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ARTICLE INFO ABSTRACT

Keywords: Profound bone loss occurs following spinal cord injury (SCI) resulting in a high incidence of fractures. While
Spinal cord injury likely caused in part by loss of weight-bearing, there is greater bone loss following SCI when compared to that
Inflammation observed in other disuse animal models. Patients with SCI have a protracted inflammatory response, with ele-
8;2‘]’{;{:5 vated circulating levels of pro-inflammatory markers. This chronic inflammation could compound the bone loss

attributed to disuse and the loss of neural signaling. To assess this, we examined inflammatory markers and bone
turnover regulators in osteocytes from rats with a moderate spinal contusion injury (SCI) and intact controls
(CON). We counted osteocytes positive for cytokines [tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), and
interleukin-17 (IL-17), and interleukin-10 (IL-10)1, osteoclastogenesis regulators RANKL and OPG, and the bone
formation inhibitor sclerostin, 32 days after the spinal contusion. By day 9 post-injury, the majority of SCI rats
had recovered significant locomotor function and were bearing weight on their hindlimbs. However, despite
weight-bearing, peripheral QCT scans demonstrated lower bone mass due to SCI in the proximal tibia metaphysis
compared to CON. SCI animals also had lower cancellous bone volume, lower bone formation rate (BFR), lower
osteoid surface (0S), and higher osteoclast surface (Oc.S). Tibial mid-shaft periosteal BFR was also lower after
SCI. Immunohistochemical staining of the distal femur bone revealed cancellous osteocytes positive for TNF-a,
IL-6, IL-17, and IL-10 were elevated in SCI animals relative to intact controls. Protein expression of RANKL +,
OPG +, and sclerostin + osteocytes was also higher in SCI rats. At the cortical midshaft, osteocyte TNF-a, IL-6,
and sclerostin were statistically higher in SCI vs. CON. With regression analysis, inflammatory factors were
associated with changes in bone turnover. In conclusion, inflammatory factors as well as altered mechanical
loading influence bone turnover following a moderate SCI. Treatments aimed at minimizing fracture risk after
SCI may need to target both the chronically altered inflammatory state as well as disuse-induced bone loss.

1. Introduction

Spinal cord injury (SCI) leads to profound musculoskeletal losses
with deficits in bone mass evolving rapidly in the first months after
injury [1]. SCI patients have 40-70% lower bone mass relative to age-
matched comparator values in cancellous-rich bone sites [2,3], and
25-35% lower bone mass in cortical sites like the shafts of the tibia [3].
Within the first 6-12 months following complete SCI, the rate of bone
loss is approximately 1% per week, a much greater rate of bone loss
than that observed during bed rest at approximately 0.1% per week [4].
Evidence from a study examining monozygotic twin pairs, one with
motor complete SCI and one without, demonstrated that length of time
from SCI, not age, was linearly related to the degree of bone loss in-
dicating the potential for persistent loss of bone mass extending beyond
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the acute injury [5]. Overall, this significant loss of bone leads to a high
frequency of low energy fractures [6], with an estimated 50% of SCI
patients sustaining a low trauma or osteoporotic fracture post-injury
[7]. Fracture incidence increases with time after injury [8].

Rodent models of SCI demonstrate similarly rapid bone loss with
large decreases in cancellous bone volume and deterioration of can-
cellous microarchitecture [9-14]. The mechanical strength of the bone
is decreased in these SCI rodents compared to controls by up to 50%
three weeks after injury [15], consistent with the increased risk for
fracture seen in human patients. These animal models also demonstrate
decreased bone formation rate due to SCI [12,14], increased osteoclast
differentiation markers, and decreased osteoblast differentiation mar-
kers [13]. Additionally, scanning electron microscopy of bone tissue of
rats 8 weeks after complete SCI demonstrated reduced osteocyte
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density, a lower number of osteocyte dendritic processes, and altered
osteocyte morphology [12]. Given that osteocytes are key regulators
and signaling cells in bone tissue [16], these changes in osteocyte
morphology likely contribute to subsequent changes in bone mass. In-
terestingly, compared to the extent of bone loss in hindlimb cast im-
mobilization or neurectomy models, there is greater bone loss and more
profound decrements in mechanical properties following SCI [17,18].
These observations suggest that a lack of mechanical loading and the
loss of neural signaling are not the only contributors to impaired bone
integrity following SCI.

