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Abstract

To elucidate mechanisms of bone loss after spinal cord injury (SCI), we evaluated the time-course
of cancellous and cortical bone microarchitectural deterioration via microcomputed tomography,
measured histomorphometric and circulating bone turnover indices, and characterized the
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development of whole bone mechanical deficits in a clinically relevant experimental SCI model.
16-weeks-old male Sprague—Dawley rats received 79 laminectomy (SHAM, /7= 50) or moderate—
severe contusion SCI (n=52). Outcomes were assessed at 2-weeks, 1-month, 2-months, and 3-
months post-surgery. SCI produced immediate sublesional paralysis and persistent hindlimb
locomotor impairment. Higher circulating tartrate-resistant acid phosphatase 5b (bone resorption
marker) and lower osteoblast bone surface and histomorphometric cancellous bone formation
indices were present in SCI animals at 2-weeks post-surgery, suggesting uncoupled cancellous
bone turnover. Distal femoral and proximal tibial cancellous bone volume, trabecular thickness,
and trabecular number were markedly lower after SCI, with the residual cancellous network
exhibiting less trabecular connectivity. Periosteal bone formation indices were lower at 2-weeks
and 1-month post-SCI, preceding femoral cortical bone loss and the development of bone
mechanical deficits at the distal femur and femoral diaphysis. SCI animals also exhibited lower
serum testosterone than SHAM, until 2-months post-surgery, and lower serum leptin throughout.
Our moderate—severe contusion SCI model displayed rapid cancellous bone deterioration and
more gradual cortical bone loss and development of whole bone mechanical deficits, which likely
resulted from a temporal uncoupling of bone turnover, similar to the sequalae observed in the
motor-complete SCI population. Low testosterone and/or leptin may contribute to the molecular
mechanisms underlying bone deterioration after SCI.
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Introduction

Sublesional osteoporosis is a hallmark of functionally complete spinal cord injury (SCI) that
is precipitated both by the neurologic insult and disuse [1]. Individuals with SCI experience
biphasic bone loss characterized by 50-70% lower cancellous bone mineral density (BMD)
within several years of injury [2] and a more gradual 25-35% cortical bone loss over the
following decade, with bone loss plateauing thereafter, despite continual paralysis [3, 4].
This severe skeletal decline results in > 20-fold higher bone fracture risk [5], with a
disproportionate ratio of fractures occurring at nontraditional skeletal sites, including the
distal femur and proximal tibia [6, 7].

Bone loss has been characterized in experimental rodent SCI models. Of these, the spinal
cord transection model produces the most severe injury and post-injury bone loss [8].
However, spinal transection does not mimic the most prevalent injury mechanism in persons
with SCI (i.e., a contusion to the spinal cord followed by brief or extended spinal
compression) and eliminates descending central nervous system input to bone, suggesting
pathophysiologic differences between the transection model and that observed clinically [9].
In contrast, the contusion SCI model more closely represents histopathologic features of
human SCI [9]. Previous reports have delineated the acute [10-12] and more chronic skeletal
adaptations in rodents after moderate—severe contusion SCI [13-15], although, study
limitations persist in each. Specifically, several studies evaluated bone loss for only a few
days or weeks after contusion SCI [10-12]. In addition, most SCI models have evaluated
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bone loss in young (< 12-weeks-old) male [8, 10, 16, 17] or female rodents [13, 15, 18] that
are undergoing bone modeling and rapid bone growth at time of injury, which is not
indicative of skeletal maturity. In this regard, ~ 80% persons with SCI are males who
experienced injury in adulthood [19] when bone modeling and bone growth have ceased.
Recently, Lin et al. examined longitudinal skeletal changes between a small cohort of 4-
month-old skeletally mature male rodents that received moderate contusion SCI (7= 5) and
nonsurgical controls (n = 5) [14]. However, the longitudinal study design employed by Lin
et al. did not allow for examination of histomorphometric changes in bone turnover that
mediate the skeletal decline after SCI or the time course in which bone mechanical deficits
develop. Indeed, we are unaware of any study that has evaluated the time course of
cancellous and cortical bone loss in skeletally mature male rodents following moderate—
severe contusion SCI, in relation to changes in histomorphometric and circulating bone
turnover markers and whole bone mechanical characteristics. Further, the relatively common
use of nonsurgical control comparators by Lin et al. [14] and others [10, 12, 13, 15, 17]
confounds interpretation of bone loss after experimental SCI because the invasive surgical
laminectomy required to expose the spinal cord produces local/systemic inflammation that
may independently influence musculoskeletal outcomes. To control for these confounders,
we used 4-months-old male rodents receiving moderate—severe contusion SCI and age-
matched control animals receiving spinal laminectomy. Our purposes were to (1)
characterize longitudinal changes in cancellous and cortical bone microstructure, bone
turnover, and bone mechanical characteristics in our SCI model; and (2) evaluate circulating
concentrations of several hormones that may influence bone maintenance.

