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Lymphocytes Are Not Required for Neurogenic
Heterotopic Ossification Development
after Spinal Cord Injury
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Abstract
Neurogenic heterotopic ossifications (NHOs) are incapacitating complications of traumatic brain and spinal cord
injuries (SCI) that manifest as abnormal bone formation in periarticular muscles. Using a unique model of NHO
after SCI in genetically unmodified mice, we have previously established that the innate immune system plays a
key driving role in NHO pathogenesis. The role of adaptive immune cells in NHO pathogenesis, however, remains
unexplored in this model. Here we established that B lymphocytes were reduced in the spleen and blood after
SCI and increased in muscles of mice in which NHO develops, whereas minimal changes in T cell frequencies
were noted. Interestingly, Rag1-/- mice lacking mature T and B lymphocytes, developed NHO, similar to wild-
type mice. Finally, mice that underwent splenectomy before SCI and muscle damage also developed NHO to
the same extent as non-splenectomized SCI controls. Overall, our findings show that functional T and B lympho-
cytes have minimal influence or dispensable contributions to NHO development after experimental SCI in mice.
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Introduction
Neurogenic heterotopic ossifications (NHOs) are ab-
normal formations of extraskeletal bones in periarticu-
lar muscles1 that can develop after damage to the
central nervous system (CNS), including spinal cord
injury (SCI), traumatic brain injury (TBI), stroke, and
cerebral anoxia.2 NHOs develop in 15–25% of patients
with SCI and 5–12% of those with TBI,3,4 with the
highest prevalence (>60%) seen in combat-inflicted
traumas, particularly in victims of explosive blasts
with associated SCI or TBI.5,6 NHOs are debilitating
because of their size (up to 2 kg), causing pain and re-
duction in the range of motion in affected limbs, often
progressing to complete joint ankylosis. This exacer-
bates functional disabilities by increasing difficulty in
sitting, eating, and dressing.7 NHOs also cause nerve
and blood vessel compression, and can irreversibly
damage the affected joints, further increasing patient
morbidity.8

Management is limited to surgical resection once
NHOs are diagnosed and have become symptomat-
ic.2,7,9–11 The development of alternative approaches
to manage NHO has been slow, and trials of pharma-
cological interventions continue to show limited effec-
tiveness, reflecting the current limited knowledge on
the etiology and pathophysiology of NHO.

We previously developed the first clinically relevant
model of SCI-NHO in genetically unmodified mice,
where NHO development requires the combination of
SCI and a muscle injury induced by the intramuscular
injection of cardiotoxin.12 In this model, mineralized
calcium deposition is detected by micro-computed
tomography (lCT) as early as day 3 post-SCI and mus-
cle injury.12 NHO bone volumes peak around day 7 to
14, where osterix-positive osteoblasts lay down
collagen I and osteocalcin-containing bone matrix on
NHO surfaces, which results in the development of
small heterotopic bone nodules via intramembranous
ossification.13–15 These bone nodules subsequently
undergo remodeling via multi-nucleated osteoclasts
between weeks 2 and 3 post-injury.

Using this model, we have already established that
cells of the innate immune system play vital roles in
NHO pathogenesis.12 Specifically, we have demonstra-
ted that SCI exacerbates and prolongs macrophage-
mediated inflammatory responses in injured muscles,
and that in vivo depletion of macrophages prevents
NHO development.12 The protracted macrophage-
mediated inflammation observed within injured mus-
cles of SCI mice coincides with an accumulation of

the proinflammatory cytokine oncostatin M16 and
overstimulation of the Janus kinase ( JAK)1/2-signal
transducer and activator of transcription (STAT)3 path-
way downstream of the oncostatin M receptor. Admin-
istration of a JAK1/JAK2 tyrosine kinase inhibitor
ruxolitinib significantly attenuated NHO development.13

We have also established redundant roles for neutro-
phils, which, too, can produce oncostatin M17; how-
ever, NHO developed in neutropenic mice, similar to
control mice.18

While the contributions of different innate immune
cells are now well established in both genetic19,20 and
trauma-induced HO,21,22 possible roles for adaptive im-
mune cells remain less well characterized and/or under-
stood. Lymphocytes are present at early stages of
fibrodysplasia ossificans progressiva (FOP), a fully pen-
etrant and lethal genetic form of HO,23,24 while mice
lacking functional T and B lymphocytes (Rag1-/- mu-
tant mice) have been shown to develop less HO after
non-neurological trauma.25