One factor that could accelerate bone loss following SCI is the
protracted pro-inflammatory response and immune dysfunction seen in
patients [19]. Bone loss is a common comorbidity in many conditions
that involve chronic systemic inflammation, including inflammatory
bowel disease [20], psoriasis [21], rheumatoid arthritis [22], and sys-
temic lupus erythematosus [23]. After SCI, approximately 47% of pa-
tients are diagnosed with acute systemic inflammatory response syn-
drome (SIRS) at hospital admission [24], a condition that contributes to
a high incidence of secondary organ complications [25]. Importantly,
this inflammation persists well beyond the acute phase in the emer-
gency room. C-reactive protein (CRP), a generalized indicator of in-
flammation, is elevated in SCI patients [26,27], with the highest CRP
values observed in those with quadriplegia versus paraplegia measured
approximately 14 years post-injury [28]. Similarly, SCI patients exhibit
elevated serum Thl cytokines, tumor necrosis factor-o (TNF-a) and
interleukin-6 (IL-6), compared to able-bodied controls, for years fol-
lowing injury [29,30]. In a rodent SCI model, we have also shown in-
creased circulating pro-inflammatory cytokines 25 days after a mod-
erate SCI, relative to intact controls [31]. These pro-inflammatory
factors, like TNF-a and IL-6, stimulate an increase in osteoclastogenesis
and suppress bone formation, as well as activate other regulators of
bone cell activity like receptor activator of nuclear factor KB ligand
(RANKL) and sclerostin [32-34]. The inflammatory response inherent
to SCI could enhance bone loss and/or limit the ability to recover bone
mass post-injury.

The goal of this current study is to examine the inflammatory status
of bone following a moderate T12 spinal contusion injury in young
male rats. Previously, we examined the role of osteocytes in the context
of systemic inflammation caused by chronic inflammatory bowel dis-
ease [35]. In that rodent model, we found elevated osteocyte TNF-a and
IL-6 corresponding with high osteocyte sclerostin, RANKL, and OPG.
These factors were strongly correlated with high osteoclast surfaces and
low bone formation rate [35]. Additionally, we have previously shown
that osteocyte IL-6 and sclerostin, but not osteocyte TNF-a, are altered
by mechanical loading and unloading [36]. Therefore, we aimed to
understand the role of both inflammation and altered mechanical
loading on osteocyte proteins following SCI. We hypothesized that
elevations in osteocyte pro-inflammatory cytokines (TNF-a and IL-6),
RANKL, OPG, and sclerostin in SCI would be associated with high os-
teoclast surface and depressed bone formation rate. Further, we hy-
pothesized that both locomotor ability and inflammatory cytokines
would predict the degree of changes in bone turnover.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats obtained from Envigo (Houston, TX),
approximately 90-110 days old (300-350 g), were individually housed
in Plexiglas bins [45.7 (length) x 23.5 (width) x 20.3 (height) cm]
with food (Teklad 2018; Envigo, Houston, TX) and water continuously
available. Animals were divided into intact controls (CON) and spinal
contusion (SCI) groups (n per group = 6). SCI animals were monitored
for weight on days that they were assessed for locomotor function, and
were checked daily for signs of autophagia and spastic hypertonia. An
animal was classified as having spastic hypertonia if a limb was in an
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extended, fixed position and was resistant to movement. Bladders were
manually expressed in the morning (8-9.30a.m.) and evening
(6-7.30 p.m.) until subjects regained bladder control, which was op-
erationally defined as three consecutive days with an empty bladder at
the time of expression. The rats were maintained on a 12 h light/dark
cycle and tested during the last 6h of the light cycle. Fluorochrome
calcein labels were injected 7 and 2 days prior to euthanasia for as-
sessment of mineralizing surfaces. Thirty-two days post-injury, all ani-
mals were humanely euthanized with a lethal injection of pentobarbital
(100 mg/kg), perfused with paraformaldehyde, and bone tissue was
collected. All of the experiments were reviewed and approved by the
institutional animal care committee at Texas A&M University and all
NIH guidelines for the care and use of animal subjects were followed.

2.2. Surgery

SCI animals had a moderate contusion injury at vertebral level T12.
For the spinal contusion injury, the rats were anesthetized with inhaled
isoflurane (5% to induce anesthesia and 2-3% for maintenance). The
rat's back was shaved and disinfected with iodine and a 5.0 cm incision
was made over the spinal cord. Two incisions were made along the
vertebral column, on each side of the dorsal spinous processes, ex-
tending about 2 cm rostral and caudal to the T12 segment. Muscle and
connective tissue were then dissected to expose the underlying ver-
tebral segments. Musculature around the transverse processes was
cleared to allow for clamping of the vertebral spinal column. Next, the
dorsal spinous process at T12 was removed, and the spinal tissue ex-
posed. The dura remained intact. The vertebral column was fixed
within the Infinite Horizons impactor (Precision Systems
Instrumentation) using two pairs of Adson forceps. A moderate injury
was produced using an impact force of 150 kdyn and a 1s dwell time.
The wound was closed with Michel clips. For the first 24-h after sur-
gery, the rats were housed in a recovery room. All subjects were treated
with 100,000 U/kg penicillin G potassium (intraperitoneal injection)
immediately after surgery and again 2days later. No post-operative
pain medications or NSAIDS were given as inflammation was the pri-
mary outcome of the study. To facilitate access to the food and water
after spinal surgery, extra bedding was added to the housing bins and
long mouse sipper tubes were used so that the rats could reach the
water without rearing. To help maintain hydration, the subjects were
also given 3.0 ml of saline (0.9%, i.p.) following surgery.

