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Abstract

Background Heterotopic ossification (HO) affects the
majority of combat-related lower extremity wounds in-
volving severe fracture and amputation. Defining the
timing of early osteogenic-related genes may help identify
candidate prophylactic agents and guide the timing of
prophylactic therapy after blast and other combat-related
extremity injuries.

Questions/purposes Using a recently developed animal
model of combat-related HO, we sought to determine (1)
the timing of early chondrogenesis, cartilage formation,
and radiographic ectopic bone development; and (2) the

early cartilage and bone-related gene and protein patterns
in traumatized soft tissue.

Methods We used an established rat HO model consisting
of blast exposure, controlled femur fracture, crush injury,
and transfemoral amputation through the zone of injury.
Postoperatively, rats were euthanized on Days 3 to 28. We
assessed evidence of early ectopic bone formation by mi-
cro-CT and histology and performed proteomic and gene
expression analysis.

Results  All rats showed radiographic evidence of HO
within 28 days. Key chondrogenic (collagen type I alpha 1
[COLIal], p = 0.016) and osteogenic-related genes (Runt-
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related transcription factor 2 [RUNX-2], p = 0.029; os-
teoclacin [OCN], p = 0.032; phosphate-regulating neutral
endopeptidase, X-linked [PHEX], p = 0.0290, and POU
domain class 5 transcription factor [POUSF], p = 0.016)
and proteins (Noggin [NOG], p = 0.04, OCN, p = 0.02,
RUNX- 2, p = 0.04, and substance P-1 [SP-1], p = 0.01)
in the injured soft tissue, normalized to the contralateral
limb and/or sham-treated naive rats, increased on Days 3 to
14 postinjury. By 14 days, foci of hypertrophic chondro-
cytes, hyaline cartilage, and woven bone were present in
the soft tissue surrounding the amputation site.
Conclusions We found that genes that regulate early
chondrogenic and osteogenic signaling and bone develop-
ment (COLIol, RUNX-2, OCN, PHEX, and POUSFI) are
induced early during the tissue reparative/healing phase in
a rat model simulating a combat-related extremity injury.
Clinical Relevance The ability to correlate molecular
events with histologic and morphologic changes will assist
researchers and clinicians to understand HO and hence
formulate therapeutic interventions.

Introduction

Heterotopic ossification (HO) refers to the abnormal de-
velopment of bone in nonosseous tissue, most commonly
occurring in the setting of orthopaedic trauma, severe
burns, neurotrauma, or major surgery [2, 7, 10, 13]. The
prevalence of HO in the residual limbs of returning service
members with combat-related amputations is reported to be
as high 65% [11, 22]. At least 41% of those patients who
develop HO require additional excision procedures.
Moreover, delayed healing and wound dehiscence are
major problems in severely injured patients recovering
from survivable severe battlefield blast-related extremity
injuries [12]. Studies from our group have established that
acute wound failures and subsequent HO formation are
related to multiple complex interrelated systemic and local
inflammatory responses to traumatic injury [8, 12]. The
optimal treatment strategy for HO has not been defined.
Surgical excision is the only definitive management option
and treatment of symptomatic HO if physical therapy and
prosthesis alteration fail to provide adequate relief [31].
Other prophylaxis strategies include treatment with non-
steroidal ~antiinflammatory drugs or external-beam
radiotherapy, but these options are more confined in the
civilian setting and are generally contraindicated in the
setting of combat and blast-induced trauma given non-
steroidal anti-inflammatory drugs may delay fracture
healing and cause unacceptably high rates of bleeding
complications while radiotherapy must be administered
within 48 hours of injury (difficult if not impossible in the
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combat setting) and is known to cause wound- and implant-
related complications [11, 22, 23].

A comprehensive assessment of the early histologic and
molecular development processes present within blast
wounds has not occurred for several reasons. First,
clinically relevant animal models have only recently been
developed [21, 30]. Second, clinical diagnostic methods are
unable to accurately predict the site of HO development [5,
20]. Third, analysis of human tissues obtained early in the
débridement process has not been performed. Finally,
available human clinical samples, usually collected at the
time HO excision, typically contain immature and mature
bone. Defining the early development phase of HO in re-
lationship to concurrent wound healing is critical to
selection of candidate means of prophylaxis and, impor-
tantly, the timing of their administration after high-energy
extremity injuries.