Possible involvement of lymphocytes in HO devel-
opment and/or progression is further supported by
the observation that interleukin-3 (IL-3), a cytokine
produced by activated T lymphocytes, is associated
with HO development after combat-associated trauma
in humans.26 Conversely, however, pre-operative hip
irradiation before hip arthroplasty, a treatment propo-
sed for the prevention of HO in humans, was shown
to elevate CD8+ T cells, and this was hypothesized to
help prevent HO formation.27

Dual and seemingly opposing roles for adaptive
immune cells in bone dynamics have been described
where they influence bone formation,28 resorption,29–31

and disease.32,33 Interestingly, fracture healing was also
reported to be either accelerated34 or delayed35 in
Rag1-/- mice,36 while B lymphocytes were shown to
play a minimal role in intramembranous bone forma-
tion during bone healing.37

Last, traumatic SCI—a condition that predisposes
to NHO development—is often hallmarked by acute
lymphopenia in both humans and mice.38–40 In view
of these reports, we investigated whether B and T lym-
phocytes play a role in SCI-induced NHO pathogenesis
in our mouse model.

Methods
Animals
C57BL/6 and Rag1-/- mice (B6.SVJ129-Rag1tm1Bal/Arc;
backcrossed >10 times into C57BL/6 genetic back-
ground) were sourced from the Animal Resource
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Center (Perth, Australia). Rag1-/- mice contain a homo-
zygous inactivating mutation of the recombinase
recombination activating 1 (Rag1) gene that prevents
V(D)J recombination in the T and B cell receptor as
well as immunoglobulin genes, thereby blocking mat-
uration of B and T lymphocytes at the pre-pro B
and double negative thymocyte stage, respectively.
As a consequence, Rag1-/- mice lack mature T and B
lymphocytes.37

All mice were housed at the Translational Research
Institute, Biological Research Facility (Queensland,
Australia) under specific pathogen-free conditions
and fed a standard diet chow (Specialty Feeds, Western
Australia, Australia) with ad libitum water access and
simulated diurnal cycle. Mice were randomly assigned
into cages with a maximum of five mice per cage. Mice
with different genotypes, all at 5–6 weeks of age, were
cohoused in cages containing mixed animal cohorts
(for example: 2–3 C57BL/6 with 2–3 Rag1-/- mice) 5–
7 days before surgery. All mouse procedures were
approved by the Health Sciences Animal Ethics Com-
mittee of The University of Queensland (ethics numbers
2014/AE000054 and 2017/AE000050) and performed
in accordance with the Australian Code of Practice
for the Care and Use of Animals for Scientific Purposes.

NHO mouse model
The NHO mouse model was performed as described
previously.12 Under general anesthesia (100 mg/kg ket-
amine, 10 mg/kg xylazine, and 1% isoflurane), 6–7 week
old female mice received a laminectomy on the dorsal
spine, and the spinal cord was transected between tho-
racic vertebrae T11 and T13. Mice subsequently received
either an intramuscular injection (IM) of cardiotoxin
(CDTX; 0.32 mg/kg body weight in a volume of
4.7 lL/g body weight), purified from the venom of
Naja pallida snake (Latoxan, Portes les Valence, France),
or phosphate-buffered saline (PBS) into the hindlimb
hamstring muscle as described previously.2

Post-surgery, all mice received a subcutaneous injec-
tion of ciprofloxacin (10 mg/kg) as prophylactic anti-
biotherapy and buprenorphine (0.05 mg/kg) for pain
relief. As SCI causes paraplegia, bladders were manu-
ally voided twice daily, and mice were given Bactrim
(800mg/L, Roche) in their drinking water as a prophy-
laxis to prevent urinary tract infections.

Splenectomy and sham surgery
Splenectomy was performed as described previously.41

Briefly, mice were anesthetized, and fur was sprayed

with 70% ethanol. A small incision through the skin
and abdominal muscle layers was performed to open
the peritoneal cavity and enable manipulation of the
spleen. Splenic blood supply was cut off by ligating
blood vessel bundles twice with silk thread, following
which the spleen was removed from the peritoneal
cavity and the surgical site closed with sutures. For
Sham surgery, the peritoneal cavity was opened to
expose the spleen; however, sutures were not placed
around the splenic vasculature, and the spleen was
not removed. Splenectomies were performed immedi-
ately before SCI surgery and CDTX injection as descri-
bed above.