2.3. Assessment of locomotor recovery

Locomotor behavior was assessed using the Basso-Beattie-Bresnahan
(BBB) rating scale [37] in an open enclosure (99 cm diameter and 23 cm
deep). The subjects were acclimated to the apparatus for 5 min per day
for 3 days prior to surgery. Using this scale, no movement of the hin-
dlimbs (ankle, knee or hip) is designated a score of 0, and intermediate
milestones include slight movement of one joint [1], extensive move-
ment of all three joints [7], occasional weight supported stepping in the
absence of coordination [10], and consistent weight supported stepping
with consistent FL-HL coordination [14]. Higher scores reflect con-
sistent limb co-ordination and improved fine motor skill. Twenty-four
hours after surgery, each subject was placed in the open field and ob-
served for 4 min to assess locomotor function. Scoring occurred on days
1,2,3,4,5,6,7,9,11, 13, 15, 18, 21, 24, 27, and 30 post-injury. All
observers had high intra- and inter-observer reliability (all r's > 0.89)
and were blind to the subjects' experimental treatment.

2.4. Peripheral quantitative computed tomography

Right femurs and tibia were saved in phosphate buffered saline at
—35°C. Once thawed, ex vivo pQCT scans of the proximal tibia me-
taphysis and distal femur metaphysis (mixed cortical and cancellous
bone site) and mid-shaft tibia and midshaft femur (purely cortical bone
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site) were completed on a Stratec XCT Research-M device (Norland
Corp., Fort Atkinson, WI). Metaphyseal volumetric BMD was measured
at the proximal tibia and distal femur from 4 slices located at least
1 mm distal to the growth plate. Three contiguous slices were averaged
to provide one value for each variable at the proximal tibia metaphysis.
One midshaft tibia and midshaft femur slice was taken at approximately
50% of the total bone length. Scans were completed at 2.5 mm/s scan
speed, 100 pm voxel resolution, and 0.5 mm slice thickness. Measures
obtained from the ex vivo pQCT scans include cortical and cancellous
bone mineral content (BMC), volumetric bone mineral density (vBMD),
and midshaft tibia cortical thickness.

2.5. Dynamic and static cancellous histomorphometry

For cancellous histomorphometry, undemineralized left proximal
tibia were fixed in 4% phosphate-buffered formalin for 12h and then
subjected to serial dehydration and embedded in methyl methacrylate
(J.T.Baker, VWR, Radnor, PA, USA). Serial frontal sections were cut
8 um-thick and left unstained for fluorochrome calcein label measure-
ments. The histomorphometric analyses were performed using
OsteoMeasure Analysis System, version 3.3 (OsteoMetrics, Inc., Atlanta,
GA, USA). A defined region of interest was established approximately
500 um from the growth plate and within the endocortical edges en-
compassing approximately 8 mm? at 20 X magnification. Total bone
surface (BS), single-labeled surface (sLS/BS), double-labeled surface
(dLS/BS), mineralizing surface (MS/BS), and interlabel distances were
measured at 20 X magnification. Mineral apposition rate (MAR) was
calculated from the interlabel distance and time of labels. Bone for-
mation rate (BFR/BS) was determined by multiplying MS/BS by MAR.
Additionally, 4 pm-thick sections were treated with von Kossa stain and
tetrachrome counterstain to measure cancellous microarchitecture (%
BV/TV, Tb. Th, Tb. Sp, and Tb. N) and osteoid (OS/BS) and osteoclast
(Oc.S/BS) surfaces, expressed as a percent of total cancellous surface
measured at 40 X magnification. Two non-contiguous sections were
analyzed and averaged for all histomorphometric measures. All ana-
lyses were completed by the same individual to reduce variability.
Nomenclature for cancellous histomorphometry follows standard usage
guidelines [38].

2.6. Dynamic cortical histomorphometry

Undemineralized left distal tibia were fixed in 4% phosphate-buf-
fered formalin for 12h and then serially dehydrated and embedded in
methyl methacrylate. Cross sections of the bone closest to the mid-shaft
were made on an IsoMet Low Speed Saw (Buehler, Lake Bluff, IL) ap-
proximately 100 um thick. Cross sections were analyzed at both the
periosteal and endocortical surface at 20X magnification using
OsteoMeasure Analysis System, version 3.3 (OsteoMetrics, Inc., Atlanta,
GA, USA) for MS/BS and MAR; bone formation rate was calculated as
stipulated above.

