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Abstract

Heterotopic ossification (HO) refers to abnormal bone formation in soft tissues, which is a common complication of traumatic spinal
cord injury (SCI). Current therapeutic approaches are non-specific, have limited efficacy and pose serious off-target effects due to in-
sufficient knowledge of HO mechanisms. In the absence of clinically relevant models of traumatic SCI-associated HO, a novel mouse
model of polytrauma with concomitant SCI and musculotendinous injury (MTI) was developed. SCI was induced by T9-T10 spinal cord
transection, and muscle crush/tenotomy was performed on left quadricepses (SCI+MTI), leaving right limbs intact as internal controls.
Age and sex-matched control mice underwent left hindlimbMTI alone or SCI with left quadriceps crush only (SCI+MI). High-resolution
micro-computed tomography revealed variable amounts of ectopic mineral deposits only in injured hindlimbs of SCI+MI and SCI+MTI
mice. Median ectopic mineral volumes in SCI+MTI mice were higher than SCI+MI mice at 1 and 4 weeks postoperative. Histology of
serial sections confirmed von Kossa-positive mineral colocalizing with ALP-positive osteoblast activity and TRAP-positive osteoclast
activity, with a significant increase in ALP between both timepoints. Immunofluorescence indicated F4/80-positive macrophages infil-
trating ectopic mineral in SCI+MTI mice at 1 week postoperative, and Osterix-positive osteoblasts lining trabecular bone in HO at 4
weeks postoperative. Orthotopic bone loss manifested as cortical thinning and trabecular bone loss in femurs of SCI mice at 4 weeks
postoperative. This study thus identifies SCI+MTI mice as a clinically relevant small animal model of polytrauma with SCI in which to
study pathogenic mechanisms and assess novel therapeutic approaches to SCI-associated HO.
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Introduction

Heterotopic ossification (HO) is defined as abnormal
bone formation in soft tissues like muscle and tendon. A
high incidence of ectopic bone formation is associated with
traumatic soft tissue injury during joint arthroplasty (Łę-
gosz et al., 2019), off-label use of bone morphogenetic pro-
tein (BMP) in spinal fusion (Weldon et al., 2023), extensive
burn injuries (Agarwal et al., 2017b), and heritable defects
in BMP signaling (Towler and Shore, 2022). Neurogenic
HO refers to a specific form of traumatic HO arising from
damage to the central nervous system (CNS) and periph-
eral nerves, which is reported in up to 50 % of individuals
who have sustained polytrauma involving spinal cord injury
(SCI) (Yolcu et al., 2020). In the case of traumatic SCI,

predisposing factors to HO include complete SCI, spastic-
ity, pressure sores, and secondary injuries arising from mo-
tor and sensory deficits (Banovac et al., 2004; Meyers et
al., 2019; van Kuijk et al., 2002). SCI-associated HO com-
monly affects the muscles and tendons around hip and knee
joints, causing pain and stiffness, which compromise reha-
bilitation and contribute to poor quality of life (van Kuijk
et al., 2002). In the absence of sufficient knowledge re-
garding the etiology and pathogenesis of HO, non-specific
treatments like radiation therapy, anti-inflammatory drugs,
and bisphosphonates have limited prophylactic or therapeu-
tic efficacy (Ampadiotaki et al., 2021). Furthermore, com-
plete surgical resection of ectopic bone is challenging due
to the propensity for damage to entrapped nerves and blood
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vessels (Genêt et al., 2019).
The 2022 annual report of the National Spinal Cord

Injury Statistic Center (NSCISC) reported traumatic SCI
is attributed to vehicle crashes (37.6 %), falls (31.5 %),
violence (15.4 %) and sports-related incidents (8.3 %)
(uab.edu/NSCISC). Traumatic SCI sustained during these
events is frequently accompanied by musculoskeletal in-
juries. Radiological and intraoperative findings consis-
tently reveal the frequent involvement of both muscle and
tendon in the neurogenic HO around hip, suggesting the
occurrence of musculotendinous injuries (Arduini et al.,
2015; Denormandie et al., 2018). Young adult C57Bl/6
mice with T10 spinal contusion injury and BMP2-infused
hydrogel injected into the quadriceps muscle were used to
model combat-related HO (Kang et al., 2014). A similar
approach using T7-T8 or T11-T13 spinal cord transection
and intramuscular cardiotoxin injection into the hamstring
muscle was used to model SCI-associated traumatic HO
(Genêt et al., 2015). Others have used a mouse model of
traumatic brain injury (TBI) with intramuscular cardiotoxin
to demonstrate intraperitoneal injection of the endogenous
mineralization inhibitor pyrophosphate effectively inhib-
ited cardiotoxin induced HO in skeletal muscle (Tőkési et
al., 2020). Cardiotoxin has emerged as a useful tool in the
study of muscle regeneration due to its ability to damage
myocytes while sparing innervation, vascularization, and
tendon (Wang et al., 2022). This stands in contrast to trau-
matic injuries, wherein all these vital components are often
compromised. Furthermore, it was found that the healing
trajectory and cellular activity varied significantly based on
the mechanism of injury (Hardy et al., 2016), which should
therefore be chosen carefully to ensure the clinical rele-
vance of the animal models. Although these models identi-
fied an essential role for simultaneous CNS and peripheral
tissue injury for the induction of neurogenic HO, they do
not reflect the most frequent aetiologies.

