecular mechanisms underlying bone loss after acute SCI, serum levels
bone metabolic products for reflecting bone resorption (CTX) and bone formation
(osteocalcin) were examined. We found that when compared with Sham rats, protein levels
of serum CTX and osteocalcin in SCI groups were higher by about 2- and 1.5-fold in
animals at 2 days after injury, respectively (Fig. 3a). In addition, total RNAs from whole
bone of hindlimb were extracted and gene expressions responsible for bone resorption and
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formation were analyzed by quantitative PCR analysis. At 2 days post injury, increases of
the osteoclastic markers RANKL (p < 0.001, Fig. 3b, panel a), TRAP (p < 0.05, Fig. 3b,
panel b), Intergrin (p < 0.05, Fig. 3b, panel c), and calcitonin receptor (CTR) (p < 0.01, Fig.
3b, panel d) were detected in bone samples from SCI group when compared with Sham-
transected animals. Interestingly, increases of the osteoblastic markers Runx2 (p < 0.001,
Fig. 3c, panel a) and osteocalcin (p < 0.01, Fig. 3c, panel b) as well as SOST mRNA (p<
0.001, Fig. 3c, panel d) were also observed in SCI group. There are no significant changes in
mRNA levels of DKK1 (Fig. 3c, panel ), DKK2 (data not shown), and sFRP1 (Fig. 3c,

panel f).

Changes of circulating bone markers and bone gene expressions at 7 days after SCI

Serum CTX levels were higher by about 1.5-fold in SCI groups at 2 days after injury when
compared with Sham rats. Serum osteocalcin levels had no significant change at 7 days after
SCI (Fig. 4a). In ex vivo cultures of osteoclasts derived from bone marrow hematopoietic
precursors, significant increase of the osteoclastic markers TRAP (p < 0.05, Fig. 4b, panel a)
was observed in SCI group at 7 days post injury when compared with Sham-transected
animals, but no significant change was found for RANKL (Fig. 4b, panel b), CTR (Fig. 4b,
panel ¢), and Intergrin (Fig. 4b, panel ¢). In ex vivo cultures of osteoblasts derived from
bone marrow stromal precursors, although mRNA levels for the differentiation marker
Runx2 (Fig. 4c, panel a), osteocalcin (Fig. 4c, panel b), and BSP (Fig. 4c, panel c) did not
significantly change compared with Sham group (Fig. 4c, panel a), marked increases of
MRNA levels were observed for the Wnt signaling inhibitors SOST (+30%, p < 0.05; Fig.
4c, panel d), DKK1 (+1,043%, p < 0.001; Fig. 4c, panel e), DKK2 (+190%, p < 0.05; Fig.
4c, panel f), and sSFRP1 (+212%, p < 0.05; Fig. 4c, panel g) in the SCI group compared with
the Sham group.

Discussion

Bone loss after SCI is relatively unique in its magnitude, rapidity, and localization to the
sublesional regions. We previously showed that substantial loss of bone mineral content and
bone volume was found for the distal femur and proximal tibia of rats at 56 days after spinal
cord transection [24, 25, 27, 28]. Recent studies demonstrated that SCI causes bone loss and
deterioration of trabecular bone microstructure at 10 days [9] or even as early as 1 week
[10-12] after injury. The present study is the first to report that bone loss and deterioration
of trabecular bone microstructure occur as early as 2 days after neurologically motor-
complete SCI. Specifically, SCI results in to rapid reduction of sublesional cancellous bone
mass [e.g., BMD and bone volume (BV/TV)] as well as deleterious micro-architectural
changes (e.g., increased Th.Sp and higher SMI for rod-like geometry, as well as reduced
Th.N, Conn.D and stiffness), indicative of compromised structural integrity and reduced
mechanical strength. These skeletal deficits due to SCI become more evident at 7 days,
which is consistent with the previous findings [10-12]. The rapid decline in bone mass and
deterioration of bone microstructure highlight a clinical need that any intervention for the
prevention of bone loss after the acute event should start as soon as possible after paralysis
and immobilization.
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Our data indicate that sublesional loss of BMD within the first 2 days of SCI in rodents is as
much as 4.4-4.6%, a degree of bone loss that has been observed after 1 year of menopause
in women who are not taking osteo-protective drugs [37]. The reasons for such a rapid
decline in bone mass and deterioration of bone microstructure after SCI remain unclear.
Bone mass and integrity are maintained by a balance between bone resorption and formation
that is mediated by osteoclasts and osteoblasts, respectively [17]. The process is regulated by
multiple factors in a coordinated fashion, including local and systemic hormones,
mechanical loading and neuromuscular activity [4, 17, 31]. An abnormality of any one of
these factors may rapidly lead to bone loss. For example, estrogen deficiency contributes to
bone loss in women after menopause; [17] weightlessness and immaobility, as experienced by
astronauts or bedridden or otherwise immobilized patients, leads to reduced bone mass and
strength; several neurologic diseases, such as stroke, amyolotropic lateral sclerosis,
Parkinson’s disease and polio cause loss of bone due to abnormal neuromuscular function

[4, 38]. In contrast to each of the aforementioned pathological conditions that cause bone
loss, SCI results in neurological dysfunction (denervation), extreme immobilization, and
alterations of several hormones. As such, the multifaceted pathophysiological alterations in
patients after acute SCI contribute to one of the rapidest and most severe forms of bone loss
that will eventually result in a high risk for fragility fracture in those with chronic SCI [4,
31, 39].