Tissue collection
For collection of the spleen for flow cytometry, the
whole spleen was dissociated in a total of 10 mL PBS
containing 2% fetal calf serum (FCS) using a Gentle-
MACS Dissociator tissue homogenizer with matching
C tubes (Miltenyi Biotec, Macquarie Park, Australia)
on ‘‘spleen 3’’ setting, twice. For collection of muscle
for flow cytometry, hamstrings were cut into 1 mm
pieces, and up to 0.5 g of tissue was used per skeletal mus-
cle dissociation kit as per manufacturer’s instructions
(Miltenyi Biotech, Germany). Bone marrow was isolated
by flushing one femur with 1 mL PBS containing 2%
FCS. Then, 0.5 to 1.0 mL of blood erythrocytes were har-
vested by terminal cardiac puncture under anesthesia,
and blood erythrocytes were lysed as described.42

Flow cytometry
Total leukocyte number/populations in muscle, blood,
and spleen were identified into multiple populations
using a Beckman Coulter Life Sciences CytoFLEX
benchtop flow cytometer using the following antibod-
ies (Biolegend): fluorescein isothiocyanate (FITC) or
phycoerythrin (PE) anti-mouse CD3e (clone 145-2C11),
Brilliant Violet 785� or allophycocyanin (APC)/
Cyanine7 anti-mouse CD45 (clone 30-F11), Pacific
Blue� or Brilliant Violet 510� anti-mouse/human
CD11b (clone M1/70), APC/Cyanine7 or biotinylated
anti-mouse/human CD45R/B220 (clone RA3-6B2),
Brilliant Violet 510� anti-mouse/human CD11b (clone
M1/70), APC/Cyanine7 or PE/cyanine7 anti-mouse
CD8a (clone 53-6.7), Peridinin Chlorophyll (PerCP)/
Cyanine 5.5 anti-mouse Ly-6G/Ly-6C (Gr-1) (clone
RB6-8C5), APC anti-mouse F4/80 (clone BM8), Pacific
Blue� anti-mouse CD4 (clone GK1.5), Pacific Blue�
anti-mouse Ly-6C (clone HK1.4), and streptavidin
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A700, or from BD Biosciences: PE anti-mouse NK-1.1
(clone PK136).

Live/dead discrimination was performed using either
BD Horizon� Fixable Viability Stain 700 (BD Bio-
sciences) or 7-aminoactinomycin D (Life Technolo-
gies). Data files were analyzed with Flow Jo software
version 10.7.

lCT and NHO volume quantification
Because of instrument upgrades during the course
of this study, NHO volumes were measured either
in vivo or ex vivo using either the Inveon positron
emission tomography/computed tomography (PET-
CT) multi-modality system (Siemens Medical Solu-
tions Inc.), the Molecubes b-Cube and X-Cube
lPET-CT system (Molecubes), or the lCT40 scanner
(SCANCO Medical AG, Brüttisellen, Switzerland).

For samples measured using the Inveon, parameters
were: 360 degree rotation, 180 projections, 500 msec
exposure time, 80 kV voltage, 500 lA current, and an
effective pixel size of 36 lm. The three-dimensional
(3D) reconstitutions were performed using the Inveon
Research Workplace software (Siemens Medical Solu-
tions Inc). To quantify NHO volumes, the region of
interest (ROI) was drawn around the muscles contain-
ing NHO, and these were then carefully checked from
three dimensions to ensure adjacent long bones were
not included in the ROI. Calcified NHO regions were
defined as above the threshold of 450 Hounsfield
units (HU).13,16,18

Sample analysis using the lCT40 scanner were per-
formed at a resolution of 30 lm, and 3D images of
the lower parts of the mouse bodies were reconstructed
from the scans using the lCT system software package.
Quantitative assessments of bone volumes to detect
and quantify NHO were performed using a subtraction
technique of orthotopic mouse skeleton (hip, femur,
tibia, fibula).12 Scanner settings for the X-Cube unit
(Molecubes, Belgium) were: 50kV X-ray voltage, 350

lA current, 960 exposures at 32 msec each, continuous
single rotation, and binning factor of 1. Images were
reconstructed at 50 lm isotropic voxel size using the
Feldkamp algorithm while bone analysis was per-
formed using PMOD software v4.1.2 (PMOD Technol-
ogies, Switzerland) and Inveon Research Workplace
v4.2 (Siemens, Germany).

Statistical analysis
Data are presented as mean – standard deviation. Stat-
istically significant differences were determined using
the two-sided Mann-Whitney test or one-way analysis
of variance (ANOVA) with multiple comparisons in
PRISM 8 (GraphPad software, La Jolla, CA).