We developed a rat model of combat-related HO that
incorporates the critical elements associated with combat
injury, specifically a blast injury, femur fracture-crush, and
transfemoral amputation, through the zone of injury
wherein all animals develop radiographic evidence of HO
within 2 months postinjury [21]. In this report, we use our
model to address (1) the timing of early chondrogenesis,
cartilage formation, and radiographic ectopic bone devel-
opment; and (2) the early cartilage and bone-related gene
and protein patterns in traumatized soft tissue subsequent
to calcium deposition, tissue mineralization, and ectopic
bone formation. It is important to confirm the timing and
upregulation of bone-related genes and proteins in our
model because some observational clinical studies with
soft tissue injury (without fracture or amputation) have
shown elevated levels of such genes in a minority of cases
[6, 9, 12].

Materials and Methods
Animals

Fifty-four young adult pathogen-free male Sprague-Dawley
rats (Rattus norvegicus; 400-500 g) were purchased from
Taconic Farms (Germantown, NY, USA). All animals were
housed in clean plastic cages and kept on a 12-hour light/-
dark cycle with unlimited access to food (standard chow)
and fresh water ad libitum. The study protocol (12-OUMD-
20s) was reviewed and approved by the Walter Reed Army
Institute of Research/Naval Medical Research Center In-
stitutional Animal Care and Use Committee in compliance
with all applicable Federal regulations governing the pro-
tection of animals in research. Postoperatively, rats were
monitored at a minimum twice daily for animal activity,
signs of pain, wound dehiscence, weight loss, and infection
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by animal care staff, research staff, and veterinarians.
Moribund rats were euthanized.

Rat Heterotopic Ossification Model

Rats were anesthetized with isoflurane (2%-5%) and re-
ceived full-body blast overpressure (120 & 7 kPa)
exposure, without any shielding to the blast wave, through a
pneumatically driven shock tube [1, 4, 29]. Preoperative
buprenorphine (0.05 mg/kg) was then administered through
intraperitoneal injection and a reproducible comminuted
fracture of the right femur was performed using a drop
weight apparatus from a height of 88 cm. A crush injury was
performed immediately after the fracture by rotating the
fracture site between the two support anvils, generating 20
pounds per square inch of pressure for 1 minute [3]. The
injured limb was then amputated through the fracture with
appropriate hemostasis and débridement of devitalized tis-
sue followed by hamstring and quadriceps myoplasty over
the exposed residual femur. Postoperative pain was man-
aged with sustained-release buprenorphine (1.2 mg/kg)
administered subcutaneously with repeat dosing after
3 days. Cohorts of four to eight rats per time point were
euthanized on postinjury Days 3, 5, 7, 10, 14, 21, and 28 to
detect and visualize histologically the early stages of the HO
disease process, whereas a cohort of four sham-treated
(neither blasted nor injured) naive rats euthanized on Day 3
served as controls. Two rats were euthanized postop-
eratively early for self-mutilation of the amputation site and
one for consumption and subsequent suffocation as a result
of inhalation of the bedding. A surgical team consisting of an
orthopaedic surgeon (GJP, EKC or DNH), postdoctorate
fellow (ATQ), and two surgical technicians (AMT, DMG)
experienced in small animal anesthesia and surgeries con-
ducted the experiments and immediate postoperative care
procedures.

Micro-CT for Detection of Ectopic Bone Formation

Postoperatively rats were anesthetized with isoflurane
(2%—-5%) and the injured leg was imaged using a SkyScan
in vivo 1176 high-resolution micro-CT (ICT) x-ray imag-
ing in three dimensions (Bruker-MicroCT, Kontich,
Belgium) with the following settings: 89-kV polychromatic
x-ray beam, current of 256 pA, and an exposure time of 81
milliseconds for each of 180 rotational steps. The three-
dimensional (3-D) images were rendered to reconstruct
tomograms with a commercial package (NRecon; Bruker-
MicroCT).

