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Neurofibromatosis type 1 (NF1) is an autosomal dominant genetic disease resulting from inactivating muta-
tions in the gene encoding the protein neurofibromin. NF1 manifests as a heritable susceptibility to tumours
of neural tissue mainly located in the skin (neurofibromas) and pigmented skin lesions. Besides these more
common clinical manifestations, many NF1 patients (50%) have abnormalities of the skeleton. Long bones
are often affected (usually the tibia) and the clinical signs range from bowing to spontaneous fractures and
non-unions. Here we present the analysis of bone fracture healing in the Nf1Prx1-knock-out mouse, a model
of NF1 long bone dysplasia. In line with previously reported cortical bone injury results, fracture healing
was impaired in Nf1Prx1 mice. We showed that the defective fracture healing in Nf1Prx1 mice is characterized
by diminished cartilaginous callus formation and a thickening of the periosteal bone. These changes are
paralleled by fibrous tissue accumulation within the fracture site. We identify a population of fibrous tissue
cells within the Nf1 deficient fracture as alpha-smooth muscle actin positive myofibroblasts. Additionally,
histological and in-situ hybridization analysis reveal a direct contact of the fracture site with muscle fascia,
suggesting a possible involvement of muscle derived cells in the fracture deterioration.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Bone fracture healing is a complex physiological process, which
aims to restore pre-injury structure and function of bone. It is thought
to reflect the embryonic processes of skeletal development [1]. Endo-
chondral fracture healing requires primary cartilage formation and
a subsequent replacement of the cartilaginous soft callus by hard
bony callus. Failure in either of the two steps of the process leads to
a delayed of healing or non-union (pseudoarthrosis). More than 50%
of all reported cases of sever bone healing deficiencies are diagnosed
in association with the neurofibromatosis type 1 (NF1) [2]. NF1 is a
heritable tumour predisposition syndrome (the main tumour type
being neurofibromas) with multiple other clinical features caused
by mutations in the NF1 gene. NF1 codes for neurofibromin (Nf1), a
one volume; TV, total volume;
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tumour suppressor protein known to regulate the GTPase-Ras via
hydrolyzation of GTP. NF1 patients exhibit spectrum of skeletal man-
ifestations including generalized osteoporosis as well as localized
dysplasias e.g.: dystrophic scoliosis, sphenoid wing dysplasia and
dysplasia of the long bones (most often tibia) [3–5]. Tibia bowing in
NF1 increases risk of fractures, which can progress to non-healing
pseudarthrosis. Biallelic inactivation of NF1 was reported in the af-
fected pseudarthrotic tissue suggesting second hit mutations might
be involved in the tibial dysplasia pathogenesis [6,7]. Several mouse
models have been developed to study the role of NF1 in bone devel-
opment and regeneration. Since germ line Nf1 inactivation is embry-
onic lethal [8] and the Nf1−/+ mice did not show bone healing
deficiency in the tibial midshaft fracture model [9], biallelic inactiva-
tion models were developed. These included osteoblasts specific in-
activation (Nf1−/−

ob) [10], limb mesenchyme specific inactivation
Nf1Prx1 [11] NF1 inactivation in mesenchymal progenitor cells or their
progeny [PeriCre(+);Nf1(flox/−) and Col2.3Cre(+);Nf1(flox/−)] on
the haploinsufficient background [12]. A local Nf1 inactivation in the
fracture site with help of adenoviral Cre delivery in Nf1flox/flox and
Nf1flox/− mice was recently reported [13]. Studies of these and other
models revealed an important role of Nf1 in regulation of chondrocyte
and osteoblast [14] as well as osteoclasts differentiation and prolifera-
tion [15,16]. Additionally, both clinical reports and animal models in-
dicate that loss of NF1 results in vascular changes associated with
increased proliferation of vascular smooth muscle cell [17–19].
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In the current study we took advantage of the previously described
Nf1Prx1 mouse model in which Nf1flox/flox allele is inactivated by cre
recombinase in the entire limb bud mesenchyme yielding knock-out
in the appendicular skeleton as well as limb skeletal muscles [20].
We have previously shown that Nf1Prx1 mice have impaired cortical
bone injury regeneration [21,22]. This type of healing relies predomi-
nantly on desmal osteogenesis while the fracture healing involves
mainly endochondral bone formation, the process which was not
previously analyzed in Nf1Prx1 mice. Here we investigate how NF1
ablation in the bone and the nearby skeletal muscles affects bona
fide fracture healing. Our results show that Nf1 is required for the
normal cartilaginous callus formation and its absence results in the
Fig. 1. Representative 3D μCT images of the fracture callus in the control and Nf1Prx1 mice a
animals appears larger than in the Nf1Prx1 mice at both time points. At D14, (upper panel)
(lower panel) callus in control mice was fully bridged. (B) Nf1Prx1 callus at D14 is compac
located distant from fracture gap on the thickened periosteal surface. D21 Nf1Prx1 callus exh
bone the fracture gap is still clearly visible. (C) μCT-based measurements of fracture callus
tissue (excluding cortical bone). (D) (BV) indicates mineralized tissue volume (E) The BV/T
Density (BMD) — (mgHA/cm3), reflects amount of mineralized tissue per volume of regen
compared with controls at all healing stages (*=p≤0.05).
non-healing fracture situations similar to the status of a pseudarthrosis
in humans.