The present study, for the first time, demonstrates evidence of alternations in gene
expression responsible for bone resorption and formation in hindlimb bone tissues and bone
marrow stem cells at 1 week after SCI. The molecular mechanisms underlying SCI-induced
bone loss remain largely unknown [13]. Currently, there is inconsistent evidence as to
whether coupling or uncoupling of bone resorption and formation occurs subsequent to SCI.
For example, uncoupled bone turnover after SCI has been reported, including a reduced
bone formation rate, as well as marked acceleration of bone resorption associated with
increased osteoclast surface and increased potential of bone marrow progenitors for
osteoclastic differentiation [1, 7, 14]. On the other hand, the coupled bone remolding has
been also observed. In addition to dramatically increased bone resorption, the osteoblast
number and activity are unaffected or even elevated at 3 weeks after SCI in rats [8] and,
similarly, bone formation markers are at normal or slightly above normal levels in SCI
patients at 3 months post injury [15, 16].

One of the main findings is that bone starts an accelerated process of remodeling
immediately after injury, probably mediated, among other factors, by a sudden increase in
SOST expression. In this study, we found the increased expression of three osteoclast
markers in hindlimb bone tissues collected from SCI rats at 2 days after injury, suggesting
rapid activation of osteoclast cells. We also observed marked increases in expression of
RANKL, a key factor which stimulates osteoclast formation from marrow progenitor cells
[17], consistent with increased RANKL expression by osteocytes in other models of bone
unloading [18]. Increases of the osteoblastic markers Runx2 and osteocalcin were also
observed in SCI group. The findings of increased SOST mRNA (suggesting reduced bone
formation) and simultaneously increased RunX2 and osteocalcin (suggesting increased bone
formation) at 2 days after SCI are of great interest. The observation is consistent with
increases in CTX and osteocalcin immediately after ovariectomy [40, 41]. The evidence that
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increased SOST, CTX, and osteocalcin expression occur simultaneously at this time point
suggests an increase in bone remodeling, thereby resulting in immediate increase in the
activities of both osteoclast and osteoblasts. Because osteoclastic resorption is more rapid
(2-3 days) than osteoblastic bone deposition (2-3 weeks), initially resorption predominates
with a net loss in bone mass. In addition, the increased mRNA levels of RunX2 and
osteocalcin are perhaps associated with a compensatory mechanism to increase bone
formation in response to excessive bone resorption activity at this time point. Importantly,
mRNA levels for RANKL is significantly higher at 2 days, but did not significantly change
at 7 days after SCI, compared with Sham animals. Collectively, these findings indicate that
gene expressions essential for bone resorption and formation are both increased at the
earliest stages after acute SCI, suggesting that the associated bone loss and bone
deterioration are likely attributed from an excess of RANKL-mediated osteoclastic
resorption over that of osteoblastic formation, as may be extrapolated from molecular
findings.

Interestingly, levels of SOST mMRNA expression were increased both at 2 and 7 days after
SClI, further supporting the roles of sclerostin in modulating SCI-related bone loss, as
previous studies have suggested [22-25]. However, at 7 days after SCI, there is a different
pattern with regard to changes of other gene expressions. Although significant increase of
the osteoclastic marker TRAP was noted, mRNA levels for the RANKL, a key osteoclastic
differentiation factor, did not significantly change compared with Sham animals, supporting
the notion that at this time point, bone resorption is still activated with a diminished degree.
Similarly, osteoblast differentiation marker Runx2, osteocalcin and BSP did not significantly
change compared with Sham animals.

In addition to SOST, expressions of other Wnt signaling inhibitors DKK1, DKK2, and
sFRP1 mRNAs were markedly increased, suggesting that bone formation is likely
suppressed very early after SCI and perhaps this explains the relative ineffectiveness of
antiresorptive medications in completely preventing bone loss after SCI in previous studies
[1, 13, 38]. The findings also imply that SOST acts in a swift manner to directly respond to
mechanical unloading signals while the response from other Wnt pathway molecules DKK1,
DKK2, and sFRP1 is somewhat delayed. Collectively, the findings from this study indicate
that bone resorption and formation-mediated remodeling and bone adaptation after acute
SCl is a result of dynamic molecular events guiding a shift of bone remodeling from
coupling at 2 days post injury to uncoupling at 7 days, with resulting net catabolism of the
sublesional skeleton. This notion is further supported by the evidence of bone metabolic
products in blood circulation. At 2 days after SCI, both bone resorption marker serum CTX
and formation maker serum osteocalcin are elevated, but the magnitude of change in serum
CTX (~2 fold) is more robust than that of serum osteocalcin (~1.5-fold; Fig. 3a), suggesting
that there is a coupled bone remodeling with a predominance of resorption over formation.
A similar predominant resorption is also observed at 7 days after SCI where levels of serum
CTX remains increased by ~1.5-fold, in absence of a coordinated change in serum
osteocalcin (Fig. 4a).