Tissue Collection for Chondrogenic, Osteogenic and
Angiogenic Gene Expression and Protein Analysis

After euthanasia, skeletal muscle was aseptically collected
from the distal quadriceps of the amputated limb as well as
from the distal quadriceps muscle of the contralateral limb.
Samples were immediately placed in either RNAlater™
(Ambion Inc, Austin, TX, USA) at 4 °C for 48 hours or
snap-frozen in dry ice for gene expression and protein
analysis, respectively.

Histological Analysis

The residual injured and contralateral femurs with attached
associated muscle tissue were surgically removed and
placed in 10% formalin. The femurs were decalcified in 5%
formic acid, embedded in paraffin, longitudinal sectioned
(5 pm), and stained with hematoxylin-eosin (Histoserv,
Inc, Germantown, MD, USA). Qualitative observations of
wound healing and early ectopic endochondroal bone de-
velopment (mesenchymal condensation, chondrocyte
differentiation, chondrogenesis, hypertrophic vascularized
cartilage, hyaline cartilage development, extracellular
maturation, and soft tissue mineralization) were performed
by a pathologist (CLH) who was blinded to the study.

RNA Isolation and Gene Expression

Total RNA was isolated from skeletal muscle samples as
previously described [9]. A custom-made low-density re-
verse transcription-polymerase chain reaction (RT-PCR)
array consisting of 96 primer sets (including respective
forward and reverse primers) for 83 rat-specific osteogenic,
chondrogenic, adipogenic, and angiogenic genes as well as
six housekeeping and seven quality control genes
(SABiosciences, Gaithersburg, MD, USA) was used to
assess gene expression (genes and their function listed in
Supplemental Table 1 [Supplemental materials are avail-
able with the online version of CORR®.]). Quantitative
RT-PCR and dissociation curve analyses were performed
as previously described [9]. Cycle threshold (Ct) mea-
surements per samples were normalized using GAPDH.
Relative expression between sham-treated naive rats and
the injured limb muscle samples was determined using the
comparative Ct method 2744 [17]. In comparison to
sham-treated naive rats, genes that were deferentially ex-
pressed at least threefold were depicted using a heat map.
Assays with Ct values greater than 35 cycles were con-
sidered not expressed and are not reported.

@ Springer
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Quantification of Protein Expression

A sample (detailed subsequently) of the differentially ex-
pressed genes involved in extracellular matrix remodeling,
cartilage deposition and vasculogenesis, and mineraliza-
tion-ossification ~ were verified by enzyme-linked
immunosorbent assay (ELISA) [24]. Protein from skeletal
muscle samples (30-32 mg) of the injured and contralat-
eral limbs of rats euthanized 3, 5, and 7 days postinjury
was isolated using the Total Protein Extraction Kit (EMD
Millipore, Billerica, MA, USA) and total concentrations
were determined using the BCA Protein Assay Kit (Pierce,
Rockford, IL, USA). Quantification of protein levels of rat
substance P (SP-1), Neurokinin A, and calcitonin gene-
related peptide (CGRP) were assayed by enzyme im-
munoassay (Phoenix Pharmaceuticals, Inc, Burlingame,
CA, USA). In addition, levels of noggin (NOG), osteocal-
cin (OCN), runt-related transcription factor 2 (RUNX-2),
and bone morphogenetic protein 2 (BMP-2) were assayed
by ELISA (MyBioSource, San Diego, CA, USA). For each
analyte, samples were equally loaded based on the total
protein concentration assayed in duplicate. Absolute tissue
sample concentrations of each analyte were calculated
from a standard curve of known standards and corrected for
protein concentration.

Statistical Analysis

Continuous variables (protein expression) were evaluated
with Student’s t-test provided the data were normally dis-
tributed, whereas noncontinuous data (gene expression)
were analyzed with the Mann-Whitney U test. Two-tailed
o < 0.05 was considered statistically significant. All data
are presented as means == SD unless otherwise specified.