Muscles and tendons around big joints like the hip,
knee, and shoulder have been implicated in development
of neurogenic HO (Meyers et al., 2019). To investigate
the relative contributions of traumatic SCI and concomitant
peripheral musculotendinous injuries to HO, three mouse
models were developed: SCI with quadriceps muscle in-
jury (SCI+MI), quadriceps musculotendinous injury (MTI)
alone, and SCI+MTI. For each mouse the left hindlimb
was injured and the right hindlimb left intact as an internal
control. Therefore, a reproducible and clinically relevant
mouse model of polytrauma involving SCI with concomi-
tant MTI was developed. Quantitative micro-CT analyses,
histochemical and immunofluorescence staining of cellular
activity were used to characterise HO development in the
injured quadriceps muscle of SCI+MTI mice.

Methods
Animal Care

All mouse procedures were approved for use by
the Facility Animal Care Committee of McGill Uni-
versity (AUP 2021-8214) in accordance with the poli-
cies and guidelines of the Canadian Council on Animal
Care (CCAC). Three-month-old female C57Bl/6 mice (The
Jackson Laboratory, Bar Harbor, ME, USA) were acclima-
tized for one week under a 12-hour light/dark cycle with
free access to food and water at the animal vivarium of the
Research Institute of the McGill University Health Centre
(RI-MUHC, Montreal General Hospital location). The ex-
perimental approach and random group allocation are out-
lined in Fig. 1. To eliminate confounding factors associated
with the randomization of individual mice, the intact right
hindlimb acted as Control for the injured left limb in MTI
mice and as SCI alone in SCI+MTI mice.

Survival Surgery

General anesthesia was induced with 3 % isoflurane
before placing mice in the prone position to make a 3 mm
skin incision over the thoracic spine and dissect superficial
dorsal muscles to expose the T9-T10 vertebral column (Fig.
1a). After stabilization of adjacent vertebrae, laminectomy
and complete spinal cord transection (SCI) were performed
before closing the wound. A 3 mm skin incision was then
made on the lateral aspect of the left knee to expose the
quadriceps tendon and patella to perform the hindlimb in-
jury (Fig. 1b). A surgical clamp was used to apply a com-
pressive force for 15 seconds to the musculotendinous junc-
tion to induce MI whereas MTI was achieved by sharp tran-
section of the quadriceps tendon following MI.

Postoperative Care and Tissue Harvest

Mice were housed individually postoperative for the
duration of the experiment. Pain relief was achieved by
subcutaneous administration of 1mg/kg of buprenorphine
SR three hours preoperative and every three days post-
operative throughout the experiment. Soft food and water
were placed in Petri dishes on the cage floor to permit easy
access and adequate nutrition for paraplegic mice and their
bladders were expressed manually twice daily. To ensure
adequate tissue hydration all mice received 0.5 mL sub-
cutaneous saline immediately after surgery and twice daily
thereafter for one week. Cohorts of mice were euthanized at
1 or 4weeks postoperative using isoflurane and CO2 inhala-
tion followed by cervical dislocation. The hindlimbs were
isolated by transection of the femur and tibia while preserv-
ing the quadriceps muscle and its insertion at the patella.
The samples were then fixed at 4 °C in 4 % paraformalde-
hyde overnight, rinsed in phosphate-buffered saline (PBS)
pH 7.4 three times and stored at 4 °C in PBS until the time
of analysis (Gao et al., 2013).
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Micro-Computed Tomography (Micro-CT)
Fixed specimens were scanned on a Bruker Skyscan

1172Micro-CT (Bruker, Kontich, Belgium) at a spatial res-
olution of 7 µm with a 0.5 mm aluminum filter, voltage of
50 kV and current of 200 µA as described previously (La-
court et al., 2012). NRecon software version 1.0 (Bruker,
Kontich, Belgium) was used for reconstruction with a set-
ting of 4 for ring artifacts, 20 % beam hardening reduction
and 0 smoothing. A dedicated algorithm in CTAn version
1.13 (Bruker, Kontich, Belgium) was used to analyze a re-
gion of interest (ROI) encircling only heterotopic mineral
and bone spanning 4.2 mm, which was expressed as ectopic
mineral volume (µm3). The threshold used to define bone
was ≥ 1335 Hounsfield units. Cortical and intramedullary
trabecular bonewere analyzed in the ROI of the distal femur
and expressed as cross-sectional cortical bone area (Cort.
B. Ar., 105 µm2) and trabecular bone volume/tissue vol-
ume (Tra. BV/TV, %). Bone mineral density (g/cm3) of
cortical and trabecular bone of the distal femurs was calcu-
lated using Bruker-MicroCT BMD phantoms with calcium
hydroxyapatite concentrations of 0.25 and 0.75 g/cm3 (Kör-
mendi et al., 2021).