Material and methods

Experimental design

Closed fractures of femoral bones were induced in control mice
and mice deficient for Nf1 in appendicular mesenchyme (Nf1Prx1)
(see Animal model section). The resulting callus tissue was analyzed
at four time points Day 7 (D7), Day 10 (D10), Day 14 (D14) and Day
21 (D21) post fracture induction. The chosen time points reflected
t D14 and D21 post fracture (scale bar=1 mm). (A) The wt callus tissue in the control
, the wt callus is not yet bridged but the large area of mineralization is visible. At D21,
t, porous and smaller than in the control's (upper panel), mineralized tissue spots are
ibited no bridging (B, lower panel). In spite of increase in mineralization of periosteal
at D7, D10, D14, and D21. Total callus volume (TV) indicates volume of newly formed
V ratio indicates fraction of mineralized tissue in total callus volume. (F) Bone Mineral
erative tissue. Note a significant decrease of regenerative tissue BMD in Nf1Prx1 mice



Fig. 2.Mechanical competenceof the fracture callus normalized to themechanical compe-
tence of the intact contralateral side at D14 and D21. (A) The torsional stiffness correlates
with the level of new bone formation within callus. The fully bridged control callus
showed significantly higher torsional stiffness [%] than non-bridged Nf1Prx1 callus at
D21. (B) Ultimate torque at failure [%] reflects biomechanical competence of the healing
sites. The control callus showed significantly higher ultimate torque at D21. Both param-
eters reflect significant decrease of the callus stability in Nf1Prx1 mice (*=p≤0.05).
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consecutive stages of the healing process in WT mice: D7 — cartilage
is evident, D10 — cartilage formation reaches maximum, D14 — callus
cartilage is largely replaced by bone [22], D21 — fully bridged bony
callus. For molecular analysis of the healing process we used 5 animals
per group (N=5), for μCT analysis, biomechanical testing as well as
histological analysis we used 8 animals per group (N=8).

Animal model

Male wild type C57BL/6N mice (Charles River Laboratories) were
used as controls. The Nf1Prx1 mice were generated as previously
described [23]. Shortly, male mice heterozygous for Nf1flox allele
(Nf1flox/wt) and carrying cre-recombinase gene under Prx1 promoter
(Prx1cre+) were crossed with homozygous NF1flox (Nf1flox/flox) female
mice. Prior to breeding all strains were back crossed for several genera-
tions onto C57BL/6N strain. All protocols were approved by the local
ethics commission (Landesamt für Arbeitsschutz, Gesundheitsschutz
und technische Sicherheit, Berlin-Germany registration number: G
0282/07), and done under consideration of the national animal welfare
guidelines for the care and use of research animals.

Surgical procedure

Eight-week-old male mice were used to generate unilateral stan-
dard closed fractures in the left femur using Bonnarens and Einhorn's
[23] three-point bending method under 2.5% isoflurane inhalation an-
aesthesia in oxygen. Prior to surgery mice received also buprenorphine
(1 mg/kg bodyweight; Temgesic, Reckitt Benckiser Healthcare ltd. UK).
Shortly, a lateral 2–3 mm cut wasmade through the skin, medial to the
patella. The patella was displaced to drill through the intercondylar
fossa. A stainless steel intramedullary pin (17 G and 0.6–0.8 mm long)
was then inserted in the femur towards the great trochanter. Finally,
the patella was repositioned and the wound was sutured. Fracture
was then performed using a customized three-point fracture apparatus.