Results

In this physiologic model of combat-related HO, blast ex-
posure in the presence of severe extremity trauma produced
NUCT radiographic evidence of HO within the soft tissue
surrounding the fracture/amputation site in 100% of the
animals within 28 days (Fig. 1). We observed no radio-
graphic evidence of neurogenic HO development (around
joints and/or in the soft tissue distant from the fracture/am-
putation site) in our model or in blast only-treated rats. Foci
of proliferative/hypertrophic chondrocytes were observed in
tissue surrounding the amputation site (Fig. 2A-F) as early
as 5 days and certainly by postoperative Day 10. By Day 14,
endochondral ossification was evident because the ectopic
chondrocyte-rich basophilic hyaline cartilage was replaced
with acidophilic bone matrix (osteoid) later followed by the
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immature woven bone typical of HO arising from the process
of endochondral ossification (Fig. 2G-I). None of the con-
tralateral limbs from blast-injured rats or limbs from sham-
treated rats developed radiographic or histologic evidence of
HO.

Genes involved in chondrogenesis (COLIal), osteo-
genesis (RUNX-2, OCN, PHEX, and POU5FI), wound
healing/tissue repair (MMP9, CSF3, FGF-10, and HASI),
and adipogenesis (ADIPOQ and PPARG) were notably
overexpressed (greater than threefold) at the amputation
site, whereas all angiogenic targets were unchanged (less
than threefold) in comparison to quadriceps muscle tissue
collected from the contralateral limb and sham-treated
naive rats (Fig. 3). The in vivo tissue production of key
osteogenic proteins NOG (6.78 £ 1.38 ng; 95% confi-
dence interval [CI], 4.06-9.50; p = 0.04), OCN
(6.54 £ 0.56 ng; 95% CI, 5.43-7.65; p = 0.02), and
RUNX-2 (7.76 £ 0.94 ng; 95% CI, 5.92-9.61; p = 0.04)
were elevated at 3 days postinjury relative to normal
muscle tissue collected from sham-treated 5.92-9.61
naive controls (Fig. 4A). In addition, we observed that
the amount of the peripherally released neurotransmitter

Fig. 1A-D Representative pCT and 3-D reconstructed images of rats
euthanized at postinjury Day 21 (A-B) and Day 28 (C-D) are shown.
The arrows indicate the formation of ectopic bone.
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Fig. 2A-I These images show the histological evidence of early HO
formation at the site of amputation postinjury Day 7 (A-C), Day 10
(D-F), and Day 14 (G-I) (Stain, hematoxylin and eosin). For detailed
evaluation, higher magnification images of five selected regions are
shown. (B-C) High-magnification views of the areas are outlined by
the black inset box and yellow inset box in A, respectively. (E, F, H)
High-magnification views show the areas outlined the black inset box

SP-1 was higher in the injured limb at 3 to 7 days
postinjury (0.2 £ 0.04 ng; 95% CI, 0.10-0.27;
0.32 + 0.10 ng; 95% CI, 0.10-0.53; and 0.4 &+ 0.13 ng;
95% CI, 0.12-0.67; per 30 mg of tissue) when compared
with sham-treated naive control muscle (p = 0.002,
p = 0.009, and p = 0.01, respectively) and muscle col-
lected from the contralateral leg, which was subjected
only to blast-related trauma (Fig. 4B). There were no
differences observed in concentrations of neurokinin A,
CGRP, or BMP-2 (data not shown).

Discussion

High-energy blast exposure to the extremities results in
extensive soft tissue, muscle, vascular, nerve, and bone

in D, E, and G, respectively. Foci of hyaline and vascularized
cartilage with woven bone are observed in the soft tissue surrounding
the site of amputation at postinjury Days 10 to 14. AS = amputation
site; CB = cortical bone; FT = fibroblastic tissue; HC = hyaline
cartilage; SM = skeletal muscle; VC = vascularized cartilage;
WB = woven bone.