Histochemical Staining and Quantitative Analyses
After micro-CT imaging, 6/11 SCI+MTI samples at

1 week and 6/13 SCI+MTI samples at 4 weeks postoper-
ative were dehydrated using graded alcohol, embedded at
low temperature in methyl methacrylate resin (MMA), and
sectioned at 5 µm for histochemical staining as described
previously (Gao et al., 2012). Consecutive sections were
stained with Von Kossa/Toluidine Blue (VK/TB) to dis-
tinguish mineralized from un-mineralized tissue (Valverde-
Franco et al., 2004), Tartrate-Resistant Acid Phosphatase
(TRAP) and Fast Green counterstain to identify osteolytic
cells (Behrends et al., 2014). Alkaline Phosphatase (ALP)
in osteogenic cells was stained with a commercial kit ac-
cording to the manufacturer’s instructions (DISCOVERY
ChromoMap Blue kit, CAT05266661001, Ventana) using
Nuclear Fast Red as a counterstain.

Quantitative Histological Analysis
Sections at the mid-sagittal plane of each HO lesion

were used for histochemical staining and quantitative anal-
ysis. The analytical approach integratingmicro-CT and his-
tological data was developed and described in previous pub-
lications (Gao et al., 2013; Lacourt et al., 2012). The mid-
sagittal plane of HO lesions was identified onmicro-CT im-
ages using Dataviewer software version 1.0 (Bruker, Kon-
tich, Belgium) and used as a template for the identification
of the corresponding position on MMA-embedded tissue.
Quantitative analyses of % stained area on ALP and TRAP
sections were performed blindly and independently by two
lab members with an interrater variability of < 20 % using
the same ×20 magnification images and ImageJ analytical
software version 1.53 (https://imagej.net/).

Immunohistochemistry
Immunofluorescence was performed on paraffin em-

bedded tissue sections rehydrated in a graded series of
ethanol and tap water followed by heat-induced epitope re-
covery using Citrate buffer. Then sections were treated
with 3 % H2O2 for 10 min to inactivate endogenous perox-
idase activity. Sections were blocked for 2 hours with 10 %
normal goat serum and then incubated with primary antis-
era -Sp7/osterix 1:100 (ab22552, Abcam, Cambridge, MA)
or F4/80 antiserum 1:50 (ab300421, Abcam, Cambridge,
MA). Negative control sections were incubatedwith normal
goat serum. After overnight incubation at 4 °C the sections
were rinsed with PBS and incubated with Goat anti-rabbit
IgG Alexa Fluor 488 1:500 (A11008, Invitrogen, Carlsbad,
CA, USA) for 90 min at room temperature. Nuclei were
counterstained for 10 min with DAPI 1 µg/mL (D3571,
ThermoFisher Scientific, Hillsboro, OR, USA).

Statistical Analysis
Power analysis of preliminary data determined the

number of animals required for each surgical intervention.
A total of 60 mice were used for this study: SCI+MI =
17 mice, MTI = 12 mice and SCI+MTI = 31 mice. Two
blinded evaluators validated the data from micro-CT and
histological analysis of skeletal tissues. Statistical anal-
ysis was performed using GraphPad Prism software ver-
sion 8.0.1 (GraphPad Software, Inc., SanDiego, CA, USA).
Data are expressed as median and interquartile range (IQR),
with significance set at p < 0.05. Shapiro-Wilk test was
used to assess whether datasets were normally distributed.
Kruskal-Wallis test was used for non-parametric, unpaired
comparisons of HO volume, Cort. B. Ar., Tra. BV/TV,
Cort. BMD, and Tra. BMD among three or more groups at
postoperative 1 and 4 weeks whereas Dunn’s test was em-
ployed for post hoc analysis. Mann-WhitneyU test was per-
formed to compare quantification of ALP and TRAP stain-
ing between postoperative 1 and 4 weeks.

Results
The primary objective of this studywas to characterize

ectopic bone formation in a novel mousemodel of traumatic
SCI with MTI that was developed to mimic the complex in-
juries often sustained by adults in traffic accidents or falls.
A secondary objective was to characterize changes in or-
thotopic bone over time in paralyzed SCI+MTI mice.