In summary, the present study has demonstrated for the first time that the neurologically
motor-complete SCI causes loss of bone mass and deterioration of trabecular bone
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microstructure as early as 2 days after injury. Our findings suggest that SCI-induced bone
loss and structural deterioration during early stages of injury are likely resulting from an
excess of osteoclastic resorption over osteoblastic formation at molecular levels. Thus,
interventions for inhibiting bone resorption and prompting bone formation should start as
soon as possible after the injury to prevent the early onset of bone loss.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Rapid loss of bone mass after acute SCI. a Change in total body weight at 2 and 7 days after
SCI is shown. Body weight at sacrifice was normalized relative to body weight prior to
spinal cord transection (preoperative body weight). Areal bone mineral density (BMD)
measurements in each group are shown at the distal femur (b) and proximal tibia (c). The
percent change versus Sham group was calculated at 2- and 7-days post-SCI for each
outcome measurement and then was plotted in the graph. Data are expressed as mean +
SEM. n=10-12 animals per group. Significance of differences was determined using
Student’s ftest. *P< 0.05, **£< 0.01, and ***p < 0.001 versus the indicated group; NS no

significant difference
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Fig. 2.

Rapid deterioration of bone microstructure after acute SCI. a Representative micro-CT 3D
images of trabecular microarchitecture of distal femur are displayed. b Measurements are
shown for: (panel a) trabecular bone volume per total tissue volume (BV/TV), (panel b)
trabecular number (Th.N, mm™1), (panel c) trabecular thickness (Tb. Th (mm)), (panel d)
trabecular separation (Th.Sp (mm)), (panel e) connectivity density (conn.D (mm~3)), and
(panel f) structure model index (SMI; range from 0 to 3, with 0 = platelike and 3 = rod like).
(panel g) Bone stiffness was estimated from micro-finite element analysis (WFEA). The
percent change versus Sham group was calculated at 2- and 7-days post-SCI for each
outcome measurement and then was plotted in the graph. Data are expressed as mean +
SEM. n=6-7 animals per group. Significance of differences was determined by using
Student’s #test. *~< 0.05 and **P < 0.01 versus the indicated group. NS not significant
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Fig. 3.

Changes in circulating bone markers and bone gene expression at 2 days after SCI. a Serum
CTX (panel a) and osteocalcin (panel b) levels by ELISA. Using RNA extracted from long
bones, gene expressions related to bone resorption (b) and bone formation and Wnt
signaling pathway (c) were determined by real-time PCR analysis: (b, panel a) RANKL, (b,
panel b) TRAP, (b, panel c) intergrin B3, (b, panel d) Calr, (c, panel a) Runx2, (c, panel b)
osteocalcin, (c, panel ¢) OPG, (c, panel d) SOST, (c, panel ) DKK1, and (c, panel f) sFRP1.
Gene expression was normalized to 18s RNA. Data are expressed as mean = SEM. n= 10—
12 animals per group for (a) and /7= 5-6 animals per group for (b) and (c). Significance of
differences was determined by using Student’s #test. *p < 0.05, **p < 0.01, and ***p <

0.001 versus the indicated group. NS no significant difference
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Changes in circulating bone markers and bone gene expression at 7 days after SCI. a Serum
CTX (panel a) and osteocalcin (panel b) levels by ELISA. b, c mRNA levels were
determined by real-time PCR. b Gene expression in osteoclasts developed by primary
culture of bone marrow hematopoietic cells. (b, panel a) TRAP, (b, panel b) Calr, (b, panel
c) Intergrin B3, (b, panel d) RANKL. ¢ Gene expression in osteoblasts developed by primary
culture of bone marrow stromal cells. (c, panel a) Runx2, (c, panel b) osteocalcin, (c, panel
c) BSP, (c, panel d) SOST, (c, panel ) DKK1, (c, panel f) DKK2, (c, panel g) sFRP1, and (c,
panel h) LRP5. Gene expression was normalized by 18s RNA. Data are expressed as mean *
SEM. n=10-12 animals per group for (a) and 7= 5-6 animals per group for (b) and (c).
Significance of differences was determined by using Student’s #test. *£< 0.05 and ***p <
0.001 versus the indicated group. NS no significant difference
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