2.7. Immunohistochemistry

Left distal femora were fixed in 4% phosphate-buffered formalin for
12h at 4°C, decalcified in a sodium citrate/formic acid solution for
approximately 18 days and then stored in 70% ethanol. Sections were
then further dehydrated in Thermo-Scientific STP 120 Spin Tissue
Processor, paraffinized via a Thermo Shandon Histocenter 3 Embedding
tool, sectioned to approximately 8 um thickness, mounted on positively
charged slides, and immunostained using an avidin-biotin method as
previously described [35]. Sections were incubated overnight at 4 °C
with primary antibodies: polyclonal rabbit anti-rat TNF-a, (1:100,
LifeSpan BioSciences, Inc., Seattle, WA), polyclonal rabbit anti-IL-6
(1:300, Abcam, Cambridge, MA), polyclonal rabbit anti-IL-10 (1:300,
Abcam), polyclonal goat anti-mouse sclerostin (1:100, R&D Systems,
Minneapolis, MN), polyclonal rabbit anti-IL-17 (1:150, Abcam),
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polyclonal rabbit anti-RANKL (1:200, Abcam), and polyclonal rabbit
anti-OPG (1:100, Biorbyt, San Francisco, CA). Negative controls for all
antibodies were completed by omitting the primary antibody. Sections
were analyzed by quantifying the proportion of all osteocytes staining
positively for the protein in the cancellous bone of the metaphysis
(~500 um from the growth plate, an area of approximately 4 mm?) and
the cortical bone near the midshaft (an area of approximately 2 mm?).
Negative controls (still containing methyl green stain) were used to
quantify osteocyte density. Osteocyte density was quantified two ways
— per tissue area (mm?) and normalized to the bone area of the same
sample.

2.8. Statistical analyses

A t-test was completed between CON and SCI for each variable. A
repeated measures ANOVA was used to compare BBB scores between
groups and across time with a Sidak pairwise comparison post hoc.
Statistical significance was determined at p < 0.05. Effect size (partial
eta-squared) was determined for values of p < 0.05. Linear regression
was completed with osteoclast surface as the dependent variable and
independent factors as TNF-a, IL-6, IL-17, RANKL, and OPG and, se-
parately, with bone formation rate as the dependent variable and the
independent factor as and sclerostin. Additionally, linear regression for
factors predicting sclerostin (BBB scores and TNF-a) was used. A new
model for multiple linear regression between these factors was accepted
when the adjusted R? increased and all slopes in the model were sig-
nificant (p < 0.05). If these criteria were not met, the previous model
was accepted. All data is represented as mean =+ standard deviation.
Statistical analyses were completed on IBM SPSS Statistics Version 23
(IBM; Armonk, NY).

3. Results

3.1. Thirty days after spinal contusion, SCI animals were supporting weight
on both hindlimbs, but mobility was still lower compared to CON

SCI animals lost an average of 4% of their baseline body weight
within seven days of the contusion injury, but gained weight following
that point ending with 7% greater body weight than baseline. For lo-
comotor scores, with repeated measures, there were significant effects
of time, time by group, and between subjects (p < 0.0001). The SCI
subjects recovered locomotor function across time, but at all time points
the SCI subjects had lower average BBB scores than CON (p < 0.0001;
Fig. 1). By day 9 following injury, the majority of SCI animals were

Locomotor Scores

BBB Score

Day 1

2345679
—-SCI —--CON

11 13 15 18 21 24 27 30

Fig. 1. BBB locomotor scores were lower for SCI rats with recovery of weight
bearing ability by day 9 following SCI. Dashed line indicates score of weight
bearing (BBB = 9). CON rats were fully mobile (BBB = 21). Error bars on SCI
values = standard deviation. SCI animals had statistically lower BBB scores
than CON at all time points (p < 0.0001). SCI animals were statistically lower
than CON at all timepoints.
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Table 1
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PQCT measures of the proximal tibia metaphysis and distal femur metaphysis assessed 32 days after moderate contusion injury at T12.

Proximal tibia

Distal femur

CON SCI CON SCI
Total BMC (g) 10.45 += 1.3 8.40 = 1.1 10.6 = 1.0 9.47 = 0.6”
Total vBMD (mg/cms) 547.85 = 40.9 510.47 = 43.6 661.75 = 31.2 636.25 = 40.4
Cancellous vBMD (mg/cm®) 294.03 + 62.6 221.06 + 33.2 326.62 + 53.9 307.27 + 28.3
Metaphyseal Cortical vBMD (mg/cm®) 557.88 + 37.7 524.55 * 40.5 667.41 + 28.79 637.89 * 43.3
Total area (mm?) 19.09 = 2.2 16.46 = 0.8 16.00 = 0.7 15.00 = 1.0

Data are represented as mean * standard deviation.
* Difference from CON, p < 0.05.
# Trending difference from CON, p = 0.078.

weight-bearing on the hindlimbs. They had recovered to BBB scores of
9.75 = 2.2 (mean * SD). By day 30 post-injury, the mean SCI scores
were 10.25 + 2.2, indicating occasional weight-supported plantar
steps with no forelimb/hindlimb coordination.