Barrier-raised and specific-pathogen-free 16-weeks-old male Sprague—-Dawley rats were
obtained from Charles River Laboratories (Wilmington, MA). Animals were individually
housed in a temperature-/light-controlled room, on 12-h light:dark cycles, and were fed
rodent chow (Teklad Global 18% Protein Rodent Diet, Harlan Laboratories Inc.,
Indianapolis, IN) and tap water ad libitum.

Experimental Design

Rats were stratified by body mass into the following groups: (1) 79 laminectomy (SHAM, n
=50) or (2) laminectomy plus moderate—severe contusion SCI (7= 52). Tail blood was
sampled before surgery and biweekly thereafter. To characterize the functional consequences
of SCI, animals were assessed weekly for open-field locomotion by two blinded observers
using the Basso—Beattie—Bresnhan (BBB) locomotor rating scale [20]. Declomycin and
calcein (chemicals obtained from Sigma-Aldrich, St. Louis, MO unless noted) were
administered (15 mg/kg, s.c.) 10 and 3 days before sacrifice, respectively, to fluorochrome
label bone surfaces. Subsets of animals were sacrificed at 2-, 4-, 8-, and 12-weeks post-
surgery, via isoflurane overdose and terminal exsanguination. Blood was collected via
intracardiac puncture at sacrifice, with serum stored at — 80 °C. The left and right femurs
and tibiae were excised. Femurs were wrapped in saline-soaked gauze and stored at — 20 °C
for subsequent microcomputed tomography (LCT) and bone mechanical assessments. The
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left tibiae were prepared for histomorphometry. The 77—771 section of the spinal cord,
encompassing the lesion site, was excised and fixed in 10% formalin for histological
analysis.

Surgery and Postoperative Care

Surgery and postoperative care were performed according to our methods [21-23]. Briefly,
anesthetized animals received a 79 laminectomy to expose the spinal cord. A contusion SCI
was produced by applying 250-kilodyne force to the 79 spinal cord segment with the Infinite
Horizons (IH) Impactor (Precision Systems and Instrumentation, Lexington, KY). Animals
received buprenorphine (0.05 mg/kg, s.c.) and ketoprofen (5.0 mg/kg, s.c.) for 48 h, and
ampicillin for 5 days. Postoperative care included daily examination for signs of distress,
weight loss, dehydration, fecal clearance, bladder dysfunction, and skin lesions. Bladders
were expressed twice daily until spontaneous voiding returned. Ringer’s was provided to
promote rehydration. Jell-O® with added protein/fat and apples were provided to assist in
bodyweight maintenance. SHAM s received 79 laminectomy to expose the spinal cord,
without contusion injury.

Animal Model Rationale

We utilized 4-months-old skeletally mature male rats because most SCI occur in adult men
[19] via a contusion impact to the spinal cord. We have reported extensive cancellous bone
loss in young [21] and skeletally mature male rats [23] within 21 days of moderate—severe
contusion SCI. However, our previous studies did not evaluate the time course of bone loss.
We are currently unaware of any study that evaluated temporal changes in cancellous/
cortical bone morphology, histomorphometric and biochemical bone turnover markers, and
bone mechanical characteristics in skeletally mature male rats receiving moderate—severe
contusion SCI.

Spinal Cord Histology

Following fixation and dehydration, the spinal cord was embedded in paraffin and sectioned
at 10-pum thickness. Hematoxylin and eosin stained sections were evaluated using a Zeiss
Axio Imager Z2 light microscope (Carl Zeiss, Gottingen, Germany) to qualitatively assess
injury severity [21, 23].

Bone Histomorphometry

Cancellous and cortical bone parameters were evaluated at the proximal tibial metaphysis
and diaphysis via histomorphometry, respectively [24]. In brief, tibiae were fixed in 10%
phosphate-buffered formalin, dehydrated in ethanol, and embedded undecalcified in methyl
methacrylate. 4-um-thick proximal tibia sections were stained with von Kossa and
counterstained with tetrachrome (Polysciences Inc., Warrington, PA) to assess cancellous
bone structure. 8-um-thick sections remained unstained to measure fluoro-chrome-based
bone formation indices. The proximal tibia region of interest (ROI) began 0.5 mm distal to
the growth plate and excluded the primary spongiosa and cancellous bone tissue within 0.25
mm of the endocortical border. Cortical bone was assessed using 50-um-thick sections
obtained proximal to the tibia—fibular junction. The following variables were measured with
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the Osteomeasure System (Osteometrics, Decatur, GA): cancellous bone volume (BV/TV),
trabecular number (Th.N), trabecular thickness (Th. Th), trabecular separation (Th.Sp), and
diaphyseal cortical thickness (Ct.Th). Osteoblast (Ob.S/BS) and osteoclast (Oc.S/BS)
surfaces were measured as percentages of total cancellous perimeter. Fluorochrome-based
indices of cancellous bone formation were measured under ultraviolet illumination.
Mineralizing surface, an index of active bone formation, was calculated as the percentage of
cancellous (MS/BS), periosteal (Ps.MS/BS), and endocortical (Ec.MS/BS) bone surfaces
with a double-fluorochrome label. Mineral apposition rate (MAR), an index of osteoblastic
activity, was calculated by dividing the interlabel distance by the time interval between
fluorochrome labeling. Bone formation rate (BFR/BS) was calculated by multiplying
MS/BS by MAR.