Shown in Fig. 1, the overall experimental design
with the numbers of mice undergoing surgical procedures,
subsequent exclusion criteria and numbers used for post-
mortem analyses are summarized. Postmortem analyses
were performed on 7 SCI+MI, 6 MTI and 11 SCI+MTI
mice at 1 week postoperative and 9 SCI+MI, 5 MTI and 13
SCI+MTI mice at 4 weeks postoperative. One mouse with
SCI+MI was euthanized in the first week postoperative due
to wound dehiscence (n = 1). Four mice with SCI+MTI
were euthanized in the first week postoperative due to ex-
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Fig. 1. Animal surgery and study design. Spinal cord injury (SCI) was induced by transection of the thoracic cord at T9-T10 (a). A
surgical clamp was used to apply a compressive force for 15 seconds to the left quadriceps muscle at its junction with the quadriceps
tendon to inducemuscle injury (MI). In the case ofmusculotendinous injury (MTI) the quadriceps tendonwas sharply transected following
MI (b). The intact right quadriceps was used as an internal control. Mice were euthanized at 1 week or 4 weeks postoperative and the
hindlimbs were harvested for radiologic imaging and histological analyses as illustrated in panel (c).
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Fig. 2. Micro-CT analysis of SCI-associated ectopic mineral deposition and bone formation. Representative 3D-reconstructions of
micro-CT images of the right (intact) and left (injured hindlimbs of SCI+MI, MTI alone or SCI+MTI mice were compared. At 1 week
postoperative, diffuse ectopic mineral was seen at the site of quadriceps injury in the left hindlimb of SCI+MI mice (white arrowhead)
with significantly more in SCI+MTI (yellow arrowhead). By 4 weeks postoperative there was a modest increase in diffuse mineral in
SCI+MI mice (white arrow) while large deposits of ectopic bone (yellow arrow) had developed in the injured left hindlimb of SCI+MTI
mice. Scale bar represents 1 mm. Quantitative analyses confirmed no ectopic mineral in the intact right limbs of any mice. The small
volume seen in the left limb of SCI+MI mice at 1 week postoperative was significantly greater at 4 weeks postoperative (p < 0.01)
compared to the right limb. p *<0.05, **<0.01, ****<0.0001.
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Fig. 3. Histologic analysis of SCI-associated ectopic mineral deposition and bone formation. Representative Von Kossa/Toluidine
Blue stained sections of the distal femur (a) show diffuse mineral (arrowhead) deposited in the injured left quadriceps at 1 week and
trabecular bone (arrow) at 4 weeks postoperative in SCI+MTI mice. Scale bar represents 1000 µm. High magnification images of the
red insets in SCI+MTI mice show mineral with no trabecular structure surrounding condensed mesenchyme at 1 week (b) and trabeculae
with cuboidal cells resembling osteoblasts surrounding marrow (c, white arrow) at 4 weeks postoperative. Scale bar represents 50 µm.

cessive blood loss (n = 1), urinary blockage (n = 1), sig-
nificant weight loss (n = 1) and wound dehiscence (n = 1).
Three additional mice were excluded from analysis due to
patellar dislocation (n = 1) and periosteal reaction (n = 2).
Only one mouse was excluded from the MTI Control group
due to a patellar fracture.

In Fig. 2, the upper panels show representative 3D
micro-CT reconstructions of the distal femora of surgically
modifiedmice euthanized at 1 week and 4weeks postopera-
tive. Ectopicmineral deposition was visible as a radiopaque
lesion adjacent to the femoral diaphysis above the patella in
the injured left hindlimb of 4/7 SCI+MI (white arrowhead)
and 10/11 SCI+MTI (yellow arrowhead) mice at 1 week
postoperative. By 4 weeks postoperative the lesion covered
approximately the same area but had assumed the radiologic
appearance of trabecular bone in 7/9 SCI+MI (white arrow)
and 13/13 SCI+MTI mice (yellow arrow). There was no
evidence of ectopic mineral at any time in the left limbs of
mice with MTI alone or in the uninjured right hindlimbs of
any mice. Grubb’s test detected one outlier in the SCI+MTI
cohort at 4 weeks postoperative leading to a sample size
of n = 12 for statistical analysis. Quantitative analysis of

the volume of ectopic mineral deposited in the right and
left quadriceps muscles confirmed the qualitative micro-CT
data. The ectopic mineral volume in the left hindlimbs of
SCI+MTI mice increased from a median of 7.8 × 107 µm3

(IQR: 9.84) at 1 week to 9.4 × 107 µm3 (IQR: 10.32) at
4 weeks postoperative. Since only SCI+MTI mice consis-
tently demonstrated significantly higher amount of HO at
1 and 4 weeks postoperative in comparison to SCI alone,
further characterization using histological analysis was fo-
cused on the mice with SCI+MTI.

