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Abstract

Study design Animal study.

Objectives To investigate the effects of SCI on bone quality and callus formation.

Setting University and hospital-based research center, Ribeirdo Preto Medical School, Brazil.

Methods Rats sustaining a complete SCI for 10 days received a fracture at the femoral diaphysis and were followed-up for
14 days. Bone callus and contralateral nonfractured tibia were assessed by DXA, pCT, ELISA, histomorphometry,
immunohistochemistry, biomechanical test, and gene expression.

Results SCI downregulated osteoblastic-related gene expression in the nonfractured tibias, associated with a twofold
increase in osteoclasts and overexpression of RANK/RANKL, which resulted in lower bone mass, impaired micro-
architecture, and weaker bones. On day 14 postfracture, we revealed early and increased trabecular formation in the callus of
SCI rats, despite a marked 75% decrease in OPG-positive cells, and 41% decrease in density. Furthermore, these calluses
showed higher porosity and thinner newly formed trabeculae, leading to lower strength and angle failure.

Conclusions SCI-induced bone loss resulted from increased bone resorption and decreased bone formation. We also evi-
denced accelerated bone healing in the SCI rats, which may be attributed to the predominant intramembranous ossification.
However, the newly formed bone was thinner, less dense, and more porous than those in the non-SClI rats. As a result, these
calluses are weaker and tolerate lesser torsion deformation than the controls, which may result in recurrent fractures and
characterizes a remarkable feature that may severely impair life quality.

Introduction
Spinal cord injury (SCI) is well known to induce severe

osteoporosis in sublesional bones, which leads to an
increased risk of low-impact fractures [1-4]. As a con-
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sequence, nearly 70% of people with SCI will fracture their
bones at some point in their life after injury [3]. Further-
more, hospitalization is longer for these patients, and the
incidence of complications is higher [1]. Considering that
~285,000 individuals are living with SCI in the US, the
social and medical impact of SCI-induced-bone loss is of
great importance [5]. The annual incidence of fractures in
individuals with SCI ranges from 2 to 6% but may increase
up to 25% in severely affected patients [6].

To maintain the integrity and capability of bone strength
and elasticity, a balanced coupling should be preserved
between bone formation and resorption. In our previous
study, we reported an intense and rapid increase in
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osteoclastic activity in rats with paraplegia [7], which lead
to significant bone loss and lower capacity to absorb energy
before fracturing [2]. The mechanism of bone healing and
the quality of the healed bone following SCI are poorly
understood. The topic remains very controversial as pre-
vious results have shown that callus formation in SCI
individuals can be either delayed [6, 8, 9] or accelerated
[4, 10, 11]. Experimental studies have been conducted to
better understand bone healing in SCI animals. Never-
theless, the conclusions remain controversial, with some
authors evidencing early and accelerated fracture healing
[12, 13], while others showed delayed healing with poor
callus formation [14, 15].

Therefore, this study was conducted to determine the
impact of SCI on gene expression, levels of bone markers in
serum, bone density, bone microarchitecture, bone cells
activity, and the bone strength at both the nonfractured
proximal tibial metaphysis and the fractured femoral dia-
physis. We hypothesize that SCI severely disrupts the
microenvironment of nonfractured bones and impairs bone
callus formation and quality.

Methods

The Institutional Animal Care and Use Committee pre-
viously approved all animal care and experiments carried
out in this study (protocol 199/2015).

Seven-week-old male Wistar rats weighing 200 g (+10 g)
were obtained from the central animal facility of our insti-
tution and housed in individual cages with environmental
enrichment in a room with controlled conditions of
humidity (55-60%), temperature (23 =1 °C), and an artifi-
cial light/dark cycle of 12 h. The experimental procedures
were started after a three-day-interval to allow adaptation to
the laboratory environment.

Thirty-six rats were randomly divided into two groups
(n =18 per group): (1) Sham + fracture: nonparaplegic rats
sustaining a femur fracture; (2) SCI + fracture: SCI rats
with femur fracture. Additional sixteen rats were used to
replace the losses in the SCI group throughout the study. All
rats were inspected daily and weighed to monitor their
general health. All experimental procedures (surgeries and
euthanasia) were carried out at the same time (early in the
morning), in the same surgical room and laboratory envir-
onment, including personnel, to maintain the same condi-
tions. Also, in order to reduce external interferences into the
results, both groups were developed at the same time.

SCl, postoperative care, and femoral fracture

All rats were anesthetized by intramuscular (IM) injection of
ketamine (60 mg/kg, IM) and xylazine (7.5 mg/kg, IM).
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Complete SCI was achieved by surgical transection of the
cord at the T10 vertebral level, as previously described [7].
The sham-operated animals underwent a laminectomy, with
cord exposure but without transection. The daily post-
operative care consisted of a general health assessment
(including signs of stress), skin examination, neurological
functional assessment to confirm immediate and persistent
sublesional paralysis, and bladder expression twice a day. All
rats were administered buprenorphine (0.03 mg/kg) intra-
muscularly twice daily for five days for postoperative pain,
and 10 mL of Lactated Ringer’s solution was injected sub-
cutaneously once a day for five days to prevent dehydration.
The groups were followed postoperatively for 24 days.