UCT Analysis of Bone Morphology

Three-dimensional bone morphology was evaluated on excised femurs with a Bruker
Skyscan 1172 uCT (Kontich, Belgium) [12, 21, 22]. Images were acquired at 80k\VP/120
WA, 0.5 mm Al filter, 1 k resolution, 19.9 um voxel, 0.5° rotation step, and 180° tomographic
rotation. The distal femur cancellous ROI began 2.0 mm proximal to the growth plate and
encompassed 3.5 mm. This ROI was then divided into three equidistant (~ 1.17 mm) sub-
ROI to determine if cancellous bone preservation differed as distance from the growth plate
varied. The cortical ROI at the distal femur encompassed the most proximal 2.0 mm of the
cancellous ROI, to avoid residual growth plate. The femoral diaphysis ROl encompassed 2.0
mm near the mid-shaft. Cancellous outcomes included: BV/TV, Th.N, Tb.Th and
distribution, Th.Sp and distribution, and trabecular pattern factor (Th.Pf). Cortical outcomes
included total (bone plus medullary) area (Tt.Ar, mm?), cortical bone area (Ct. Ar, mm?),
cortical area fraction (Ct.Ar/Tt.Ar, %), and Ct.Th. Cancellous volumetric (v)BMD and
cortical tissue mineral density (TMD) were calculated after calibration with hydroxyapatite
phantoms.

Bone Mechanical Characteristics

Bone mechanical characteristics were assessed at the distal femur and at the contralateral
femoral midshaft, a more standard skeletal site. Evaluation of the distal femur is warranted
because supracondylar femoral fractures are highly prevalent after motor-complete SCI [7]
and typically result in extended hospitalization [6]. Prior to testing, the femora were thawed
to room temperature and remained wrapped in saline-soaked gauze except during
measurements. The right distal femur underwent a modified anterior—posterior compression
and bending test [12, 22]. Briefly, the femur was cut cross-sectionally near the midshaft via
Dremel (Mt. Prospect, IL). The midshaft was then embedded vertically in Bondo fiberglass
resin (3M, St. Paul, MN) in the center of a rectangular cuvette, with ~ 8 mm of the most
distal portion of the femur extending out of the cuvette and remaining unembedded. Prior to
testing, the cuvette was affixed horizontally to the servohydraulic testing machine (MTS 858
Bionix Test System, MTX, Eden Prairie, MN) with the anterior femur facing upward
(Online Resource 1a). Ten cycles of sinusoidal preload (from 0 to 10 N) were applied in the
vertical direction to the anterior distal femur using a flat steel fixture attached to the MTS.
The compression load was applied at 1.0 mm/s until specimen failure. Maximal load,
displacement at maximal load, stiffness, and energy to fracture were determined from the
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load—deformation curves. A medial-lateral 3-point bending test was performed on the
contralateral femoral midshaft [24, 25]. In brief, the femur was placed in the horizontal
position across two support rollers with the medial femur facing upward, and the load was
applied at the diaphysis with a steel rod (Online Resource 1b), using the settings listed
above.

Serum Measurements

Blood was acquired prior to surgery and biweekly thereafter, as described above. Serum
hormones were measured in duplicate on a single plate and are reported as change from
baseline, except for testosterone which is reported as actual concentration because
insufficient baseline sera was available to calculate percentage change. Procollagen type 1
N-terminal (P1NP) and osteocalcin (bone formation markers) and tartrate-resistant acid
phosphatase 5b (TRAP5b, an osteoclast derived bone resorption marker) were determined
by EIA with intra-assay CVs< 7.4% (IDS, Fountain Hills, AZ). Testosterone was evaluated
by EIA with intra-assay CV/< 9% (ALPCO, Salem, NH). Leptin was determined by ELISA
with intra-assay CV/< 2.5% (Millipore, MA). Sclerostin was assessed by ELISA with intra-
assay CV'<7.2% (R&D Systems, Minneapolis, MN).

Statistical Analysis

Results

Results are reported as Means + SEM, with p < 0.05 defined as the threshold of significance.
Mixed-model repeated measures ANOVAs were used to analyze body mass and BBB score,
which were assessed at multiple timepoints in the same animal. Group and time main effects
and interactions were determined with two-way [2 (Group) x 4 (Time)] ANOVAs for all
skeletal outcomes assessed at a single timepoint (2 weeks, 1 month, 2 months, or 3 months),
and for serum hormone concentrations. For all ANOVAS, Tukey’s post hoc tests were
performed for multiple comparisons among groups. In addition, four targeted independent
samples ttests were selected a priori to compare differences between age-matched SHAM
and SCI groups at the same postsurgical timepoint because these comparisons are the most
meaningful within our study design. Data were analyzed using SPSS v24.0.0 (IBM,
Chicago, IL).