Shown in Fig. 3, representative histologic sections of
undecalcified hindlimbswith intact quadricepswere stained
with Von Kossa and counterstained with Toluidine Blue
(VK/TB) for structural analysis and mineral (black) con-
tent of orthotopic and heterotopic bone. Lowmagnification
images (Fig. 3a) confirm the absence of mineral deposi-
tion in quadriceps muscle of MTI mice and an increase in
heterotopic mineral from 1 week (arrowhead) to 4 weeks
(arrow) postoperative in the injured left limbs of SCI+MTI.
Higher magnification images of the tissue within the red in-
sets of SCI+MTI mice reveal amorphous mineral deposits
and condensed mesenchyme at 1 week postoperative (Fig.
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Fig. 4. Histochemical analysis of tissue and cellular activity in ectopic mineral deposition and bone formation in SCI+MTI
mice. Consecutive 5-micron plastic embedded sections from 6 undecalcified SCI+MTI samples were used to correlate Von Kossa-
stained mineral with alkaline phosphatase (ALP) activity and tartrate resistant acid phosphatase (TRAP) activity at 1 week and 4 weeks
postoperative. At 1 week postoperative (a) von Kossa stained mineral deposits were associated with little ALP staining (arrow) and
significant numbers of TRAP stained mononuclear cells (arrowhead). At 4 weeks postoperative (b) von Kossa stained mineral formed
nodular structures embedded in muscle (upper panel) as well as trabeculae associated with marrow (lower panel). Both structures were
lined with significant numbers of cuboidal ALP positive cells (arrows) and a few TRAP positive cells (arrowheads). Quantitative analyses
(c) revealed a significant difference in ALP (p < 0.01) but not in TRAP activity. Mi, mineral; Mu, muscle. Scale bars in the lower
magnification micrographs represent 1000 µm and 50 µm in the higher magnification micrographs. p **<0.01.
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Fig. 5. Immunofluorescent staining of osteoblasts associated with ectopic mineral in SCI+MTI mice. Sections of decalcified
hindlimbs were immunostained with antiserum that recognizes the transcription factor osterix (Osx) in osteoblast lineage cells and coun-
terstained with DAPI nuclear stain. No Osx positive staining was seen around ectopic mineral deposits at 1 week postoperative. At 4
weeks postoperative osteoblasts were identified by co-localization of Osx positive staining with DAPI (turquoise). Scale bar represents
50 µm.

3b) and trabecular bone lined with cuboidal cells resem-
bling osteoblasts at 4 weeks (Fig. 3c) postoperative.

As illustrated in Fig. 4, serial sections of undecal-
cified hindlimbs were used for histochemical analysis of
SCI+MTI limbs stained with VK/TB, with alkaline phos-
phatase (ALP) or with tartrate-resistant acid phosphatase
(TRAP). At 1 week postoperative (Fig. 4a) amorphous
mineral was seen associated with low ALP activity (ar-
row) and higher TRAP activity (arrowhead). Higher mag-
nification of the area within the squares indicated ALP
and TRAP staining co-localised with mineral (Mi) deposits
within muscle (Mu) and TRAP positive cells were mononu-
clear. At 4 weeks postoperative (Fig. 4b) VK/TB stained
ectopic mineral assumed the form of nodules surrounded
by mesenchyme and trabeculae enclosing marrow. Both
structures were associated with increased ALP and consis-
tent TRAP activity. Higher magnification of the area within
the squares showed HO lined with numerous cuboidal ALP
positive osteoblasts (arrow) and TRAP positive osteoclasts
(arrowhead). Quantitative analyses confirmed the time-
dependent increase in ALP staining while TRAP remained
relatively stable from 1 to 4 weeks postoperative (Fig. 4c).

Fig. 5 presents immunofluorescent staining for the os-
teoblast transcription factor OsxwithDAPI nuclear stain in-
dicating no positive staining at 1 week postoperative in the
injured left limb of SCI+MTI mice. By 4 weeks postoper-
ative osteoblasts (turquoise) were identified along the sur-
face of ectopic bone trabeculae (red arrowhead) and within

the marrow cavity (red arrow).
As shown in Fig. 6, immunofluorescent staining for

the macrophage marker F4/80 with DAPI nuclear stain in-
dicated macrophage infiltration of mesenchyme was visible
around ectopicmineral deposits in SCI+MTI limbs only at 1
week postoperative (Fig. 6a). Higher magnification of the
areas within the red rectangles further confirmed the distri-
bution of macrophages around the sites of mineral deposits
(Fig. 6b).

In Fig. 7, the distal femur is shown with color-coded
regions of interest (ROIs) used for quantitative micro-CT
analysis (Fig. 7a) of orthotopic diaphyseal cortical bone
(Fig. 7b) and metaphyseal trabecular bone (Fig. 7c). Rep-
resentative 2D images of the left femora (Fig. 7d) re-
veal a reduction in metaphyseal trabecular bone (asterisk)
and thinning of the proximal diaphyseal cortex (arrows) at
4 weeks postoperative in mice with SCI. Representative
3D reconstructions of distal femora of MTI (Fig. 7e) and
SCI+MTI (Fig. 7f) mice indicate trabecular bone loss, at-
tributable to a reduction in the number of trabeculae as well
as trabecular thinning, and a reduction of the diaphyseal
cortical thickness in SCI+MTI mice compared with MTI
mice at 4 weeks postoperative.

As shown in Fig. 8a, quantitative micro-CT analyses
of distal femora confirmed a significant loss of trabecular
bone mass and BMD in both injured left and intact right
metaphyses of mice with SCI+MTI compared to those with
MTI at 4 weeks postoperative. Fig. 8b shows that cortical

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v047a06


www.ecmjournal.org 81

European Cells and Materials Vol.47 2024 (pages 73–90) DOI: 10.22203/eCM.v047a06

Fig. 6. Immunofluorescent staining of macrophages associated with ectopic mineral in MTI and SCI+MTI mice. Sections of
decalcified limbs were immunostained with antiserum that recognizes F4/80 cell surface antigen on macrophage subtypes and counter-
stained with DAPI nuclear stain. Significant numbers of F4/80 positive cells (green) were seen infiltrating mesenchyme only at 1 week
postoperative (a,b). Scale bar represents 150 µm in lower magnification images (a) and 75 µm in higher magnification images (b).

thinning and BMD reduction is also evident in the left and
right femora of SCI+MTI mice at the same timepoint.