destruction often resulting in limb amputations, which
collectively pose formidable surgical, postoperative treat-
ment, and rehabilitation challenges. The prevalence of
ectopic bone development in the residual limbs of patients
with combat-related amputations is reported to be as high
65% [22]. Advances in combat casualty care-related wound
healing are limited by an incomplete understanding of
fundamental cellular and molecular mechanisms driving
normal healing processes versus the dysregulated wound
healing responses. In this study, we described the histology
and local microenvironment during the early differentiation
phase of stem cells/progenitor cells in a rat model of
combat-related HO that integrates some of the key injury
patterns seen in our blast-wounded service members. Using
our established and highly reproducible animal model of
trauma-induced HO, we provide definitive evidence that

@ Springer
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Fig. 3A-B A transcript heat map depicting the expression level of
the subset of the 83 rat chondrogenic, osteogenic, and angiogenicre-
lated gene targets whose differential expression was greater than
threefold compared with the expression level in shamtreated control

the pathophysiological process of ectopic bone formation is
through endochondral ossification, replacement of cartilage
by bone. Results from these studies that recapitulate the
clinical disease process will be most useful in advancing
our understanding of early underlying molecular signaling
pathways and cell development stages involved in forma-
tion of extraskeletal bone formation and facilitate the
identification of targeted novel therapeutic strategies.
Several limitations to our study are noteworthy. The
primary limitation is that the work was only conducted on
one animal species. It is possible that a large animal model
(swine or nonhuman primate), similar in size and physiol-
ogy to humans, may more closely mimic the trauma-
induced local and systemic responses exhibited by combat
casualties. In addition, larger animal models may allow for
the incorporation of other postoperative surgical and treat-
ment variables such as serial débridement procedures and
negative pressure wound therapy, which is difficult to use in
a small animal model. Second, factors that influence the
development of HO may prove to be the actual biological
mechanism accounting for the extent and severity of injury.
Unlike on the battlefield, the multifaceted injury patterns,
limb amputation, and surgical repair/wound closure in this
model were all made in sequence and within hours of injury
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muscle. (A) Injured leg and (B) contralateral leg and significantly
different (p < 0.05; Mann-Whitney U test) compared with sham-
treated rats are noted with p values.

rather than days to weeks postinjury after serial débride-
ment procedures, as seen in the clinical setting. Third, we
assessed the combinatorial effects of the critical elements
associated with combat injury, which results in 100% ra-
diographic evidence of ectopic bone formation. In regard to
early histological changes and gene expression signaling, it
may be worthwhile to evaluate the importance of each in-
jury pattern alone and in various combinations. Lastly, we
evaluated the time course of gene expression for a small
subset of genes at given times wherein regulation may have
occurred earlier than 3 days postinjury and/or expression of
some genes may be highly temporal in regulation during
early ectopic bone development. Furthermore, it is likely
that the same mediators that promote normal wound healing
also support ectopic bone development: however, we be-
lieve the nature and severity of the injury involving blast
exposure in conjunction with a heightened and prolonged
local and systemic immune response plays a major role in
ectopic bone formation/wound dehiscence versus normal
healing in combat-wounded patients.

Micro-CT scans showed an increase in ectopic bone
development at 3 to 4 weeks within the soft tissue sur-
rounding the site of amputation. These findings are
consistent with those of radiographic studies detecting
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Fig. 4A-C The amount of NOG, RUNX-2 and OCN (A) and SP-1
(B) protein was quantified from tissue samples harvest at the site of
amputation. (C) The levels of NOG, OCN, and RUNX-2 are
statistically significant from the sham-treated (naive) rats at 3 days

early evidence of soft tissue mineralization and bone de-
position in combat-wounded patients [23]. At Day 7 to 10
postinjury, abundant foci of hypertrophic chondrocytes and
vascularized hyaline cartilage were present. By Days 10 to
14, the soft tissue contained abundant hyaline cartilage
with hypertrophic chondrocytes with evidence of subse-
quent mineralization and osteoprogenitor cell migration as
denoted by zones of primary woven bone (immature en-
dochondral bone formation. By Day 28, qualitative
analysis of ectopic bone formation using 3-D high-resolu-
tion pCT showed a peak in the size of radiographically
detectable bone in the soft tissue, which was supported by
clear histological evidence of woven bone. This is similar
to the results observed in another animal model of post-
traumatic HO [30].