Postsurgical Recovery and Injury Severity

Baseline body mass was similar among SHAM (532 + 5) and SCI (536 + 4) groups. SCI
exhibited 8-11% bodyweight loss in the 2-weeks post-injury (p < 0.01) and gradual
bodyweight gain thereafter (Online Resource 2a). In comparison, bodyweight gradually
increased in SHAMSs, remaining higher than baseline from weeks 3-12 and higher than SCI
throughout (p < 0.01). The average injury force and velocity were 310 + 7 kdyne and 122 +
1 mm/s, respectively. Immediately post-surgery, SCI animals displayed signs consistent with
severe SCI, including hindlimb paralysis, reduced appetite and thirst, and an inability to
voluntarily void the bladder. At week 1, SCI animals exhibited extensive hindlimb
locomotor deficits (BBB = 1.3 + 0.1), with some spontaneous functional recovery occurring
until week 7 (BBB = 5.9 + 0.5) and plateauing thereafter (Online Resource 2b). SCI animals
did not regain hindlimb weight-supported stepping or the ability to support bodyweight in
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stance at any timepoint. Recovery of appetite, thirst, and bladder function accompanied the
limited hindlimb recovery after SCI. Histologic examination of spinal cords revealed
findings consistent with moderate—severe SCI (Online Resource 3). At the injury epicenter,
mostly symmetrical white and gray matter loss was present on both sides of the cord, with a
thin layer of spared white matter remaining, predominantly in the ventral half of the cord.
The spared tissue exhibited significant axonal loss, although, some preservation of myelin,
axons, and collagen morphology was present. Significant tissue debris and multiple cavities
were evident throughout the spinal white/gray areas. Animals euthanized at timepoints
nearest to SCI exhibited the most residual debris, with less debris present in 2—-3-months
cords. SHAMs displayed normal spinal cord histology and unimpaired hindlimb function
(BBB = 21) throughout.

Tibial Histomorphometry

Group and time main effects and interactions derived from the 2 x 4 ANOVASs are reported
in Online Resource 4, with the primary findings from these analyses briefly summarized
throughout the following sections. Results from the targeted independent samples #tests are
reported in detail within each section and are included in the accompanying figures because
these comparisons are the most meaningful within our study design.

Cancellous and cortical histomorphometric outcomes are reported in Figs. la—i and 2a—d,
respectively. Group main effects indicated that SCI exhibited lower BV/TV, Th.N, Th.Th,
and Th.Sp (p< 0.001, Online Resource 4). Time main effects indicated higher Th.Th and
lower Oc.S/BS at later timepoints (p < 0.01). Interactions revealed that SCI exhibited lower
MS/BS, MAR, and BFR/BS at 2-weeks post-surgery versus all SHAM groups and other SCI
timepoints (p < 0.05 to p < 0.01), indicative of reduced cancellous bone formation early after
SCI.

Targeted £tests indicated that proximal tibia cancellous BV/TV was 45-60% lower in SCI
versus SHAM at all timepoints (p < 0.05), characterized by lower Th.Th (2 weeks: p< 0.01),
lower Tb.N (1-3 months: p < 0.05), and higher Th.Sp (1-2 months: p < 0.05). In addition,
Ob.S/BS was 87% lower in SCI versus SHAM at 2 weeks (p < 0.01), which produced lower
MS/BS (p < 0.001), MAR (p< 0.01), and BFR/BS (0 < 0.001) at this timepoint. In
comparison, MAR and MS/BS were higher in SCI versus SHAM at 1-month and 2-months
post-surgery, respectively, and MS/BS and BFR/BS were lower in SCI versus SHAM at 3
months (all p< 0.05).

At the tibial diaphysis, no group main effects were observed. Time main effects indicated
higher Ct.Th and lower Ps.MAR at later timepoints (p < 0.05 to p< 0.01, Online Resource
4). Interactions revealed reduced periosteal bone formation indices in SCI at 1-month post-
surgery, as indicated by lower Ps.MS/BS and Ps.BFR/BS versus all SHAM timepoints and
2-3 months SCI groups (p < 0.05 to p< 0.01). Similarly, targeted #tests indicated that
Ps.MS/BS was 25% lower in SCI versus SHAM at 2 weeks (trend, p = 0.054) and 60%
lower at 1 month (p < 0.001), accompanied by 55% lower Ps.BFR/BS (1 month: p < 0.001).
No differences in Ec.MS/BS were present among groups (data not shown). Double-
fluorochrome labeling was not present on enough samples to assess Ec.MAR or Ec.BFR/BS.
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MCT Analysis of Cancellous Morphology

Figure 3a—f contains representative pCT cancellous bone images and outcomes from the
distal femoral metaphysis ROI. Group main effects indicated that SCI exhibited lower distal
femur vBMD, BV/TV, and Th.N, along with higher Tb.Sp and Th.Pf (p=0.013 to p< 0.001,
Online Resource 4). Similar to histomorphometry, a time main effect indicated higher Th.Th
at later timepoints (o < 0.01). Interactions revealed that SCI exhibited higher Th.Pf at 2-
weeks post-surgery, indicative of a less-connected trabecular network versus all SHAM
groups and other SCI timepoints (p < 0.05 to p< 0.01).