Discussion
Relevance of Previous Animal Models

A variety of animal models have been developed to
study the pathogenesis of HO. One of the earliest models

of trauma-induced HO involved injection of calcium chlo-
ride into the quadriceps muscle of rabbits (Heinen et al.,
1949). Subsequent research by orthopedic surgeon scien-
tist Marshall R. Urist laid the groundwork for decades of
research into the pathogenic mechanisms of HO. His con-
tributions include experimental studies using rabbits which
were used to provide radiologic and histologic evidence of
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Fig. 7. Qualitative micro-CT analysis of distal femoral bone of MTI and SCI+MTI mice. The location of volumes of interest are
shown in the context of the distal femur (a) and in transverse sections of cortical (b) and trabecular (c) bone. Representative 2D images
of the distal femora (d) show reduced trabecular bone (asterisk) and cortical thinning (arrow) in both limbs of paralysed SCI+MTI mice,
but not MTI mice at 4 weeks postoperative. 3D reconstruction of the 4 week specimens revealed thinning and loss of trabeculae and
reduction of cortical thickness in SCI+MTI (f) compared with MTI mice (e). Scale bars represent 1 mm.
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Fig. 8. Quantitative micro-CT analysis of distal femora of MTI and SCI+MTI mice. No significant differences in indices of
trabecular (a: Tra BV/TV, Tra BMD) or cortical (b: Cort B.Ar, Cort BMD) bone quality were detected between the intact right and
injured left femora of MTI or SCI+MTI mice at 1 week or 4 weeks postoperative. In contrast, significant reductions in both trabecular
and cortical bone quality were noted between MTI and SCI+MTI at 4 weeks postoperative. p *<0.05, **<0.01.
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HO in leg muscles after implantation of decalcified bone
matrix (Urist, 1965). Additional studies identified host
mesenchymal lineage cells and BMP sequestered in bone
matrix as critical components for HO development (Urist
et al., 1982). These foundational studies using rabbit mod-
els paved the way to the development and characterization
by the military of a rat model of HO associated with blast
injuries and amputations (Polfer et al., 2015; Qureshi et al.,
2015). The limb injury involved a comminuted fracture of
the femur with extensive muscle, vessel and nerve damage
followed by amputation and quadriceps myoplasty. Micro-
CT imaging, histologic analyses and gene profiling estab-
lished a timeline for endochondral ossification and bone
formation in the injured limb. The rat model was then used
to attempt inhibition of ectopic bone by local intraoperative
administration of vancomycin (Seavey et al., 2017).

Mouse models offer significant advantages in study-
ing human diseases, primarily due to the ease with which
their genetics can be modified. This facilitates a deeper un-
derstanding of the mechanisms underlying disease patho-
genesis. Genetically modified mice were used with vari-
able success to model heritable forms of HO (Chakkalakal
et al., 2012; Hwang et al., 2022). Examples include the
mouse models carrying receptor mutations found in human
fibrodysplasia ossificans progressiva (FOP) (Lees-Shepard
and Goldhamer, 2018; Yu et al., 2008) and those carry-
ing inactivating mutations of Gnas, which encodes the α-
subunit of the stimulatory G protein, observed in Albright’s
Hereditary Osteodystrophy (Castrop et al., 2007; Huso et
al., 2011). Mice with targeted mutations in genes identified
as key drivers of orthotopic bone formation have proven
useful for identification of time dependent and tissue spe-
cific expression of regulators of HO (Hwang et al., 2022;
Meyers et al., 2019). These genetic-based models of HO,
whether utilized independently or in conjunction with trau-
matic injuries, highlight the complexity of the pathogenesis.

Mouse models of acquired HO secondary to mus-
cle injury were induced by intramuscular injection of car-
diotoxin, BMP2, or BMP9 (Leblanc et al., 2011; Lounev et
al., 2009; Mignemi et al., 2017). Tendon injury in the form
of repetitive crushing followed by tenotomy of Achilles
tendon has also been used to study HO development in
mice with conditional knockout of FGFR3 in chondrogenic
cells (Zhang et al., 2021a). Combined injuries, consisting
of burn and Achilles tenotomy were used to model burn-
associated HO (Agarwal et al., 2017a). Targeted disrup-
tion of NGF/TrkA signaling was shown to reduce HO in
these mice suggesting a neural component to its develop-
ment (Lee et al., 2021). Injuries to central and peripheral
nervous systems exaggerate the dystrophic calcification and
HO formation resulting from intramuscular injection of car-
diotoxin and BMP2 (Alexander et al., 2019; Debaud et al.,
2017; Kang et al., 2014; Tőkési et al., 2020). These find-
ings imply a significant neural element in the development
of HO.