Gene expression during endochondral bone formation is
regulated by a series of chondrogenic and osteogenic in-
ductive cell signaling, proliferation, and differentiation
events at the undifferentiated mesenchymal stem/pro-
genitor cell stage involving extracellular —matrix
remodeling, cartilage deposition and vasculogenesis, min-
eralization ossification, and subsequent replacement with
bone [15, 24]. A cohort of gene transcripts and key
osteogenic-related proteins (RUNX-2, OCN, NOG, SP-1)
were identified that correlate to the early histological
response and development of ectopic bone. RUNX-2 is the

postinjury, whereas the levels of SP-1 are significantly different from
the sham-treated (naive) rats at 3 to 7 days postinjury (¥p < 0.05;
Student’s t-test).

early master regulator of osteogenic/osteoblast differen-
tiation [16], and OCN is a prime marker of bone
development produced by osteoblasts [18]. SP-/ is a neu-
roinflammatory peptide that has been reported to promote
the mobilization, proliferation, and osteogenic differen-
tiation of mesenchymal stem cells at sensory nerve
structures [25, 26]. We showed here that the expression of
SP-1 is induced systemically in our trauma-induced model,
providing a connection between blast injury and increased
formation of ectopic bone. Consistent with previous studies
examining endochondral bone development and early os-
sification, we observed that HO is coupled with an early
increase in the expression of transcripts necessary for
synthesis of a cartilaginous matrix (COLIol), bone and
osteoblast mineralization (RUNX-2, OCN, PHEX, and
POUSF 1), tissue remodeling (MMP9, CSF3, FGF-10, and
HASI), and inflammatory cytokines (IL-6, ILI1f, CCL2,
CCL3, and CXCL5) within the first 14 days postinjury [14].

Recently, Peterson et al. [19] demonstrated in a murine
Achilles tenotomy plus partial-thickness dorsum burn in-
jury model that injured mice develop endochondral ectopic
bone and functional joint contractures through BMP-me-
diated canonical small “mothers against” decapentaplegic
(SMAD) signaling. Moreover, they report that these
orthopaedic disease processes can be attenuated/modulated
by targeting adenosine triphosphate (ATP) hydrolysis and
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SMAD1/5/8 phosphorylation at the burn site using apyrase
[19]. Interestingly, it has been reported that focused ex-
tracorporeal shockwave therapy (ESWT; low-density
shockwaves administered orders of magnitude below blast
overpressure conditions used in the study) has been shown
to induce osteogenic differentiation of marrow-derived
mesenchymal stem cells through ATP release and down-
stream transcriptional signaling events resulting in
activation of P2X7 receptors [28]. Consistent with the
finding of Peterson et al., removal of ATP using apyrase
inhibited ESWT-induced osteogenic differentiation. ESWT
has been used in treatment of bone and soft tissue disorders
and shown to stimulate soft tissue expression of osteogenic
factors (BMPs, OC, OPN, TGFf1) but also angiogenic
factors (VEGF, FGF) [27, 32]. Therefore, it is not sur-
prising that many of the genes induced in the musculature
of the injured limb show parallel, albeit reduced, levels of
change in the contralateral limb.

In this study, we defined the histologic time course and
pertinent molecular signaling patterns in the early stages of
HO development using a rat model of combat-related HO
that incorporates the critical elements associated with
combat injury. Based on these findings, we propose that the
initiation of prophylactic therapy targeted at inhibiting the
synthesis of ectopic cartilage should start soon after injury
in the rat to avoid any adverse effects on physiologic early
wound healing processes such as tissue revascularization
and granulation tissue development. The ability to correlate
molecular events with histologic and morphologic changes
will help researchers and clinicians to understand the HO
process. In addition, ascertaining how applicable the find-
ings are to the wound healing process in humans will be
important in formulating therapeutic interventions that
target early chondrogenic, angiogenic, and osteogenic
signaling components of ectopic bone development.
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