3.2. SCI caused decrements in bone mass and area at the proximal tibia
metaphysis

pPQCT scans of the proximal tibia metaphysis demonstrated statis-
tically lower total BMC (p = 0.017, effect size = 0.448), cancellous
vBMD (p = 0.03, effect size = 0.388), and total area (p = 0.024, effect
size = 0.413) in SCI vs. CON animals (Table 1). Small deficits in bone
mineral content at the distal femur metaphysis in SCI rats did not reach
statistical significance (p = 0.078).

3.3. Declines in cortical bone mass were seen in the midshaft tibia and femur
following SCI

Total area of the midshaft femur was significantly lower in SCI rats
than in intact controls (p = 0.006, effect size = 0.630; Table 2). There
were also trends for decreased cortical BMC after SCI in both midshaft
tibia and femur, but these did not reach statistical significance
(p = 0.086, p = 0.073, respectively). Similarly, cortical thickness was
lower in the tibia following SCI, although not significantly (p = 0.057).
There were no statistical differences observed in cortical vBMD at either
site.

3.4. Deficits in cancellous microarchitecture after SCI correspond with
increased osteoclast surface and decreased osteoid surface

%BV/TV measured by static histomorphometry at the proximal tibia
metaphysis was 55% lower in SCI vs. CON (p < 0.001, effect
size = 0.702; Fig. 2A). Trabecular thickness and trabecular number
were also lower in SCI animals (p = 0.004, effect size = 0.584;
p = 0.001, effect size = 0.657, respectively; Fig. 2B, D) and trabecular
separation was higher compared to CON (p = 0.002, effect
size = 0.6221; Fig. 2C). Percent osteoid surface was lower (p = 0.034,
effect size = 0.377; Fig. 2E), and %osteoclast surface almost 2.5-fold

Table 2

higher (p < 0.0001, effect size = 0.795; Fig. 2F) in SCI animals.

3.5. Both cancellous and periosteal cortical bone formation rates were
depressed after SCI

Dynamic histomorphometry at the proximal tibia metaphysis re-
vealed 37% lower cancellous BFR/BS in SCI animals (p = 0.002, effect
size = 0.634; Fig. 3C). This impact on BFR/BS was associated with a
45% lower mineralizing surface (%MS/BS) in SCI vs. CON
(p < 0.0001, effect size = 0.825; Fig. 3A) with a mineral apposition
rate (MAR) that was not statistically different from CON (p = 0.084;
Fig. 3B). Reductions in periosteal BFR/BS were also observed at the
midshaft tibia (p < 0.0001, effect size = 0.778; Fig. 4A) due to large
declines in %MS/BS (p < 0.0001, effect size = 0.770), while MAR was
not different between CON and SCI (p = 0.251). Endocortical BFR/BS
at the midshaft tibia was lower, but not statistically different between
SCI and CON (p = 0.09; Fig. 4B) with no statistical differences in MS/
BS (p = 0.112) and MAR (p = 0.057).

3.6. Osteocyte density was not different between SCI and CON

Osteocyte density per tissue area (mm?) in the distal femur was
lower in SCI vs. CON (CON average = 602 + 148, SCI
average = 305 = 100; p = 0.002, effect size = 0.622) while osteocyte
density normalized to the bone area not different in SCI vs. CON (CON
average = 39 + 3, SCI average = 32 + 10; p = 0.195). At the mid-
shaft femur, osteocyte density was also not statistically different be-
tween CON and SCI (CON average = 355 *+ 28, SCI
average = 325 = 19; p = 0.100).

3.7. SCI resulted in increased prevalence of pro-inflammatory osteocyte
proteins, osteoclastogenesis regulator proteins, and sclerostin

In the cancellous bone, %TNF+ osteocytes in SCI animals were
statistically higher than in CON (p = 0.008, effect size = 0.525;
Fig. 5A), as were %IL-6 + osteocytes (p < 0.0001, effect size = 0.725;
Fig. 5B). The SCI group had a higher percentage of osteocytes positive
for both IL-10 (p = 0.011, effect size = 0.494; Fig. 5C) and IL-17

PQCT measures of the midshaft tibia and midshaft femur assessed 32 days after moderate contusion injury at T12.

Midshaft tibia

Midshaft femur

CON SCI CON SCI
Cortical BMC (g) 6.72 + 0.4 6.21 + 0.4” 10.42 = 0.7 9.4 = 0.9
Cortical vBMD (mg/cm3) 1362.96 *+ 46.8 1340 = 17.2 1417.94 = 15.2 1430.98 + 10.8
Total area (mm?) 7.4 £ 1.3 7.53 = 1.2 10.93 = 0.4 9.73 = 0.5
Cortical thickness (mm) 0.66 = 0.06 0.59 + 0.04” 0.79 = 0.06 0.76 = 0.08

Data are represented as mean *+ standard deviation.
* Difference from CON, p < 0.05.
# Trending difference from CON, p = 0.09-0.05.
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Fig. 2. Static histomorphometry at the proximal tibia metaphysis revealed lower cancellous bone volume, altered microarchitecture, high osteoclast surface, and low
osteoid surface in SCI animals. A) Cancellous bone volume was lower in SCI vs. CON (p = 0.001). B) Trabecular thickness was lower in SCI vs. CON (p = 0.004). C)
Trabecular separation was higher in SCI (p = 0.002). D) Trabecular number was lower in SCI vs. CON (p = 0.001). E) Cancellous osteoid surface (OS/BS) was lower
in SCI (p = 0.034). F) Cancellous osteoclast surface (Oc.S/BS) was higher in SCI vs. CON (p < 0.0001). G) Representative image of osteoid surface at 40 x
magnification. H) Representative image of osteoclast surface at 40 X magnification. *Statistically different from CON.