Quantitative μCT evaluation of fracture callus

Femurs were collected directly after euthanasia and prepared
under binocular where callus size and shape could be clearly distin-
guished from the surrounding tissue. Intramedullary pins were re-
moved from the femora prior to imaging using ex-vivo μCT imaging
system (Viva40 micro-CT, Scanco Medical AG®, Switzerland, 70 kVp,
114 μA). Callus size, geometry, structure and mineralization were
characterized at mineralization phases D7 and D10 (N=8), and at
D14 and D21 (N=16). Fractured and contralateral femora were
batch scanned as previously described [24]. Briefly, 10.5 μm fixed iso-
tropic voxel size was verified, the scan axis oriented to the femora di-
aphyseal axis, enclosing the whole fracture callus (VOI). Cortical bone
and surrounding tissue were manually contoured; only newly formed
tissuewasmeasuredwith a preset global threshold of≥190 mg HA/cm3,
which is sufficient to excludemuscle tissue. All analyses were performed
on the digitally extracted callus tissue using 3D measurements of dis-
tances and volumes (Scanco® software, Switzerland).

Assessment of tissue quality by means of ultimate torque and torsional
stiffness

Fractured and contralateral femora specimens of D14 and D21
(N=8) were subjected to biomechanical testing to determine callus
stiffness and ultimate torque as described earlier [24]. Briefly, both
femur ends were embedded in polymethyl methacrylate (PMMA)
resin. Bones were centred using a slot laser, then aligned parallel to
the long axis of the torsional testing machine and. After fixation in
the torsional testing device, bones were loaded to failure in torsion
(parameters: 0.5°/s with an axial preload of 0.3 N; using Electro Force
3200 test system, BOSE, USA). All testing was performed under moist
conditions to avoid dehydration of the samples. Stiffness and ultimate
failure load were extracted and related to the measurements from the
contralateral intact bone sample.

Histological analyses

Histological analyses were conducted on the fractured femora at
D7, D10, D14 and D21 post fracture as previously described [25,26].
Femora (N=8 per group) were harvested, fixed in 4% PFA then
decalcified (4% PFA and 14% EDTA at 4 °C). After embedding, paraffin
blockswere sectioned in 4-μmslices. Histomorphometrywas performed
on Movat Pentachrome stained sections as previously described [27].

Sections of femurs embedded in paraffin were used for:

1) Titrate resistant acid phosphatase (TRAP) staining of osteoclasts
using following reagents: (Sigma - D4551, N5000, F3381)

2) Immunohistochemistrywith following antibodies: rabbit anti osteo-
calcin (ALX-210-333, Enzo life sciences); rabbit anti factor VIII
(CP-039, Biocare Medical); rabbit anti alpha smooth muscle actin
(AB5694, Abcam), mouse anti-myosin (F59; DSHB) and mouse
anti-Desmin (CM-036, BiocareMedical). TRAP-positivemultinuclear
cells located on the bone surface were counted as osteoclasts. Osteo-
calcin positive cells, which are located either on bony structures
or within the osteoid, were counted as osteoblasts. Blood vessels
were counted in the whole callus sections and were recognized by
factor VIII positive cells arranged in a clear vessel formation.

Undecalcified fractured femora D21 (N=8) were processed and
embedded in PMMA according to standard protocols [28]. 6-μm

image of Fig.�2
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sagittal sections of these fracture callus tissues were stained with Von
Kossa/Van Gieson. Evaluation was performed with an image analysis
system (KS400 3.0, Zeiss, Germany).
mRNA preparation and expression analysis

The callus tissue samples were dissected including 1 mm of healthy
cortical bone on either side of the fracture callus (N=5). The probes
were flash frozen in liquid nitrogen and stored at −80 °C. Tissues
were pulverized with pestle and mortar under continuous cooling
with liquid nitrogen. After homogenization (T10, Ultraturrax), total
RNA was isolated from each sample using TRIzol (Invitrogen Life Tech-
nologies, Germany) according to the manufacturer's protocol. DNA was
eliminatedwithDNAse I (Invitrogen Life Technologies). Onemicrogram
Fig. 3. Histological analysis of Nf1Prx1 mice and control mice callus at the consecutive heali
cartilage (green) and mineralized tissue (yellow). (A, B) Control callus showed large cartil
periosteal mineralization (arrow). At D10, initial mineralization of the callus was demarca
cortical surfaces in the control callus. Bony bridging of callus and remodelling of cortical b
diminished cartilage fraction (c) at D7 in the Nf1Prx1 callus. Note a strikingly increase of th
and D14, periosteal ossification is continuing (arrows) and the fibrocartilage is preset within
by the thick periosteum and the persistent fibrocartilage within fracture gap.
of total RNA from each sample was then used for quantitative real time
polymerase chain reaction.