After ten days of SCI (or sham surgery) the animals were
anesthetized and a femoral fracture was produced in the
right diaphysis, as previously described [16]. Immediately,
under surgical conditions, an incision was made at the lat-
eral side of the tight, and the fracture was approached,
inspected and intramedullary fixed by a 1.0 mm thick sur-
gical Kirschner wire. An X-ray was taken to check for the
fracture and fixation adequacy. Any fracture not located at
the bone midshaft, or excessively fragmented (three or more
fragments of bone), was excluded. Rats were allowed to
recover postoperatively. Buprenorphine (0.03 mg/kg) was
used for analgesia and injected intramuscularly for five
days. The operated animals were examined daily to check
for the general health, spontaneous activity, mobility,
weight bearing, skin integrity, wound appearance, swol-
lenness, and range of motion of the knee and hip. Another
X-ray was taken just after the euthanasia.

Euthanasia and sample harvesting

Fourteen days postfracture, rats were sacrificed with
excessive anesthetic dosage, and samples were collected for
further blinded analysis. Nonfractured contralateral tibias
were used to assess bone quality, and the fractured femurs
were used to analyze bone healing.

RNA isolation and real-time PCR assessment

Total RNA was extracted from both the fracture callus and
the nonfractured tibias (n = 6/bone/group) using an SV
Total RNA Isolation System (Promega, Madison, Wiscon-
sin, USA). Complementary DNA (cDNA) synthesis was
performed with 1 pug RNA using High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA). TagMan® gene expression assays (Applied
Biosystems) were used for quantifying collagen type 1,
alpha 2 (Collal), runt-related transcription factor 2
(Runx2), and osterix (Osx) expression by quantitative PCR
on a StepOnePlus PCR machine (Applied Biosystems).
Data were normalized to the expression of the reference



Gene expression changes are associated with severe bone loss and deficient fracture callus formation in... 367

gene GaPDH, which gave consistent average values in this
study. Samples were run in duplicates, and relative
expression was calculated using 27%T and the ddCt was
calculated as dCt[goigcy - refser] - dCt[g0isham - T€fshaml,
where goi are the genes of interest and ref is the reference
gene. For descriptive and statistical analyses, ddCT was
applied as continuous variable. The mean for each gene of
interest for the sham group was calculated and used to
normalize the other groups in order to provide indication as
to how expression levels are regulated by SCI and fracture.

Histology and histomorphometry: osteoclast
activity and collagen quantification

Six femurs and tibias from each group were randomly
selected for histological analysis. The entire fractured femurs
and intact tibias with some adherent soft tissue were fixed in
cold 4% paraformaldehyde, decalcified in cold 10% EDTA,
embedded in paraffin, sectioned at 5um, and placed on
charged slides (Manco Inc., USA). Coronal sections were
stained with hematoxylin and eosin (HE) and analyzed under
bright field microscopy (Axiovert; Carl Zeiss, Germany).
Images were captured with a CCD camera (AxioCam MRc;
Carl Zeiss, Germany) with magnifications of x50.

Adjacent sections were stained with Masson’s trichrome,
picrosirius red, and tetrad-resistant-acid phosphatase
(TRAP). Picrosirius-stained sections were analyzed under
polarized light microscopy Axiolmager Z2 (Zeiss,
Germany). Masson’s and TRAP-stained sections were
analyzed under bright field microscopy (Axiovert; Carl
Zeiss, Germany). Images were captured with a digital
camera (Zeiss). Masson’s trichrome staining was used to
measure the trabecular area by using the Axiovision soft-
ware (ZeissTM), which identifies and quantifies trabecular
bone based on the color (Supplementary Fig. 1). Quantita-
tive results of trabecular bone were expressed as a percen-
tage of the total metaphyseal area (%) and imaged with a
magnification of x50. Picrosirius red staining was used to
calculate the area of collagen deposition, expressed as a
percentage of the total callus area (%), with a magnification
of x50. TRAP staining was used to calculate the number of
osteoclasts, with a magnification of x100. Osteoclasts were
counted as TRAP-positive multinucleated cells and the total
number was expressed per mm? area of trabecular bone at
the tibial metaphysis. The TRAP-positive area was mea-
sured as a percentage of the entire callus area at the frac-
tured femur (%).