Less than 2% ofmore than two thousand studies using
animal models of SCI include musculoskeletal evaluation,
and none recapitulate the musculotendinous injuries seen
in individuals who sustain polytrauma with SCI (Sharif-
Alhoseini et al., 2017). SCI-associated neurogenic HO has
been modelled in mice by combining traumatic SCI with
muscle injury induced by BMP2 loaded implants or car-
diotoxin injection. These mouse models identified an es-
sential role for simultaneous CNS and peripheral tissue in-
jury in the induction of HO, albeit with muscle pathologies
and healing mechanisms distinct from those arising from
polytrauma. Therefore, this study presents a mouse model
of polytrauma that was developed to accurately reflect the
constellation of SCI associated injuries seen in clinical prac-
tice. In addition to HO, osteopenia was induced at 4 weeks
postoperative in SCI+MTI mice. This was not unexpected
as transection of the thoracic spinal cord resulted in long-
term paraplegia and prolonged immobilization of the lower
limbs leads to rapid breakdown of orthotopic bone (Koseki
et al., 2022).

Regulation of Inflammation

Excessive and prolonged inflammation is proposed to
play a central role in the development of traumatic HO. A
review of the literature published over the past two decades
revealed serum levels of astrocyte S100b and glial fibrillary
acidic protein (GFAP) were transiently elevated while pro-
inflammatory cytokines tumor necrosis factor (TNF)α and
interleukin (IL)-6 remained elevated up to one year in pa-
tients with traumatic SCI (Leister et al., 2020). These clini-
cal observations were supported by preclinical studies using
rodent models in which expression of pro-inflammatory cy-
tokines and infiltration of inflammatory cells remained el-
evated 14 days post-injury (Hellenbrand et al., 2021). In
our model of SCI+MTI, F4/80 positive cells were recruited
to the site of MTI at 1 week postoperative which aligns
with the reported peak period of macrophage infiltration
into damaged spinal cord. By 4 weeks postoperative there
was little evidence of macrophage infiltration in the intersti-
tial tissue surrounding HO lesions. Macrophages are instru-
mental in maintaining the balance between catabolic and
anabolic activities during bone development by changing
their phenotype in response to environmental cues (Hor-
wood, 2016). Different subsets of macrophages promote
HO formation via distinct molecular mechanisms that in-
volve regulation of tissue inflammation, hypoxia and an-
giogenesis, as well as osteogenic differentiation of precur-
sor cells (Huang et al., 2021). In mouse models of Achilles
tenotomy, macrophages were shown to drive HO by activat-
ing the TNFα-mTOR signalling pathway (Kushima et al.,
2023). Others used a mouse model of extensive burn injury
to demonstrate a role formacrophage derived TGFβ1 inHO
development (Sorkin et al., 2020). M1 macrophages were
identified as a source of BMP-2 that contributes to vascular
smooth muscle mineralization (Dube et al., 2017) and an

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v047a06


www.ecmjournal.org 85

European Cells and Materials Vol.47 2024 (pages 73–90) DOI: 10.22203/eCM.v047a06

M2 subset identified by molecular profiling to contribute to
orthotopic and heterotopic bone formation (Olmsted-Davis
et al., 2021). Macrophage derivedOncostatin-M (Torossian
et al., 2017) and IL-1 isoforms (Tseng et al., 2022) have
both been implicated in neurogenic HO associated with
traumatic SCI in humans and mice. Taken together these
studies provide some insight into the complexity of growth
factor and cytokine signalling pathways that contribute to
HO.

In our SCI+MTI model, TRAP activity was present in
mononuclear cells adjacent to mineral deposits at 1 week
postoperative in the absence of significant ALP staining.
TRAP is expressed by macrophages as well as dendritic
cells and osteoclasts, and capable of hydrolysing substrates
to generate reactive oxygen species (Hayman, 2008). Given
the absence of significant ALP activity in damaged mus-
cle at postoperative 1 week in our model of SCI+MTI, the
TRAP-positive mononuclear cells seen were most likely
macrophages rather than osteoclasts. Inflammatory M1
macrophages release the TRAP5a isoform whereas osteo-
clasts release TRAP5b (Janckila et al., 2007). Lineage
tracing studies identified yolk-sac-derived TRAP-positive
macrophages that are stored in the spleen and released
into the circulation and migrate to the site of a femoral
drill hole defect in young adult mice (Yahara et al., 2020).
Their relationship to themultinucleate TRAP-positive cells,
which colocalize with ALP-positive cells involved in bone
turnover in marrow cavities at 4 weeks postoperative re-
mains to be defined.

Ectopic Mineralization

Biomineralization is a process involving the interac-
tion between matrix proteins and minerals. Orthotopic os-
sification is the physiologic process of calcium phosphate
(hydroxyapatite) mineral deposition during the develop-
ment of bones and teeth, and during post-natal repair of
stabilized fractures (Murshed, 2018). Heterotopic or ec-
topic mineralization, also known as dystrophic calcification
(DC), describes the pathophysiologic process of calcium
mineral deposition in soft tissues, including heart muscle
(Alyesh et al., 2019), vascular smooth muscle (Proudfoot,
2019), skeletal muscle (Moore-Lotridge et al., 2019), ten-
dons (O’Brien et al., 2012) and ligaments (Fournier et al.,
2020). It has been proposed that HO initiates as DC in these
tissues following injury when normal inhibitory mecha-
nisms are disrupted.