All reagents for qRT-PCR analysiswere purchased fromBioRad (iScrip
cDNASynthesis Kit, iQ SYBRGreen Supermix) andplate assayswere read
in IQ5 optical software V 2.0 (BioRad, France). RNA quality and quantity
was determined spectrophotometrically. One microgram of total RNA
was used for cDNA preparation. The DNA amplification was carried out
as previously described [29]. In qRT-PCR, samples were run in triplicates.
Expression levels were normalized to peptidylprolyl isomerase A, also
known as cyclophilin A (Cyp A) chosen according to geNorm software.
Primerswere designed to span exon–intron junction (Qiagen, Germany).
Amplicons ranged between 155 and 180 bases with annealing tempe-
rature of 62 °C. mRNA expression was calculated with the (2−ΔCT)
method to compare relative gene expression at a given time point be-
tween the two groups.
ng stages. Sections were stained according to movat pentachrome method to visualize
age fraction at D7 and lighter matrix colouring near callus borders reflected the initial
ted by the yellow stain. Hypertrophic cartilage differentiation started at D14 on both
one were observed at D21. (A′, B′) The excessive fibrous tissue formation (Ft) and a
e cortical bone thickness (b) and an ongoing periosteal ossification (arrows). On D10
the fracture gap. Nf1Prx1 callus remains unbridged throughout D21. It is characterized

image of Fig.�3


Fig. 4. Histomorphometric quantification of cartilage fraction (Cgt) and periosteal sur-
face ossification (Ops) at the consecutive stages post fracture. (A) Due to hypertrophy
and mineralized tissue formation a continuous decline of cartilage fraction during
healing process was observed in the control callus. Nf1Prx1 callus shows smaller carti-
lage fraction on both D7 and D14 compared to control. Higher cartilage fraction value
on D21 in Nf1Prx1 mice as compared to controls reflects persistence of the fibro carti-
lage in the fracture gap (*=p≤0.05). (B) In the control mice, periosteal surface size
reached peak at D14 and was reduced at D21 due to remodelling. In Nf1Prx1, mice peri-
osteal surface was dramatically increased as compared to controls (*=p≤0.01 at all
analyzed stages).
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Statistical analyses

Histomorphometry, biomechanics, and μCT as well as qRT-PCR
data are exhibited here in graphs asmeans±SEM. Significance testing
ran in PASW 18.1 (SPSS Inc., USA) using Mann–Whitney U test for un-
paired nonparametric data with Bonferroni correction. Wilcoxon test
was performed for osteoid volume evaluation as a non-parametric
test used when comparing two repeated measurements. P-values of
less than 0.05 were chosen to indicate significance.

Results

Impaired callus formation in Nf1Prx1 mice

In the μCT data, the Nf1Prx1 callus appeared smaller than in the
control animals at D14 and D21 (Figs. 1A, B). A representative
image of the control mouse fracture at D14 (Fig. 1A‐upper panel)
shows a large, not yet bridged callus with well-defined areas of min-
eralized tissue. On D21, control fractures formed a fully bridged, solid
bony callus (Fig. 1A‐lower panel). In contrast, a representative 3D
reconstruction of the Nf1Prx1 fracture at D14 (Fig. 1B‐upper panel)
depicts a smaller and more compact callus structure. At this stage,
an increased bone formation took place near the cortical bone on
the periosteum but not in the fracture gap. None of the analyzed
Nf1Prx1 mice showed bridging by D21 (Fig. 1B‐lower panel). In con-
trast, cortical bone was strikingly thickened, suggesting mineraliza-
tion of the cortical bone was augmented and/or cortical bone
remodelling was defective (Fig. 1B‐lower panel).

Regenerative tissue size quantification revealed a progressive
increase of the callus size in the control group (Fig. 1C). At D7 and
D10 total callus volume (TV) was larger in Nf1Prx1 mice than in the
control group. As shown by histology, this volume increase was due
to rapid initial growth of the fibrous tissue (Fig. 3A). The initial vol-
ume increase in Nf1Prx1 fractures was reversed at the later stages
resulting in significantly smaller callus in the Nf1Prx1 mice at D14
and D21 (p≤0.001, both; Fig. 1C).