(p = 0.002, effect size = 0.647; Fig. 5D). %RANKL- and %OPG-positive
osteocytes were also higher in SCI vs. CON (p = 0.003, effect
size = 0.603; p = 0.001, effect size = 0.790, respectively; Fig. 5E, F),
as were %sclerostin+ osteocytes (p = 0.007, effect size = 0.533;
Fig. 5G). In the cortical bone of the midshaft, %TNF-a+ osteocytes
were higher in SCI vs. CON (p = 0.016, effect size = 0.491) as were %
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IL-6 + osteocytes (p = 0.009, effect size = 0.513) and %sclerostin +
osteocytes (p = 0.002, effect size = 0.725; Table 3). RANKL and OPG
were undetectable in CON cortical midshaft sections, but were present
in half of SCI samples (Table 3). IL-10 and IL-17 were not detectable in
any midshaft section (Table 3).
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Fig. 3. Bone formation rate at the proximal tibia metaphysis is lower in SCI due to declines in mineralizing surfaces. A) Mineralized surface was lower in the
cancellous bone of SCI rats compared to CON (p < 0.0001). B) Mineral apposition rate at the proximal tibia metaphysis did not reach statistical significance at
p < 0.05, but SCI was trending higher (p = 0.084). C) Cancellous bone formation rate was lower in SCI vs. CON (p = 0.002). D) Representative image of cancellous

fluorochrome labels (image at 20 x ). *Statistically different from CON. *p = 0.084.

3.8. Linear regression models demonstrate that inflammatory status is
associated with bone outcomes

Sclerostin+ osteocytes are associated with TNF-a+ osteocytes
(R? = 0.770, p < 0.0001; Fig. 6). Additionally, statistically significant
regressions were found for osteoclast surface predicted by TNF-a+
osteocytes (R% = 0.633, p = 0.002), IL-6+ osteocytes (R% = 0.674,
p = 0.001), IL-17 + osteocytes (R? = 0.540, p = 0.006), RANKL+ o0s-
teocytes (R* = 0.346, p = 0.044), and OPG+ osteocytes (R* = 0.598,
p = 0.003; Fig. 6). No multiple linear regression models met our cri-
teria for acceptance.

4. Discussion

The primary finding of this study is that pro-inflammatory markers
are elevated in osteocytes concurrent with alterations in regulators of
bone turnover. To the authors' knowledge, this study is the first to ex-
amine the impact of the protracted inflammatory status of SCI on bone
outcomes. Our data indicates that inflammation could be a contributor
to the significant and prolonged bone loss that occurs in SCI patients.

Bone loss caused by SCI is complex, since these injuries entail many
neurological and physiological changes that evolve post-injury, as well
as loss of mechanical loading. Adding to the complexity of studying SCI-
induced bone loss in humans are differences in the level of injury and
even the motor and sensory impairments at the same level of injury
across individual patients. Animal models can help elucidate some of
the factors associated with SCI by allowing for control over the spinal
level and type of injury. The animals in our study had a moderate
contusion injury resulting in approximately 55% lower cancellous bone
volume with 25% lower trabecular thickness, nearly 90% greater tra-
becular separation, and 38% lower trabecular number 32days fol-
lowing injury. Our histomorphometric data indicate that a large in-
crease in osteoclasts and a modest reduction in bone formation rate
drove this bone loss; there was a 37% decrease in cancellous bone

formation rate and a 140% increase in osteoclast surface in SCI rats
versus intact control rats. The directionality of these changes are similar
to other rodent models of SCI [12,14], but the magnitude of change in
our rats was less than that reported in more severe injury models. Si-
milar analyses of iliac crest bone biopsies from immobilized human
patients, the majority of whom had SCI, reveal large reductions in
cancellous osteoid surface and higher osteoclast surfaces, particularly in
the acute phase following the injury [39]. Tetracycline labeling in this
same cohort of patients demonstrated extremely low mineral apposition
rates [39].