Results
Lymphocytic cells are present within muscles
in which SCI-NHO develops
We first established the relative frequencies of B and
T lymphocytes across multiple tissue compartments
in our SCI-NHO mouse model. Leukocytes were iso-
lated from muscle, blood, and spleen at four days
post-surgery, a time point we have established previ-
ously to be the peak of innate immune cell infiltration
in injured muscles.13

Flow cytometry showed an increase in CD45R/
B220+ B lymphocytes in injured muscles in which
NHO was developing (Fig. 1Ai). B lymphocyte num-
bers were similarly increased in CDTX-injected mus-
cles of mice without SCI, suggesting that B
lymphocytes are recruited to injured muscles regardless
of the presence of a concomitant SCI. CD3e+CD4+

(Fig. 1Bi) and CD3e+CD8+ (Fig. 1Ci) T cells were also
detected within muscle samples; however, their frequ-
ency did not change between groups. Overall, lympho-
cytes were lower in frequency (all <106 cells/hamstring
in the SCI+CDTX group) in muscles compared with in-
nate immune cells such as monocyte/macrophages (5.8 ·
106 cells/hamstring in the SCI+CDTX group)(Fig. 1Di).

‰

FIG. 1. Lymphocyte populations present in tissues after spinal cord injury (SCI) and muscle damage. C57BL/6
mice underwent SCI surgery plus cardiotoxin (CDTX) injection, CDTX injection alone, SCI alone, or naı̈ve
as a control. Leukocytes were extracted from (i) muscle, (ii) blood, and (iii) spleen at four days post-surgery.
(A) B lymphocyte numbers were identified via flow cytometry as (7AAD- CD45+ CD3e-B220+). (B) CD4 T
lymphocytes were identified as 7AAD- CD45+ CD3e+ CD4+. (C) CD8 T lymphocytes were identified as 7AAD- CD45+

CD3e+ CD8+. (D) Monocyte/macrophages were identified as 7AAD- CD45+ CD11b+ F4/80+. Each dot represents one
mouse; results are presented as mean – standard deviation, single experiment, one way analysis of variance with
Tukey multiple comparisons test; *p < 0.5, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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In the blood, SCI was associated with a significant
decrease in the number of B lymphocytes compared
with naı̈ve control mice (Fig. 1Aii), and this effect
was even more pronounced in the spleen (Fig. 1Aiii).
This observation is consistent with reported lymphope-
nia subsequent to SCI at thoracic levels T1, T3, and/or
T9.39,43 The SCI-induced lymphopenia seen here most
profoundly affected B lymphocytes with no or only
minimal impact on T lymphocyte and monocyte/
macrophage frequencies in both the blood and the
spleen (Fig. 1Bii-iii, Cii-iii, Dii-iii). No lymphopenia
was observed in association with CDTX injection
alone, highlighting the specific contribution of SCI in
this phenomenon.

NHO develops in Rag1-/- mice similar to wild type
control mice
We next used Rag1-/- mice to investigate directly a pos-
sible contribution of mature T and B lymphocytes
to NHO development. The total splenic cellularity of
Rag1-/- mice was significantly reduced compared with
wild-type controls (Fig. 2A). Flow cytometry confirmed
that Rag1-/- mice lacked mature T and B lymphocytes
compared with C57BL/6 control mice (Fig. 2B, Ci-ii).37

We also investigated natural killer (NK) cell frequency,
which remained unaltered (Fig. 2Ciii). Both C57BL/6
and Rag1-/- mice underwent SCI together with an intra-
muscular injection of CDTX. NHO development was
monitored by lCT at both seven and 21 days post-
surgery. Quantification of NHO volumes at both time
points showed that absence of mature T and B lympho-
cytes did not impact NHO development. (Fig. 2D-E).

Splenectomy does not affect NHO after SCI
Lastly, considering that the spleen is the largest lym-
phatic organ and a proposed site of emergency mono-
cytopoiesis,44 we examined whether surgical removal of
the spleen influenced NHO development. lCT, per-
formed at 10 days post-surgery, revealed no impact of
splenectomy on ectopic bone formation within CDTX-
injected muscles of SCI mice (Fig. 3A-B). These findings
are in agreement with those observed in Rag1-/- mice
and also rule out a putative role of the splenic monocyte
reservoir in myeloid-driven NHO development.12,13,16

Discussion
While previous studies have largely focused on the
contributions of innate immune cells such as macro-
phages and mast cells to the development of geneti-
cally driven HO,19,20 non-neurogenic trauma-acquired

HO19–22 and NHO,12,13,16,18 in this study we establish
that T and B lymphocyte populations make minimal
or redundant contributions to experimentally-induced
NHO after SCI.