Immunohistochemistry
The expressions of osteoprotegerin (OPG), receptor activator

of nuclear factor kappa-B (RANK), and the receptor activator
of the nuclear factor kappa-B ligand (RANKL) were

calculated to assess bone metabolism. The sections were
deparaffinized with xylene and rehydrated in graded ethanol.
Antigen retrieval was performed by immersing the slides in
citrate buffer and heating. Endogenous peroxidase was then
blocked by immersing the slides in a 3% hydrogen peroxide
solution. Immersing the slides in a 1% bovine serum albumin/
PBS solution blocked unspecific ligations. Then, the slides
were incubated overnight at 4 °C, with the following primary
antibodies diluted in 1% bovine serum albumin: anti-RANK
(Santa Cruz Biotechnology Inc., Texas, USA), anti-RANKL,
anti-OPG, and either rabbit or goat IgG from control section
(Vector Laboratories, Burlingame, CA, USA), depending on
the primary antibody. Sections were washed and incubated in
biotinylated secondary antibody (goat antirabbit and rabbit
antigoat). Then, sections were washed and incubated with the
avidin-biotin-peroxidase complex (ABC Kit, Vector labs) to
amplify the target antigen signal. The slides were rewashed,
incubated in 3,3’ diaminobenzidine solution (DAB; Sigma-
Aldrich Corp), and counterstained with Harris’ hematoxylin.
Images were captured using light microscopy, Axiolmager Z2
(Zeiss, Germany) at a magnification of x100. OPG, RANK,
and RANKL-positive areas were measured as a percentage of
the total area.

Bone densitometry and X-Ray microtomography
(nCT)

Bone densitometry analysis was performed on the fractured
femurs and the intact tibias (n = 6/bone/group) by Dual-
energy X-ray absorptiometry (DXA) using a Lunar DPX-IQ
densitometer (Lunar; software version 4.7¢, GE Healthcare,
United Kingdom). A 90 mm? region of interest was used to
assess the tibial proximal metaphysis. Bone mineral density
(BMD, g/cmz) and bone mineral content (BMC, g) were
measured. For femurs, the entire callus was selected to assess
BMD, BMC, and area (region of interest, cmz). The scanning
reproducibility (4%) was assessed by the root mean square
coefficient of variation. After DXA assessment, bones were
scanned using a UCT device (SkyScan 1272v2; Bruker-
microCT, Belgium) at 100kV using a 0.11-mm-thick copper
filter to optimize the contrast, a 360° rotation step of 0.45°,
two-frame averaging, and an isotropic resolution of 16.2 um.
Images of each specimen were reconstructed with specific
software (NRecon v.1.6.3). Bones were analyzed using CT
scan software (CTAn v.1.15.4) to determine morphometric
parameters in selected regions of interest (ROI). All mor-
phometric parameters are in accordance with ASBMR
nomenclature.

Trabecular microstructure assessment

The trabecular bone was assessed in the proximal meta-
physeal region of the nonfractured tibias, starting
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immediately distal to the proximal growth plate for an
extent of 3 mm. The following morphometric parameters
were measured: bone volume (BV, mm3), bone volume
fraction (BV/TV, %), trabecular number (Tb.N, 1/mm),
trabecular thickness (Tb.Th, mm), trabecular separation (Tb.
Sp, mm), density of connectivity (Conn.D, 1/mm3), tissue
mineral density (TMD, g/cm3), and bone surface (BS/
BV, mm).

Cortical microstructure assessment

The cortical bone was assessed in the diaphyseal region of
nonfractured tibias, starting 8 mm distal to the proximal
growth plate for an extent of 2mm. Cortical volume
(Ct.V, mm3), cortical volume fraction (Ct. BV/TV, %), the
average cortical thickness (Ct.Th, mm), and tissue mineral
density (TMD, g/cm3) were measured.

Bone callus microstructure assessment

The entire bone callus was selected to measure the callus
volume (Ca.V, mm3), the woven bone fraction, which was
expressed as a percentage of the callus volume and inter-
preted as the callus mineralization (Ca.BV/TV, %), callus
porosity (Ca.Po, %), tissue mineral density (TMD, g/mm3),
density of connectivity (Conn.D, 1/mm?3), and the newly
formed trabecular thickness (Tb.Th, mm), separation (Tb.
Sp, mm), and number (Tb.N, 1/mm).

Biomechanical test

After DXA and pCT nondestructive assessments, the non-
fractured tibias were mechanically examined by a three-
point-bending test, and the fractured femurs were tested in
torsion. A universal testing machine was used for the tibial
bending test, with a 200 N load cell (EMIC, PR, Brazil).
The bone was placed on two metallic supports, 14.0 mm
apart, and the load was vertically applied at the diaphysis,
using a constant displacement rate of 2.0 mm/min. The
load-deflection curve was obtained in real time, and the
maximal load and stiffness were calculated (TESC soft-
ware). The fractured femurs were placed in a custom torsion
testing machine with a 2.0 Nm load cell (Instron S5SMT) and
tested in anticlockwise rotation at 0.5 °/s, until failure.
Using the specific software script, raw data were filtered and
maximum torque, stiffness, and angular displacement at
failure were measured. Bones were kept wet with saline
during the test.

Statistical analysis

Our primary outcome parameter for the sample size calcu-
lation was the maximal load obtained from a previous study
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[12], which we have considered the difference between
means from the groups Sham and SCI and the standard
deviation. By using a two-sample 7-test, our calculation
indicated that at least four rats per group were sufficient to
obtain a 90% power for detecting the difference between
means and a = 0.05. Therefore, we chose for a final sample
size of six rats in each group. Continuous variables were
expressed as means and standard deviations (SD). The
results were compared using a f-test, where p values less
than 0.05 were considered statistically significant. In
order to control the Type I error rate from multiple com-
parisons, we have used the Benjamini—-Hochberg False
Discovery Rate (FDR, Supplementary Table 1). All statis-
tical analyses were performed with RStudio 1.0.153
(RStudio, Inc., USA).