Targeted #tests indicated that cancellous vBMD was 30-35% lower in SCI versus SHAM at
all timepoints (2 weeks: p < 0.001; 1-3 months p < 0.05) and that BV/TV was 25-50%
lower in SCI animals (2 weeks: p < 0.001; 1-2 months: p< 0.05; 3 months: p=0.059,
trend). The latter effect was less distinct as distance from the growth plate increased (Online
Resource 5a—d). This bone loss was characterized by 10% lower Th.Th at 2 weeks after SCI
(p<0.01) and by a more pronounced 50% reduction in Th.N occurring within the first 2
weeks (p < 0.001) and persisting thereafter (1-3 months: p< 0.05). The lower Th.Th
resulted from a higher proportion of small trabeculae (< 0.1 mm) and lower proportions of
larger trabeculae (ranging from 0.1 to 0.18 mm) that is indicative of increased bone
resorption (Online Resource 6a—d). In addition, SCI produced a rightward shift in Th.Sp
distribution at all timepoints (Online Resource 7a—d), particularly at values < 0.38 mm,
along with higher Th.Pf (2 weeks: p < 0.001; 1 month: p< 0.05).

MCT Analysis of Cortical Morphology

Figure 4 contains representative HCT cortical bone images and outcomes from the distal
femur (Fig. 4a—f) and femoral diaphysis ROIls (Fig. 4g-1). Group main effects indicated
lower Tt.Ar (distal femur only), Ct.Ar, Ct.Ar/Tt.Ar, Ct.Th, and vTMD (diaphysis only) at
both skeletal sites after SCI (p=0.009 to p < 0.001, Online Resource 4). Time main effects
indicated higher values for most cortical structural variables at later timepoints (o< 0.05 to p
< 0.01), suggesting progressive cortical expansion and cortical thickening. However,
interactions revealed that only SHAM animals exhibited progressively higher Ct.Ar, Ct.Ar/
Tt.Ar, Ct.Th, and vTMD at the femoral diaphysis (p < 0.05 to p < 0.01), indicating minimal
postsurgical cortical bone accumulation at this site after SCI.

At 2-weeks post-surgery, targeted #tests indicated no cortical bone differences among
groups at either site. Thereafter, distal femur Ct.Ar and Ct.Th were 7% lower in SCI versus
SHAM at 1 month (both p< 0.05) and 10-12% lower at 2 months (Ct.Ar only p < 0.001)
and 3 months (both p < 0.01). SCI also exhibited 8-10% lower femoral diaphysis Ct.Ar (2
months: p< 0.01; 3 months: p < 0.05), 5-9% lower Ct.Ar/Tt.Ar (2 months: p< 0.001; 3
months: p< 0.01), 8-9% lower Ct.Th (2 months: p< 0.01; 3 months: p< 0.05), and 2—-3%
lower vTMD (2-3 months: p < 0.05) when compared with the corresponding SHAM
timepoint.

Bone Mechanical Testing

Femoral mechanical characteristics are reported in Fig. 5a—d (distal femur) and Fig. 5e-h
(femoral midshaft). Group main effects indicated SCI exhibited lower maximal load,
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displacement at maximal load (distal femur only), and energy to fracture at both skeletal
sites (p=0.001 to p< 0.001, Online Resource 4). Time main effects indicated higher
maximal load (both sites), energy to fracture (distal femur only), and stiffness (midshaft
only) at later timepoints (0 < 0.05 to p< 0.01). Targeted £tests revealed that distal femur
maximal load and displacement were lower in SCI versus SHAM at 2-weeks (maximal load:
p<0.05), 1-month (maximal load: p< 0.01; displacement: p < 0.05), and 3-months post-
surgery (both: p < 0.05), producing 29-45% lower energy to fracture after SCI (2 weeks: p<
0.05; 1-/3 months: p < 0.01). In comparison, midshaft maximal load was lower in SCI
versus SHAM at 2-3-months post-surgery (p < 0.05), producing 21-35% lower energy to
fracture after SCI (2 months: #rend, p=0.061; 3 months: p < 0.05).

Serum Measurements

Baseline serum hormone concentrations were similar between groups (Online Resource 8).
The percentage changes in serum measurements from baseline are reported in Fig. 6a—f,
except for testosterone which is reported as actual concentration because insufficient
baseline sera were available. Group main effects indicated lower leptin and testosterone after
SCI (p< 0.001, Online Resource 4). Time main effects indicated higher leptin and
testosterone at later timepoints (p < 0.05 to p< 0.01). Within respective groups, interactions
revealed higher leptin at 2 months and 3 months (SHAM only) when compared with earlier
timepoints (p < 0.05 to p< 0.01). Time main effects also indicated lower TRAP5b, P1NP,
and osteocalcin at later timepoints, suggestive of lower bone turnover across the age-span (p
< 0.05to p<0.01). Interactions revealed lower TRAP5b in both groups at 3 months when
compared with several previous timepoints (p < 0.01). Targeted #tests revealed TRAP5b
change from baseline was higher in SCI versus SHAM at 2-weeks post-surgery (o < 0.01),
with no other differences in bone turnover markers. SCI also exhibited lower leptin than
SHAM at all timepoints (p < 0.001) and 35-50% lower testosterone versus SHAM (2 weeks:
p<0.01; 1 month: p<0.05; 2 months: p<0.01).