Another rodent study utilizing a more severe contusion injury de-
monstrated > 70% reductions in cancellous bone volume with con-
current significant deteriorations in cancellous microarchitecture
21 days after injury [14]. Complete transection of the spinal cord in
rats, which produces a motor-complete injury, results in approximately
67% lower cancellous bone volume 56 days following SCI [12]. These
data in combination with those in the present study indicate that the
severity and completeness of the injury determine the magnitude of
deficits in bone parameters. It should be noted that the majority of our
study's animals with a moderate contusion injury regained weight-
bearing capacity by day 9 following injury, while animals with more
severe contusion injuries do not regain weight-bearing by day 21 [14].
Nonetheless, the cancellous bone loss in our moderate SCI model was
two-fold higher than the ~25% lower cancellous bone volume seen in
skeletally mature rats after 28 days of hindlimb unloading versus
weight-bearing controls [36]. This study's results are consistent with
those of other animal studies indicating that the rapid and severe bone
loss that occurs after SCI is greater than that seen with unloading/im-
mobilization or loss of neural signaling (via neurectomy) alone [17,18].

Patients with SCI have long-term immune dysfunction and in-
flammation following injury [19]. Damage to sympathetic neurons in-
nervating lymphoid organs and disruption of the hypothalamic-pitui-
tary-adrenal axis could both be contributors to the immune alterations
following SCI [19]. C-reactive protein (CRP) is higher in SCI patients
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Table 3

Immunohistochemistry for osteocyte proteins in the midshaft femur.
Protein CON SCI
%TNF-a + 0.30 = 0.2 524 = 4.1
%IL-6 + 5.81 = 1.7 1213 = 4.4
%IL-10+ ND ND
%IL-17 + ND ND
%RANKL + ND 6.62 = 4.8
%O0PG + ND 3.69 = 25
%Sclerostin + 28.86 + 3.3 45.57 £ 7.4

ND = not detectable in the region of interest. Statistics were not completed on
variables with one group ND. Data are represented as mean *+ standard de-
viation.

* Different from CON, p < 0.05.

compared to age-matched values even 10+ years following injury
[26,28]. Additionally, circulating pro-inflammatory cytokines are
higher in SCI patients in the chronic phase of SCI [29,30]. In a cohort of
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SCI patients (> 12 months following injury), 57% of the patients had
high serum levels of pro-inflammatory cytokines or autoantibodies
[30]. In another cohort of SCI patients on average 10 years following
injury, elevated circulating levels of TNF-a and IL-6 were found even in
patients asymptomatic for medical complications [29]. Given that
chronic inflammatory conditions such as inflammatory bowel disease
and psoriasis are associated with significant bone loss [20,21], it is
reasonable to conjecture that the chronic pro-inflammatory state ob-
served in individuals with SCI could account for the devastating rate of
bone loss when compared to disuse alone (e.g., prolonged bedrest).
Previously, in an animal model of inflammatory bowel disease we
found that osteocyte proteins reflected a pro-inflammatory state and
these osteocyte proteins corresponded with changes in bone turnover
[36]. In our SCI rats, we found nearly 12-fold higher TNF-a-positive
osteocytes and 2-fold higher IL-6-positive osteocytes. TNF-a potently
stimulates osteoclastogenesis [32,33,40,41] as well as inhibiting os-
teoblasts [32,42,43] and triggering osteoblast apoptosis [44]. IL-6 from
osteocytes may signal to osteoblasts when acting alone [45] but, in the
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Fig. 6. Regression plots. A) %TNF-a+ osteocytes to %sclerostin+ osteocytes (R* = 0.770), B) %TNF-a+ osteocytes to osteoclast surface (R* = 0.633), C) %IL-6 +
osteocytes to osteoclast surface (R? = 0.674), D) %IL-17 + osteocytes to osteoclast surface (R? = 0.540), E) %RANKL + osteocytes to osteoclast surface (R = 0.346),
F) %O0PG + osteocytes to osteoclast surface (R? = 0.598). Dark markers = SCI, light markers = CON.
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presence of TNF-a, IL-6 stimulates osteoclasts in a synergistic fashion
[33]. These changes in osteocyte TNF-a and IL-6 in our rats are con-
sistent with the high osteoclast surface and low osteoid surface and
bone formation rate in the SCI animals. Previously, we demonstrated in
skeletally mature hindlimb unloaded rats that osteocyte IL-6 is lower
due to unloading and TNF-a remain unchanged [36]. Therefore, we
hypothesize the changes we are seeing in SCI are due to both chronic
systemic inflammation and lack of mechanical unloading, as the di-
rectionality of changes in TNF-a and IL-6 in our SCI animals is similar
to what we have seen in our rats with inflammatory bowel disease [35].
Additionally, in our SCI rats, the number of osteocytes positive for in-
terleukin-17 (IL-17) was 5-fold higher compared to intact control rats.
IL-17, a Th17 cytokine, is known to be a potent stimulator of osteoclasts
in conditions like rheumatoid arthritis [46]. Interestingly, interleukin-
10, a Th2 cytokine that inhibits osteoclastogenesis in vitro [47,48], was
also higher in SCI rats compared to controls. The role of IL-10 in bone
physiology is still equivocal and the importance of osteocyte IL-10 is
unknown. In our study, osteocytes positive for TNF-a, IL-6, and IL-17
were all associated with elevated osteoclast surface (R? = 0.633,
R? = 0.674, R? = 0.540, respectively).