Results

Postoperative complications were common in SCI rats, as
previously described [17]. The addition of femoral fractures
to these animals increased the mortality rate. Our attrition
rate corresponded to 41% due to SCI (i.e., bladder rupture,
autophagia, anesthetic induction, renal infection, ascites,
respiratory failure, and intestinal dysfunctions), and 10%
due to bone fracture intervention in animals with paraplegia
(i.e., anesthesia, excessive comminution of fracture, and
wire loosening). Therefore, our results are based on a
sample size of 18 rats for each group.

At the beginning of the experiment, there was no sig-
nificant difference in the body mass (p = 0.3) between the
groups: 207 + 15 g for sham versus 211 + 15 g for SCI. On
day 10, a significant difference was observed between the
age-matched sham-operated rats and the animals with
paraplegia: 293 +£20 g for sham versus 238 +20 g for SCI,
with a mean (95% CI) between-group difference of 55 g
(43.79 to 66.21) and p<0.00001, where the SCI group
failed in gaining body mass compared with the sham group
(13% versus 42%). On day 24 post-SCI, the body mass of
the SCI group remained lower than controls: 402 +40 g for
sham versus 299 +35¢g for SCI, with a mean (95% CI)
between-group difference of 104 g (85.96 to 121.26), p<
0.00001 and, as a result, so did the overall gain in body
mass (42% versus 99%).

SCI decreased the expression of osteoblastic-related
genes in the nonfractured bones

Compared with controls, SCI significantly downregulated
the expression of osteoblastic-related genes, with a mean
(95% CI) between-group difference of 0.08 (0.04—0.12) and
p=0.01 for Colal; 0.10 (0.05 to 0.14) and p = 0.004 for
Osx; and 0.08 (0.05 to 0.11) and p=0.003 for Runx2,
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Fig. 1 a SCI decreased the
expression of osteoblast-related
genes at several stages of
osteoblast differentiation.
Values were normalized to
GaPDH expression. Bars
indicate standard error and
asterisks indicate significant
difference (p <0.05). b SCI did
not decrease the expression of
osteoblast-related genes in the
fracture callus. Values were
normalized to GaPDH
expression. In order to plot all
genes of interest in the same
graph, the dCT was log
transformed. Bars indicate
standard error
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impairing bone formation at several stages of osteoblast
differentiation (Fig. 1a).

SCl increased resorption activity, thus reducing
trabecular area

Histomorphometric and immunohistochemical analyses
revealed an expressive and significant increase in the
resorption activity in SCI rats. The TRAP staining sections
(Fig. 2a) evidenced a significant twofold increase in the
number of osteoclasts per trabecular area in the SCI group
when compared with controls (0.98+0.11/mm® versus
0.51 +0.07/mm>, Fig. 2b), with a mean (95% CI) between-
group difference of 0.465/mm? (0.36-0.57) and p = 0.00001.
In order to provide evidence for staining specificity, the
Fig. 2c represents the negative control, in which the primary
antibody was omitted and the absence of staining is a control
for nonspecific binding of the secondary antibody. Therefore,
the stained regions in our Fig. 2d indicate specific antibody
binding sites. The SCI group showed a significant 273%
increase in the RANK-positive area (2.35+0.20% versus
0.63 £0.14%, respectively, with a mean (95% CI) between-
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group difference of 1.72% (1.54-1.90), p <0.00001) and
112% in the RANKL-positive area, when compared with
controls (1.95+0.42% versus 0.92+0.94%, respectively,
with a mean (95% CI) between-group difference of 1.03%
(0.72-1.35), p =0.001). Although significant difference was
not found between the groups, OPG-positive area was 16%
lower in the SCI group, when compared with the control
(2.17+£0.36% versus 2.59 +0.59%, respectively, p =0.37)
(Fig. 2d). In addition, we detected a marked 54 % reduction in
the trabecular area in the SCI group when compared with
controls (6.85+2.41% versus 14.87 +2.47%, with a mean
[95% CI] between-group difference of 8.02% [5.83-10.22],
p =0.0002, Fig. 2e, f).

SCl significantly decreased bone density, associated
with trabecular and cortical microarchitecture
deterioration, thus leading to weaker bones

Bone mineral density (BMD) and bone mineral content
(BMC) were significantly lower in the SCI group when
compared with sham rats (43% and 70%, respectively, with
a mean (95% CI) between-group difference of 0.034 g/cm?