It is possible the fibrin deposited at the MTI site in the
paralytic hindlimb of ourmodel acts as amatrix platform for
hydroxyapatite deposition. SCI is commonly complicated
by dysregulation of hemostasis and thrombosis (Moore et
al., 2021). While the molecular mechanisms underlying
trauma-induced coagulopathy remain largely undefined, re-
duced fibrinolysis has been proposed as a unifying factor
driving trauma-related HO (Li and Tuan, 2020). This hy-
pothesis was tested using long bone fractures in Plg-/-mice

with excess circulating fibrin arising from targeted disrup-
tion of the plasminogen gene (Yuasa et al., 2015) and in
wild-type mice with muscle injury and pharmacologic plas-
min inhibition (Mignemi et al., 2017).

Pyrophosphoric acid (PPi) is also recognized as a po-
tent anti-mineralization agent, so the balance between PPi
and inorganic phosphate (Pi) can influence tissue mineral-
ization. Proinflammatory M1 macrophages have low ex-
pression levels of the enzyme ENPP1 involved in the syn-
thesis of PPi (Villa-Bellosta et al., 2016). In contrast, ex-
pression of the enzyme ENTPD1 involved in release of Pi
from ATP and ADP hydrolysis is high. The resultant de-
crease in the PPi/Pi ratio could be another mechanism driv-
ing mineral deposition in our model in the first week post-
operative.

Potential Sources of Osteogenic and Osteolytic Cells in
Traumatic HO

Mineral deposition in connective tissue requires the
soluble factors, discussed above, to provide an osteoinduc-
tive microenvironment and a source of osteogenic cells.
The MTI in our model involved muscle, nerve, blood ves-
sel, and tendon injury, all of which have been identified
as potential sources of osteogenic progenitor cells in hu-
mans and mice (Meyers et al., 2019). Although mice
with SCI+MTI showed a tendency toward increased ec-
topic mineral volume compared to SCI+MI mice, the dif-
ference did not reach significance, most likely due to the
large intra-group variability. This implies that stem cells
from both muscle and tendon played a role in HO forma-
tion in our model. Skeletal muscle progenitor cells were
recently shown to express intracellular tissue non-specific
ALP rather than at the cell surface, where it performs its
prototypical role in skeletal mineralization (Zhang et al.,
2021b). Alternatively, it is possible that the ALP-positive
cells were bone marrow-derived circulating osteoprogen-
itors (Feehan et al., 2021), as demonstrated in a mouse
model of BMP-induced HO (Otsuru et al., 2007). In human
samples of early-stage SCI-associated HO, circulating os-
teoprogenitors were identified in the fibroproliferative and
neovascular regions (Egan et al., 2018). Our histologic
analysis of damaged muscle at 4 weeks postoperative in-
dicated nodular mineral deposits accompanied by scattered
ALP and TRAP-positive cells. The ALP-positive cells seen
at four weeks lining bone adjacent to bone marrow were no
doubt osteogenic.

Limitations
Although males account for 83.2 % of patients with

traumatic SCI (Kim et al., 2021), only female mice were
used for our experiments to avoid blockage of the urinary
tract in male mice, as seen in our pilot study. Urinary reten-
tion in SCI+MTI mice throughout the postoperative course
required manual bladder compression to achieve bladder
emptying. The longer urethra and associated higher re-
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sistance predisposed male mice to develop urinary block-
age that led to a high rate of euthanasia for humane end-
points in our pilot study. An alternative approach to model
SCI+MTI in male mice would be to induce incomplete SCI
by spinal cord contusion (Graham et al., 2021) or hemi-
section (Battistuzzo et al., 2016). As described mice with
incomplete SCI were reported to regain voiding function
within 2 weeks (Mure et al., 2004). Another limitation of
this study is the lack of objective measurement of the crush
force applied to the quadricepsmuscle. Future studies could
include adult male mice, in keeping with the clinical preva-
lence of the disorder, to elucidate the impact of sex hor-
mones on HO development in SCI+MTI mice.

Conclusion
Shortcomings in existing models led us to develop a

new, clinically relevant mouse model of polytrauma with
SCI+MTI co-morbidities. Ectopic mineralization was re-
stricted to the MTI site and associated with macrophage
infiltration in the surrounding area at 1 week postopera-
tive. Heterotopic bone accompanied by ALP and TRAP-
positive cells lining marrow cavities formed in the presence
of long-term SCI-induced paralysis and disuse osteopenia at
4 weeks postoperative. Taken together, the results resemble
those documented in humans with SCI-associated HO and
disuse osteopenia. Heterotopic bone and loss of orthotopic
bone occurred in 100 % of surgically modified mice. The
model and the analytic tools can thus serve as a preclinical
platform to test novel therapeutic approaches to inhibit HO
associated with traumatic injuries.
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