We demonstrated that T and B lymphocytes are
present at sites of muscle injury (day 4 post-surgery);
however, they were lower in frequency compared with
innate immune cells such as monocyte/macrophages.
Similar to other murine models of SCI (T1, T3, or
T9),39,43 we noted a reduction in CD45R/B220+ B lym-
phocytes in spleen as well as the blood after SCI. Inter-
estingly, the frequency of B lymphocytes was increased
in injured muscles of mice with SCI, with no or minimal
changes in T lymphocyte frequencies. Nonetheless, we
subsequently show that Rag1-/- mice, which lack both
mature T and B cell subsets, developed similar volumes
of NHO to wild type cohorts. Because the spleen is a
major reservoir of B and T lymphocytes, we undertook
splenectomy before SCI surgery and muscle injury. Sple-
nectomy, however, did not alter NHO development ei-
ther thereby also ruling out a role for the splenic
monocyte reservoir in this pathology.

Overall, we demonstrate that lymphocytes are pres-
ent at relatively small frequencies within injured mus-
cles and may still contribute to early inflammatory
responses, similar to our recent study on the role of
neutrophils18; however, the contribution of lympho-
cytes may be ‘‘substituted’’ by other immune cells pres-
ent within injured muscles.

Interestingly, others have established a role for
T lymphocytes in CDTX-induced muscle repair. Loss
of CD8+ T cells resulted in impaired muscle regenera-
tion and increased matrix deposition because of failed
recruitment of macrophages to the injury site.45 Deple-
tion of regulatory T cells has also been shown to impair
muscle regeneration because of the prolonged presence
of inflammatory cells in damaged muscle that subse-
quently impaired the regeneration process.46 However,
we did not evaluate muscle repair in our model of
SCI-NHO.

Our findings on the redundant role of lymphocytes
in SCI-NHO are in stark contrast to those in HO
induced by non-neurological trauma. Specifically, in a
model of traumatic HO (skin burn injury + Achilles
tenotomy), Rag1-/- mice displayed significantly reduced
HO formation.25 Rag1-/- mice also displayed no
alteration in osteoclast number or activation in this
model, but had reduced expression of endochondral ossi-
fication markers such as Sox9 and Bglap encoding osteo-
calcin.25 These differences highlight the complexities
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FIG. 2. Mature T and B lymphocytes are not required for spinal cord injury-neurogenic heterotopic
ossification (SCI-NHO). (A) Total spleenocyte counts from C57Bl/6 (B6) and Rag1-/- (RAG) mice 21 days after
SCI and cardiotoxin (CDTX) muscle injury, *p = 0.0159. (B) Flow cytometry gating strategy used to identify
splenic lymphocyte populations from either B6 or RAG mice post-SCI+CDTX. (C) Frequency of either
(i) CD45+ CD3e+ T cells, *p = 0.0159, (ii) CD45+ B220+ B cells, *p = 0.0159, and (iii) CD45+ NK1.1+ NK cells,
confirming the absence of mature T and B cells in RAG mice 21 days post-SCI+CDTX. (D) Measurement
of NHO bone volume by lCT in B6 or RAG mice at seven and 21 days post- SCI+CDTX. (E) Representative
lCT images at seven days post-surgery in C57BL/6 and Rag1-/- mice. Each dot represents an individual
mouse; data represented as mean – standard deviation, two experiments, Mann Whitney U test.
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between different models of HO, where the underlying
mechanisms driving traumatic HO (partial skin thick-
ness burn injury + Achilles tenotomy) versus NHO
subsequent to a severe injury of the CNS (complete spi-
nal cord transection + muscle injury) may not overlap
completely.47

Indeed, although macrophage-mediated inflamma-
tory responses driving genetically acquired and trauma-
induced HO seem to overlap,12,19,21,48 the permissive
molecular events that enable these different forms of
HO to develop are different. Specifically, HO in FOP
are caused by gain-of-function dominant missense
mutation of the ACVR1 gene encoding a type 1 bone
morphogenetic protein receptor,48–50 whereas NHO
are in part driven by excessive adrenergic signaling
as a consequence of a SCI.51 Which molecular events
are permissive to HO development after severe burn
injuries remain yet to be determined.

Lastly, there are important limitations of our study
to consider because we did not determine the contribu-
tion of each lymphocyte population independently. In
addition, while our mouse model of NHO recapitulates
many features of NHO observed in patients with SCI,12

a limitation of our model is that it does not recapitu-
late the endochondral phase observed in human NHO.
We have previously established that NHO forms in
our mouse model via intramembranous ossification,14,15

which could also potentially explain our contrasting
results with those in non-neurologic models of trau-
matic HO.

Conclusion
We document that targeting the adaptive immune
response may not be as beneficial as targeting innate
immune responses via monocytes/macrophages, which
we have already shown to be successful.13,14,16
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