SPRINGER NATURE
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Fig. 2 a Arrows indicate TRAP-
positive cells and represent the
number of mature osteoclasts.
b The SCI group had twofold
more TRAP-positive cells per
area of trabecular bone at the
proximal tibial metaphysis than
controls. ¢ Negative control
image confirming the staining
specificity in Fig. 2d. The
primary antibody was omitted
and the absence of staining is a
control for nonspecific binding
of the secondary antibody.
Arrowheads indicate positive
immunostained cells.

d Immunohistochemistry
demonstrates a significant
increase in the expression of
RANK and RANKL in the SCI
group, when compared with
controls. Arrowheads indicate
positive immunostained cells.

e Histological sections stained
with HE show a marked loss of
trabecular bone in the SCI
group. f The SCI rats showed a
significant 54% decrease in the
trabecular area when compared
with controls. Bars indicate
standard error and asterisks
indicate significant difference
(p <0.05)

Table 1 Assessment of bone
density at the proximal tibial
metaphysis by DXA, and the
analysis of bone
microarchitecture at the
metaphysis (trabecular bone)
and tibial shaft (cortical bone)
by uCT. Values are means +
standard deviation, n = 6/group
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DXA
BMD (g/cm?) 0.07 £0.01 0.04 +0.008* 0.03 (0.03-0.04) 0.0005
BMC (g) 0.006 £ 0.001 0.003 +0.001* 0.003 (0.002-0.004) 0.0006
UCT at trabecular bone
BV (mm?) 3.19+1.86 0.70 +0.40* 2.48 (1.38-3.59) 0.02
BV/TV (%) 6.68 +4.57 1.81£1.02* 4.88 (1.93-7.82) 0.05
Tb.Th (mm) 0.05 +0.004 0.04 +0.004° 0.005 (0.002-0.008) 0.07
Tb.N (mm) 1.22+0.86 0.39+0.23° 0.83 (0.33-1.32) 0.07
Tb.Sp (mm) 0.61 £0.34 1.10£0.21* 0.50 (0.23-0.76) 0.01
TMD (g/cm3) 0.30+0.05 0.27 £0.01* 0.03 (0.01-0.04) 0.2
Conn.D (1/mm) 74.61 + 68.75 23.85+8.19 50.75 (5.85-95.66) 0.1
BS/BV (mm) 86.97 +3.40 94.81+10.46 7.85 (2.55-13.14) 0.1
UCT at cortical bone
CtV 7.51+£0.67 5.01+£0.52% 2.49 (2.03-2.96) 0.00004
CtBV/TV (%) 70.03 +2.97 58.39+£5.97* 11.64 (15.44-7.83) 0.003
Ct.Th (mm) 0.25£0.05 0.22+0.03 0.035 (0.005-0.07) 0.2
TMD (g/cm3) 0.35+0.03 0.32+0.01° 0.03 (0.01-0.05) 0.08

%p <0.05 versus Sham
®» <0.08 versus Sham
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Fig. 3 SCI significantly impaired the mechanical strength, both the
maximal load (a) and stiffness (b), of nonfractured bone in comparison
with Sham. Bars indicate standard error and asterisks indicate sig-
nificant difference (p <0.05)

(0.03-0.04), p=0.0005 for BMD and 0.003g (0.002-
0.004), p = 0.0006 for BMC, Table 1). The uCT assessment
evidenced that SCI resulted in substantial loss of both tra-
becular and cortical bone tissue, with significant changes in
several microstructural parameters (Table 1). In the trabe-
cular bone, SCI decreased BV by 78% (with a mean [95%
CI] between-group difference of 2.48 mm® (1.38-3.59),
p=0.02), BV/TV by 73% (4.88% [1.93-7.82], p=0.05),
Tb.Th by 20% (0.005 mm [0.002-0.008], p =0.07), Tb.N
by 68% (0.83/mm [0.34-1.32], p = 0.07), and increased Tb.
Sp by 83% (0.50 mm [0.23-0.76], p =0.01) when com-
pared with controls. At the cortical bone, SCI significantly
decreased Ct.V by 33% (2.49 mm?> [2.03-2.96], p=
0.00004), Ct.BV/TV by 17% (11.64% [7.84-15.44], p=
0.003), and TMD by 9% (0.03 g/cm® [0.01-0.05], p = 0.08)
when compared with controls (Table 1). Supplementary
Fig. 2 shows reconstructed images of trabecular and cortical
bones evidencing an important bone loss following SCIL

Our mechanical test evidenced that SCI rats exhibited
significantly weaker bones compared with Sham, whence
the maximal load was decreased by 55% (with a mean (95%
CI) between-group difference of 23.90N [20.01-27.79],
p=0.0004) and the stiffness by 50% (72.49 N.mm
[58.93-86.06], p = 0.0005) (Fig. 3).

SCI did not decrease the expression of osteoblastic-
related genes at the fracture callus

Although osteoblastic-related gene expression was severely
downregulated by SCI at the nonfractured bone (Fig. 1a),
we did not detect any changes at the fracture callus in SCI
rats compared with control animals (p = 0.1 for Colal, p =
1.0 for Osx, and p = 0.6 for Runx2, Fig. 1b). Furthermore,
we also did not detect changes when comparing the frac-
tured bones to the nonfractured bones for both the SCI (p =
0.5 for Colal, p = 0.6 for Osx, and p = 0.3 for Runx2) and

sham rats (p = 0.3 for Colal, p =0.7 for Osx, and p =0.2
for Runx2).