Discussion

Bone loss after SCI is precipitated by the neurologic insult and subsequent disuse [1].
However, SCI-induced bone loss is more rapid and severe than that occurring in response to
sciatic neurectomy [16] or immobilization-induced disuse [12, 17], suggesting that factors
beyond unloading contribute to the skeletal decline after SCI. Herein, we characterized the
time courses of cancellous and cortical bone deficits in a clinically relevant rodent SCI
model to assist in identifying the mechanism exacerbating skeletal deterioration after SCI,
which is important from a clinical perspective given that fracture incidence is associated
with mortality in this population [26]. Our data indicate: (1) severe cancellous bone loss at
the distal femur and proximal tibia within 2 weeks of SCI and temporally delayed cortical
bone deficits thereafter, similar to the biphasic bone loss occurring in the human SCI
population [3, 4]; (2) increased circulating TRAP5b, lower Ob.S/BS, and lower cancellous
histomorphometric bone formation indices at 2-weeks post-SClI, similar to the uncoupled
bone turnover reported in humans acutely after SCI [27]; (3) lower Ps.MS/BS and
Ps.BFR/BS at 2-weeks and 1-month post-surgery, indicating a periosteal bone formation
defect preceded cortical bone loss; and (4) temporal and site-specific bone mechanical
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deficits, with the distal femur exhibiting earlier strength deficits than the femoral diaphysis.
The persistent lack of hindlimb weight-bearing and the accompanying skeletal decline that
we observed, suggests that our findings are relevant to the severe motor-incomplete and/or
motor-complete SCI populations that are at risk of bone fracture [6, 7], providing content
validity to our preclinical model.

Within the first few years of injury, individuals with SCI exhibit 50-70% lower BMD at the
distal femur and proximal tibia [2], sites that are traditionally rich in cancellous bone, and a
relative plateau in cancellous bone loss thereafter [3, 4]. Similarly, our model exhibited 30—
35% lower distal femur cancellous vBMD and > 50% lower distal femur and proximal tibia
BV/TV within 2 weeks of SCI. These skeletal sites are particularly relevant to the SCI
population, given the high prevalence of supracondylar femoral fractures after motor-
complete SCI [7] and that > 80% of fractures requiring hospitalization in the chronic SCI
population occur in the tibia and femur [6]. The cancellous bone deficits in our model were
characterized by lower Th.Th and Th.N, a rightward shift in the Th.Sp distribution, and
higher Th.Pf within 2 weeks of SCI. Moreover, SCI exhibited a larger increase in circulating
TRAP5b than SHAM at 2 weeks, albeit no differences in Oc.S/BS were present among
groups at any timepoint. These results suggest that existing osteoclasts exhibited increased
resorptive activity, as others have reported [10, 11], which could be verified in future studies
by assessing TRAP-positive osteoclasts. Despite this increased bone resorption, Ob.S/BS
and all cancellous histomorphometric bone formation indices were markedly lower in SCI at
2 weeks. In comparison, sex-hormone deficiency produces concurrently increased bone
resorption and formation [24], demonstrating SCI-induced bone loss is characteristically
different than high-turnover osteopenia. Our findings suggest that the SCl-related
uncoupling of bone turnover that has been observed in humans [27] and other experimental
SCI models [10, 11] likely results from impaired bone anabolic signaling [28]. Consistent
with this notion, Zhao et al. observed fewer alkaline phosphatase-positive colonies and fewer
mineralized nodules in cultured bone marrow-derived stem cells extracted from spinal
transected versus sham animals, indicating fewer mesenchymal progenitors were recruited
into the osteoblastic lineage in response to SCI [29]. Despite this evidence, circulating
osteocalcin and PANP were similar among groups, perhaps because relatively normal bone
formation exists above the spinal lesion and/or because longitudinal bone growth contributes
to circulating bone formation markers until rodents are aged ~ 60 months [30, 31]. In this
regard, both groups exhibited lower circulating osteocalcin and PLNP at 2—-3-months post-
surgery, which was an expected finding that results from the relative cessation of
longitudinal bone growth in adulthood [30, 31].

In our model, tibial diaphysis Ps.MS/BS was lower at 2-weeks and 1-month post-SCI, and
Ps.BFR/BS was lower at 1 month. In comparison, distal femur and femoral diaphysis Ct.Ar
and Ct.Th were lower beginning 1-2 months post-SCI. These findings suggest that a time-
dependent periosteal bone formation defect occurred in response to SCI. In support of this
contention, a main effect was present indicating SCI exhibited lower distal femur Tt.Ar than
SHAM, suggesting impaired periosteal expansion at this skeletal site, similar to other reports
[14]. In addition, our animals exhibited lower distal femur maximal load and energy to
fracture beginning 2-weeks post-SCI, preceding the cortical bone structural deficits.
Furthermore, distal femur BV/TV was lower, and Th.Pf was higher 2-weeks post-SClI,
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indicative of less cancellous bone and a relatively weaker and less-connected trabecular
network [32]. Taken together, the early cancellous bone loss appeared to influence the
impaired distal femur whole bone mechanical characteristics. Despite this, a time main
effect indicated that distal femur bone strength measures improved as animals aged, which is
likely explained by higher distal femur Tt.Ar in response to the renormalization of periosteal
bone formation at 2 and 3 months. In comparison, femoral diaphysis bone strength measures
were lower only at 2-3 months after SCI, temporally accompanying cortical bone deficits
and lower TMD at this site, providing evidence that cortical bone mass also influenced bone
fragility after SCI.