Osteocytes are now believed to have key regulatory roles in bone
due to their ability to release signaling proteins and maintain a vast
communication network through their dendritic processes with other
osteocytes and other cells. Utilizing scanning electron microscopy, Qin
et al determined that osteocytes following spinal cord transection had
fewer dendritic processes and altered cell morphology compared to
controls [12]. These same rats had no differences in osteocyte density
per bone area than did control rats. We found similar changes in our SCI
rats with no changes in osteocyte density normalized to bone volume in
the cancellous bone and no differences in the cortical shaft. Interest-
ingly, hindlimb unloading to induce disuse bone loss does result in
lower cancellous osteocyte density in rats [36], alluding to potentially
different mechanisms resulting in osteocyte apoptosis.

Osteocytes release proteins that signal to osteoblasts or osteoclasts
to control bone turnover. Some of these proteins, such as RANKL, OPG,
and sclerostin, are known to be mechanosensitive and respond to al-
tered mechanical loading [36,49-51]. These signaling proteins are also
influenced by inflammation. RANKL production is increased in the
presence of TNF-a and IL-6 [33] and these factors synergistically work
to increase osteoclastogenesis [32,33]. OPG, the decoy receptor for
RANKL, is also upregulated by TNF-a [52]. In our rats, cancellous
RANKL+ osteocytes were > 5-fold higher in SCI and OPG + osteocytes
were nearly 6-fold higher than in intact control rats. These changes
corresponded with high cancellous osteoclast surface in SCI rats.
Sclerostin, an inhibitor of bone formation, is transcriptionally activated
by TNF-a [34] as well as upregulated by mechanical unloading [36]. In
our SCI rats, cancellous sclerostin + osteocytes were 66% higher com-
pared to controls. TNF-a+ osteocytes were associated with higher os-
teocyte sclerostin (R® = 0.716, R? = 0.770, respectively). These
changes in osteocyte RANKL, OPG, and sclerostin were similar to those
seen in rats with chronic inflammatory bowel disease indicating the
influence of inflammation in this model of SCI. These data indicate that
both the inflammatory status of SCI and mechanical loading alterations
influence osteocyte regulators of bone turnover.

Typically bone loss following SCI occurs rapidly in cancellous bone
regions following the injury with slow, persistent bone loss in the cor-
tical bone over time leading to increased fracture risk with time from
injury [8]. In our rats, periosteal bone formation rate in SCI rats at the
midshaft tibia was 56% with 10% lower cortical thickness compared to
controls. We found elevations in TNF-a-, RANKL-, and sclerostin-posi-
tive osteocytes at the midshaft femur in SCI rats compared to control
rats but, generally, we found more profound changes in osteocyte
proteins at the cancellous bone. We hypothesize that our moderate SCI
model, which resulted in moderate cancellous bone loss and some re-
covery of weight-bearing, produces less drastic cortical bone changes
than would be seen in more severe injury models. Nonetheless, our data
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indicate that cortical bone was also affected by SCI, and may continue
to develop, possibly due in part to inflammatory mechanisms. Further
examination of bone loss in more chronic stages of injury is warranted.

Limitations of this study include comparison of SCI animals to intact
controls without a sham surgery. Therefore, we cannot decipher what
inflammatory changes are due to the surgery itself; however, the pro-
longed inflammatory changes seen 32 days after the spinal contusion
we believe are indicative of the spinal cord injury, not the surgical
procedure. When comparing to other models of SCI, it is also important
to note that post-operative pain medications or NSAIDS were not given
which may have influenced the inflammatory results in comparison to
other studies. Another limitation is the inability to measure circulating
serum cytokines in these animals due to the tissue-sharing nature of the
protocol (serum samples were not available). However, we have pre-
viously demonstrated that age-matched rats with similar contusion in-
juries exhibited altered serum cytokine profiles compared to those of
intact controls [31]. Future studies should address the time-course of
development of inflammation in SCI and the response of osteocytes to
this inflammation. Additionally, more mechanistic studies examining
the interactions of cytokines, osteocytes, and other bone cells need to be
addressed. It will be important to understand whether changes in os-
teocytes are mediating changes in other cells. Furthermore, the in-
flammatory impact on bone health may be of different magnitudes with
different severities or spinal cord levels of injury. Nonetheless, our data
support a potential role of inflammation contributing to bone loss
during moderate SCL.

This study provides evidence for elevated pro-inflammatory cyto-
kines in osteocytes one month following spinal cord injury and these
changes are associated with alterations in bone turnover. Therefore, we
conclude that likely both the lack of mechanical loading and protracted
inflammation contribute to bone loss in SCI. Treatments to protect bone
mass in SCI may need to address the chronic systemic inflammation that
is prevalent in SCI to minimize loss of bone mass and better prevent
fractures.
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