Changes in the bone callus microenvironment,
density, and microstructure following SCI

Our histological, histomorphometric, and immunohisto-
chemical analysis from six fractured femurs of each group
revealed changes in callus formation between the rats with
paraplegia and their controls. At 14 days postfracture, an
abundant presence of cartilaginous tissue in the control rats
was detected, but only slight cartilage formation was
observed in the SCI group. In contrast, SCI rats exhibited
calluses with more woven bone and trabeculae than con-
trols. Bony bridges were undetected, and fracture gaps were
observed in both groups (Fig. 4a). We detected a significant
131% increase in total collagen deposition at the callus of
SCI rats when compared with controls (with a mean (95%
CI) between-group difference of 6.12% (3.97-8.27), p =
0.006, Fig. 4b). No changes were observed in the TRAP-
positive area calluses between the groups (p = 0.9, Fig. 4c).
The Fig. 4d represents the negative control confirming that
the stained regions in our Fig. Se indicate specific antibody
binding sites. Our immunohistochemical analysis revealed
that the SCI group showed a significant 75% (p = 0.00005)
and 52% (p <0.00001) decrease in the OPG and RANKL-
positive areas, with a mean (95% CI) between-group dif-
ference of 5.60% (4.58-6.62) and 1.15% (0.97-1.33),
respectively (Fig. 4e). As a result, the SCI rats exhibited
bone calluses with a significant 41% lower BMD (0.06 g/
cm? [0.04-0.07], p=0.00004) and 29% BMC (0.02¢g
[0.01-0.02], p =0.0006), when compared with the sham
rats, in spite of statistically similar areas (p = 0.3, Table 2).
Furthermore, our uCT assessment showed changes in bone
callus microarchitecture following SCI (Table 2). Although
bone calluses in the SCI rats showed a 17% increase in
the trabeculae number when compared with controls (0.43
I/mm [0.13-0.74], p=0.08), they were 13% thinner
(0.0l mm [0.02-0.004], p=0.03) and porosity was 5%
higher in the animals with paraplegia (4.01% [2.14-5.88],
p =0.007). Supplementary Fig. 3 shows reconstructed
images of bone callus evidencing microstructural changes
due to SCI, in which more osseous callus formation can be
seen when compared with the shams.

Reduction in calluses strength following SCI

SCI impaired bone callus mechanical integrity (Fig. 5) by
reducing the maximal torque (—44%, with a mean (95% CI)
between-group difference of 0.04 N.m [0.03-0.05], p =
0,0008), stiffness (-33%, 2.36 N.mm/deg [0.87-3.85], p =
0.08), and ultimate angle (—62%, 27.53 deg [14.13-40.94],
p = 0.004). Maximal torque corresponds to the highest load
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prior to failure and the ultimate angle represents the
deformation when the fracture occurs. A bone that tolerates
higher ultimate angle is considered stronger as it can absorb
more energy and present higher deformation before frac-
turing. Resilience is the ability of a material to absorb
energy when it is deformed elastically, and release that
energy upon unloading. Therefore, bone healing following
SCI resulted in calluses with lower strength and resilience
(despite the increased collagen deposition) when compared
with the age-matched healthy animals.
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« Fig. 4 a HE-stained histological images of the fracture evidencing an

immature callus with abundant cartilaginous tissue, woven bone, and
few trabeculae in the bone callus of healthy rats (Sham). SCI rats
exhibited slight cartilaginous tissue and more presence of woven bone
and trabeculae than the control rats. Magnification of x25.
b Picrosirius-stained slides evidencing the deposition of type 3 col-
lagen (represented by green channel) and type 1 collagen (red chan-
nel). The histomorphometric analysis showed more (total) collagen
deposition in the SCI group when compared with the controls. Mag-
nification of x50. ¢ TRAP-stained slides and histomorphometric ana-
lysis revealed no changes between groups with regards to the number
of osteoclasts. Magnification of x100. d Negative control images to
confirm the staining specificity in e. The primary antibody was omitted
and the absence of staining is a control for nonspecific binding of the
secondary antibody. Arrowheads indicate positive immunostained
cells. e Immunohistochemistry evidencing a significant decrease in the
expression of OPG and RANKL in the SCI group when compared
with the controls. Arrowheads indicate positive immunostained cells.
Magnification of x100. Bars indicate standard error and asterisks
indicate significant difference (p <0.05). CB cortical bone, Ca carti-
lage tissue, WB woven bone tissue

Discussion

In this study, we report that SCI significantly decreases
bone mass. This finding is associated with markedly
reduced bone formation and increased osteoclast activity,
which resulted in disruption of bone microarchitecture and
strength in a rodent model of complete SCI. Furthermore,
we revealed changes in bone healing following SCI, leading
to a disruption in cell differentiation and maturation and
resulting in deficient callus formation.