In addition to skeletal outcomes, we measured concentrations of select hormones that
influence bone maintenance to discern the systemic effects of SCI. It is known that men with
SCI often exhibit secondary hypogonadism (low testosterone) [33]. Similarly, our SCI rats
exhibited 35-50% lower testosterone versus SHAM, which is roughly comparable to the
magnitude of testosterone deficit in the SCI population [34]. Interestingly, the testosterone
deficit in our model persisted throughout the duration of cancellous and cortical bone loss,
supporting the contention that low testosterone may exacerbate bone loss after SCI [35]. In
our previous studies, testosterone treatment dose-dependently prevented cancellous bone
loss after SCI, with low-dose (replacement) testosterone preventing ~ 80% of cancellous
bone loss and high-dose (supraphysiologic) testosterone completely preventing cancellous
bone deficits [21]. We also observed persistently lower leptin in SCI versus SHAM animals
that likely resulted from the initial 8-11% bodyweight loss after SCI. Interestingly, Park et
al. recently reported that both fat mass and lean mass were positively associated with
circulating leptin in a cohort of persons with SCI, and postulated that muscle loss leads to
impaired leptin production [36]. In this regard, we have previously reported that sublesional
muscle mass and muscle fiber cross-sectional area are 20-40% lower within several weeks
of SCI [37], while relatively smaller differences in retroperitoneal fat mass were present
among SCI and SHAM animals [21]. Regardless, it remains unknown whether an initial
reduction in circulating leptin exists in persons with bodyweight loss after SCI or whether
leptin influences bone homeostasis in this population. We believe these possibilities deserve
consideration because (1) ~ 50% of individuals with SCI are reported to exhibit involuntary/
unintended weight loss within 1 year of injury [38], (2) circulating leptin has been positively
associated with BMD in wheelchair-bound men [39] and women with SCI [40], and (3)
leptin treatment stimulates osteoblast proliferation and bone formation via central and
peripheral pathways that are distinct from the regulation of energy metabolism [41] and
attenuates disuse-mediated bone loss in rats with low leptin [42]. In addition, we evaluated
circulating sclerostin, an osteocyte-derived negative regulator of the bone anabolic LRP5/
LRP6-mediated Wnt/B—catenin signaling pathway, because LRP5 mRNA and several Wnit-
signaling genes are downregulated in cultured osteoblasts obtained from SCI animals [28]
and because mice with sclerostin gene deletion are resistant to cancellous bone loss after
SCI [43]. However, no differences in circulating sclerostin were present among groups.
Consistent with these observations, Gifre et al. reported that circulating sclerostin was
similar among persons with recent motor-complete SCI and healthy age-matched controls
[44]. Regardless, the ability of a pharmacologic anti-sclerostin antibody to potently stimulate
bone formation [23, 45] and to reverse bone loss mass in rodent SCI models [29] provides
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strong rationale to evaluate Romosozumab in the SCI population if this pharmacologic agent
receives US Food and Drug Administration and/or European Medicines Agency approvals.
Furthermore, SCI-induced alterations in other hormones, such as corticosterone and
norepinephrine [46, 47], may influence skeletal homeostasis. A comprehensive analysis of
all such hormones was beyond our scope, but would likely assist in elucidating factors that
influence bone loss after SCI.

We were aware of previous reports delineating the early [10-12, 17] and more chronic
skeletal adaptations to experimental SCI as we developed our model [8, 13—-15]. However,
several differences exist between these models and our 4-months-old male moderate—severe
contusion SCI model. First, most previous reports assessed bone parameters in SCI and
nonsurgical controls [10, 12, 14, 15, 17] or utilized baseline controls for comparison [13],
which do not account for the influence of surgical stress on bone loss or for skeletal changes
resulting from bone modeling, respectively. To account for these factors, we used age-/sex-
matched SHAMs that underwent spinal laminectomy. Second, we used the IH impactor to
induce contusion SCI, while most others employed the New York University (NYU) weight-
drop system to produce moderate [14] or severe contusion SCI [10-13], or performed spinal
cord transection [8, 17]. In this regard, higher impact forces worsen skeletal deficits after
contusion SCI [13], with the peak force from a 250- to 300-kdyne IH Impactor being
roughly equivalent to the force from a mild—moderate NYU injury [15]. Nevertheless, our
SCI animals exhibited persistent hindlimb disuse consistent with severe SCI, indicating that
our findings remain relevant to the severe motor-incomplete and/or motor-complete SCI
populations. Of note, only one of the aforementioned studies used the IH impactor to induce
moderate—severe contusion SCI and did not observe any proximal tibia cancellous bone loss
at 3-months post-injury [15], which directly conflicts with our current and previous studies
reporting extensive cancellous [21, 23] and cortical bone deficits [22] and pronounced
muscle loss [37] in response to an identical injury severity at the same spinal level. The
reasons underlying these differences remain unknown, although, our skeletally mature males
did not recover the ability to support the hindlimbs in stance or to perform hindlimb stepping
at any point throughout our study, while the young adult (3-months-old) females used by Lin
et al. regained the ability to perform occasional weight-supported plantar stepping [15]. In
this regard, young female rats have higher estradiol than males [24], which may explain
some of the locomotor and skeletal differences among sexes, given that physiologic estradiol
treatment is neuroprotective after SCI [48] and that estradiol prevents bone loss in
ovariectomized rats undergoing hindlimb suspension [49]. This is noteworthy because our
SCI animals exhibited 35-50% lower testosterone and because peripheral aromatization of
testosterone is the primary source of estradiol in males [50]. Alternatively, it is possible that
the force delivered to the spinal cord in our current study (average 310-kdyne) was sufficient
to prevent recovery of hindlimb stepping and induce skeletal decline, while the slightly
lower force employed by Lin et al. (i.e., 250-kdyne) was not. However, we find this
possibility unlikely because we have previously observed that 3-5-months-old male rodents
display continual hindlimb dysfunction and severe bone deficits in response to 250-kdyne
contusion SCI [21-23].