Although the pathophysiology of SCIl-induced bone loss
is not fully understood, we know that an injury at the spinal
cord results in changes in several organs and systems,
involving several pathways in the mechanism of sublesional
bone loss following neurological damage. Previous clinical
studies analyzed bone turnover markers in SCI individuals
and concluded that bone loss in SCI was caused by
increased bone resorption, with no changes in bone for-
mation [18]. Our TRAP histological stained sections and
immunomarkers evidenced a significant increase in the
osteoclastic activity in the SCI rats, as also demonstrated by
Morse et al. These authors also noted a loss of normal
cellular organization at the growth plate and speculated an
altered cartilage differentiation and/or signaling between
cartilage and bone following SCI [19]. We additionally
evidenced a significant reduction in the expression of
osteoblastic-related genes at different stages of osteoblast
maturation following SCI.

Therefore, we have shown that SCI induces a simulta-
neous overactivity of osteoclasts associated with decreased
osteoblastic activity, thus resulting in severe bone loss fol-
lowing injury. Previous authors also noted similar results,
where they found a highly uncoupled bone turnover due to
SCI [19-21]. Otzel et al. characterized the time courses of
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Table 2 Assessment of callus .
density by DXA and callus Sham SCI Difference mean (95% CI) p value
microarchitecture by uCT. DXA data
Values are means =+ standard " a
deviation, n = 6/group BMD (g/cm?) 0.17 £ 0.009 0.11+0.02 0.06 (0.04-0.07) 0.00004
BMC (g) 0.07 £0.01 0.05 £ 0.007* 0.02 (0.01-0.02) 0.01
Area (cm?) 0.40+0.07 0.45+0.07 0.05 (0.01-0.1) 0.3
UCT callus
Ca.V (mm3) 30.34+7.56 25.38+5.79 4.95 (0.73-9.18) 0.2
Ca.BV/TV (%) 22.82 +2.81 24.06 £5.16 1.24 (2.36-4.84) 0.6
Th (mm) 0.08 +0.009 0.07 +0.005* 0.01 (0.004-0.02) 0.03
N (1/mm) 2.55+0.45 2.98 +0.30° 0.43 (0.13-0.74) 0.08
Sp (mm) 0.25+0.04 0.26 +0.05 0.02 (0.02-0.06) 0.5
TMD (g/cm3) 0.06 +0.04 0.08 +0.06 0.03 (0.02-0.07) 0.4
Conn.D (1/mm?3) 285.75 +38.70 274.90 +£23.29 10.85 (12.32-34.03) 0.6
Ca.Po (%) 76.07 = 1.86 80.08 +2.18* 4.01 (2.14-5.88) 0.007

ap <0.05 versus Sham
bp =0.08 versus Sham

trabecular and cortical bone losses in rats with SCI and
evidenced an acute uncoupled bone turnover at two weeks
postinjury, leading to significant impairments in bone cells
activity, microstructure, and strength [22]. As a result, we
observed a loss in trabecular and cortical volume with a
concomitant increase in the trabecular separation rate in our
tridimensional microstructural data. A previous study
detected cortical thinning in the SCI population by using
peripheral quantitative computed tomography [23], which is
highly linked to bone weakening. In fact, our mechanical
tests revealed a significant loss in mechanical strength fol-
lowing SCI, which we attributed to both trabecular and
cortical deficits. In agreement, it has been previously
demonstrated a site-specific loss of bone mechanical
strength following SCI, in which lower force at the distal
femur was linked to trabecular loss and lower strength at the
mid femur was associated with cortical loss [22].

These changes potentially increase the risk for low-
impact fractures in the sublesional bones in the SCI popu-
lation [24]. Statistics data suggest that 70% of SCI indivi-
duals will fracture a bone located below the injury at some
point in their life [3], thus highlighting the social and
medical importance of this finding. Furthermore, the

profound SCI-mediated disruption of the bone micro-
environment may also lead to changes during fracture
healing. However, literature is controversial regarding the
effects of SCI on bone healing. While some authors have
shown delayed bone healing in individuals with SCI
[6, 8, 9, 23] and animals [9, 14, 15], others have shown
accelerated fracture healing in both clinical [4, 10, 11] and
animal studies [12, 13, 24].

To our knowledge, eight animal studies have investi-
gated the changes in fracture healing due to SCI, but none
of them has fully elucidated how bone heals after the injury.
Furthermore, the experimental design set in each of these
studies differ from each other, making comparisons and
conclusions difficult to be drawn. Three investigations
evidenced a delay in bone healing when bone was fractured
at two [14, 15] or three weeks post-SCI [25]. Nevertheless,
Medalha et al. adopted the model of cylindrical defect,
which heals differently than the bicortical fracture and does
not mimic clinical conditions in patients with SCI, and the
other two studies did not investigate the mechanisms lead-
ing to a delayed bone healing in SCI rats. Three other
studies, in whose fractures were performed at the same time
as the neurological injury, detected enhanced bone healing
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due to SCI [12, 13, 26]. However, Sakitani et al. performed
bilateral bicortical fracture in femurs, which may compro-
mise bone healing in the weigh-bearing control rats.
Therefore, it could have led the authors to conclude that SCI
accelerates healing in paraplegic rats when in fact, the real
change occurred within the control group. Furthermore,
clinical outcomes of disrupted bone healing in SCI people
occur when bones are fracture in the onset of bone loss due
to the paralysis. In fact, Miyamoto et al. detected earlier
bone union in SCI rats than in controls when bone was
fractured at the same time as the injury [27]. Conversely,
these authors reported delayed healing with longer intervals
between SCI and bone fracture, but this study lacked in
elucidating the mechanisms and callus characterization.
Furthermore, Aro et al. observed that in spite of healing
faster, the calluses formed in SCI rats when bones were
fractured at the same time of injury displayed incomplete
maturation of woven bone [28]. Taking all these into con-
sideration and in order to better mimic clinical conditions in
where people with SCI sustain an additional bone fracture,
we opted to induce bone fracture ten days after the neural
injury, in which bone loss has already been established [19].

In this study, we evidenced several changes in bone
healing due to SCI and fracture. The histological analysis
revealed that SCI rats exhibited calluses with more trabe-
culae and collagen deposition than the controls. Curiously
and in spite of the tremendous downregulation of the
osteoblastic-related gene expression due to the SCI at
the nonfractured bones, we did not detect any changes at the
fracture callus, which seems to be linked to our histological
evidences of accelerated bone healing in SCI. We attributed
the accelerated bone formation to the mostly intramem-
branous ossification that occurred in SCI animals at 14 days
postfracture. In control rats, the bone healing at the same
time-point occurred mainly by endochondral ossification
analysis, with an abundant presence of cartilaginous tissue
at the callus. Sakitani et al. [12] followed bone healing in
SCI rats and also found that early bone fracture healing in
rats with paraplegia occurred mostly through intramem-
branous ossification, in contrast with the endochondral
ossification displayed by the controls. Endochondral ossi-
fication involves the formation of intermediate cartilaginous
tissue with subsequent remodeling into bone tissue, which
requires more time. The authors showed that despite healing
faster, the callus of SCI rats was weaker than the calluses of
the controls. In our study, we also evidenced by a
mechanical torsion test and showed lesser mechanical
integrity. Furthermore, we revealed that SCI resulted in
calluses with lower flexibility, despite showing more col-
lagen deposition than the controls. We believe that SCI
induced a defect in the trabecular structure quality and
collagen production, which may be linked to our immuno-
histochemical data evidencing a marked decrease in OPG
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expression in rats with paraplegia. Furthermore, we
demonstrated by DXA that these calluses were less dense
(BMD and BMC) than the controls, which was also found
in the study of Ding et al. [14]. We also examined the
microarchitecture of the calluses by uCT and demonstrated
that although there were more trabeculae in the SCI
rats, they were thinner and callus is more porous, high-
lighting the lesser quality of these calluses despite the early
trabecular formation.

Therefore, the changes in the mechanism of bone healing
in SCI rats led to the formation of calluses with more early
trabeculae, despite being thinner and less dense. Although
the collagen deposition has shown to be higher in the SCI
rats, the lower expression of OPG in the callus may lead to
disruption in the trabecula maturation and integrity, leading
to weaker and less flexible callus. It is important to highlight
that we have used the Benjamini-Hochberg False Dis-
covery Rate in order to control the type I error rate due to
the multiple statistical comparisons conducted in this
study. We inform that only one variable (trabeculae thick-
ness at the callus) was not considered statistical significant
after the adjustment of its p value. However, our tridi-
mensional microcomputed images associated with our
histological findings encourage us to state that the calluses
in the SCI rats are formed by thinner trabeculae than the
shams. Furthermore, the p value for this variable (0.03)
remained lower than its FDR (0.3). Therefore, we opted to
use the p value in our figures, graphs, tables, and throughout
this manuscript.

Limitations of this study include only one time-point
analysis following bone fracture. However, our previous
experience in bone healing in rodents and related publica-
tions support our study design at choosing the most likely
crucial period for callus formation in rats with paraplegia.
Another limitation of this study refers to the use of seven-
week-old male rats, which are equivalent to adolescent
human who are not the majority of people with SCIL
However, using musculoskeletal maturity to determine
adulthood in rats is difficult because unlike humans, the
growth plates of long bones remain open in rats permitting
skeletal growth until 32 to 36 weeks [29]. Furthermore, to
our knowledge, all publications investigating the effects of
SCI on bone quality and healing used rats within skeletal
growth, even when they were considered adults by the
authors [30]. In most of these studies the rats aged
6-8 weeks at the time of SCI [13, 20, 25], while in others
the rats were 16—18 weeks old [12, 22, 30]. Our decision
and experimental refinement contributed to reduce the
number of animals by minimizing unnecessary animal
groups (the 3Rs). Future studies should address more
mechanistic studies examining the interactions of SCI,
cytokines, and bone cells during fracture healing, as well to
perform these investigations in skeletally mature rats.
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In conclusion, SCI induces a severe bone loss due to both
increased resorption and decreased formation. SCI also
leads to changes in the mechanisms of bone healing by
accelerating and increasing the presence of woven bone and
trabeculae at an early stage of callus formation. The calluses
in the SCI rats have a worse quality than controls, with a
disruption in the bone microenvironment, lower bone den-
sity, thinner newly formed trabeculae, more callus porosity,
and lower mechanical strength and flexibility.
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