In summary, our rodent moderate—severe contusion SCI model exhibited rapid cancellous
bone loss and marked trabecular microarchitectural deficits, along with gradual cortical bone
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loss. The cancellous bone loss resulted from increased bone resorption and concomitantly
reduced bone formation, consistent with uncoupled bone turnover, while reduced periosteal
bone formation indices preceded cortical bone loss. Whole bone mechanical deficits also
developed in a site-specific manner after SCI, with bone strength loss at the distal femur
temporally accompanying cancellous bone loss and bone strength loss at the femoral
diaphysis accompanying cortical bone deficits, indicating that both cancellous and cortical
bone influence whole bone mechanical characteristics after SCI. In addition, testosterone
and leptin were lower in our SCI model, although, the significance of these alterations in
relation to bone loss requires further investigation. In conclusion, we have developed an
experimental SCI model that mimics the predominant sex, age, and injury type occurring in
the human SCI population and that results in limited functional recovery and pronounced
sublesional bone deterioration, demonstrating the relevance of our model in relation to the
severe motor-incomplete to motor-complete SCI populations.
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Fig. 1.

a—i Cancellous histomorphometric outcomes at the proximal tibial metaphysis. Values are
means + SEM, = 8-15/group at each timepoint. Dagger indicates p < 0.05 and # indicates
p <0.01 for SHAM versus SCI at the same time point derived from #tests. Main effects and
interactions derived from the 2 x 4 ANOVAs are reported in Online Resource 4
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Fig. 2.

a—d Cortical histomorphometric outcomes at the tibial diaphysis. Values are means + SEM,
n=8-14/group at each timepoint. Dagger indicates p < 0.05 and # indicates p < 0.01 for
SHAM versus SCI at the same timepoint derived from £tests. No endocortical differences
were present among groups, and no double-fluorochrome labeling was present for Ec. MAR
or Ec.BFR/BS (not shown). Main effects and interactions derived from the 2 x 4 ANOVAS

are reported in Online Resource 4
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Fig. 3.

a—f Representative microcomputed tomography (UCT)-based cancellous bone images and
morphologic outcomes at the distal femoral metaphysis region of interest (ROI). Values are
means = SEM, n=9-17/group at each timepoint. Dagger indicates p < 0.05 and ¥ indicates
p<0.01 for SHAM versus SCI at the same timepoint derived from ~tests. Main effects and
interactions derived from the 2 x 4 ANOVAs are reported in Online Resource 4
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Fig. 4.

a-| Representative microcomputed tomography (LCT)-based cortical bone images and
morphologic outcomes at the distal femur and femoral diaphysis region of interest (ROI).
Values are means + SEM, n=9-17/group at each timepoint. Dagger indicates p< 0.05 and #
indicates p < 0.01 for SHAM versus SCI at the same timepoint derived from #tests. Main
effects and interactions derived from the 2 x 4 ANOVAs are reported in Online Resource 4
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Fig. 5.

a—h Distal femur and femoral midshaft bone mechanical characteristics. Values are means +
SEM, n=7-10 per group at each timepoint. Dagger indicates p < 0.05 and # indicates p <
0.01 for SHAM versus SCI at the same timepoint derived from £tests. Main effects and

interactions derived from the 2 x 4 ANOVAs are reported in Online Resource 4
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Fig. 6.

a—f Circulating hormone responses. Values are means + SEM of the percentage change from
baseline, except for testosterone which is the actual concentration (due to insufficient sera to
determine baseline values on all samples), 7= 10-30/group at each timepoint. Dagger
indicates p < 0.05 and # indicates p < 0.01 for SHAM versus SCI at the same timepoint
derived from ttests. Main effects and interactions derived from the 2 x 4 ANOVAs are

reported in Online Resource 4
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