Callus bone volume (BV) increased steadily in the consecutive
post fracture stages in the control group (Fig. 1D). Interestingly, callus
bone volume In Nf1Prx1 mice was increased at D7 and D10 as com-
pared to the control group (Fig. D). This effect was caused by desmal
type ossification, which took place in the proximity of the cortical
bone (Fig. 3A′). At later stages, (D14) callus bone volume ceased to in-
crease in Nf1Prx1 mice and deteriorated at D21. BV/TV ratio in control
fractures increased between D10 and reached highest values at D21.
In contrast BV/TV in Nf1Prx1 group increased between D7 and D10
to reach maximum at D14. At D7 BV/TV was significantly lower in
Nf1Prx1 mice compared to the control group (p≤0.05). At all other
time points the BV/TV values were higher in the Nf1Prx1 compared
to the control, either in a trend (D10 and D21), or significantly as at
D14 (p≤0.005). As previously mentioned and shown by histological
analysis (Fig. 3), this was due to dramatic cortical bone thickening
(Fig. 3B′‐arrows). Importantly, the callus bone mineral density (BMD)
was significantly lower in the Nf1Prx1 mice as compared to controls at
all investigated time points (p≤0.001; Fig. 1E).

In order to determine how alteration of callus size and structure
affected mechanical properties of the fractured bone, biomechanical
testing was performed. In the initial experiments, intact femora
were investigated. Nf1Prx1 bones were significantly weaker than the
control group femora (p≤0.01, for both torsional stiffness and ulti-
mate torque at failure - data not shown). To account for this intrinsic
difference, biomechanical testing results from the fractured femora
were normalized against results obtained from the intact, contra-
lateral femora of the same mouse. With this setup Nf1Prx1 group
at D21 displayed a significantly lower torsional stiffness (p≤0.05;
Fig. 2A). Additionally, lower ultimate torque at failure was seen at
D21 (p≤0.01; Fig. 2B). At D14, Nf1Prx1 fractures showed a lower
torsional stiffness trend. This lower biomechanical competence docu-
ments qualitative deterioration or delay of the fracture repair and an
inferior functional recovery in the Nf1Prx1 mice.
Impaired cartilage formation and increased periosteal ossification in the
Nf1Prx1 fractures

Histomorphometric analysis was performed onmovat pentachrome
stained sections. We quantified dimensions and distribution of the cal-
lus cartilage fraction (blue-green stain) and the callus periosteal surface
area (yellow stain).

At D7, the control group displayed a large cartilaginous callus with
periosteal ossification starting adjacent to the cartilage borders. At
D10, control callus matrix displayed yellow staining in the periosteal
regions reflecting progressing matrix mineralization. Patches of hy-
pertrophic cartilage differentiation were present throughout the con-
trol callus tissue at D14 and ossification (indirectly detected as yellow
staining) took place on both cortical sides at this stage. At D21, the
control callus was fully bridged and cortical bone largely remodelled
(Fig. 3A).

Compared to the normal fracture repair process, formation of
the cartilaginous callus in the Nf1Prx1 mice was severely diminished.
Only a small and weakly stained cartilaginous rudiment was formed by
D7. At this stage, the fracture gap in the Nf1Prx1 callus was filled with
fibrous tissue (Fig. 3A). Defective cartilage formation was accompanied

image of Fig.�4
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by intense cortical ossification on both periosteal and endosteal corti-
cal bone surfaces. This ossification did not significantly contribute to
the overall repair process as it occurred distant to the fracture gap
(Fig. 3B′). Periosteal bone formation was more evident at D10. At this
time point, a thick layer of newly formed bone covered cortical bone
(Fig. 3B′-arrows). This was also observed at D14, where a thicker perios-
teal ossification was accompanied by the presence of fibrous tissues in
the fracture gap. Irregularly distributed and scarce hypertrophic carti-
lage zones were observed at this stage and persisted throughout D21
in callus of Nf1Prx1 mice. Importantly, at D21 the Nf1Prx1 callus was
dominated by fibrous tissue zones. Only at the cortices, a thickened
layer of periostealy formed bone was visible which did not lead to
bridging of the gap (Fig. 3A′).

We quantified the surface of the cartilage tissue (Ctg) and the os-
sified periosteal bone surface (Ops) in the callus using morphometric
analysis. The callus cartilage fraction in the control group was highest
at D10 and declined thereafter over time (Fig. 4A). Compared to
controls, the Nf1Prx1 callus cartilage fraction was smaller, by 90% at
D7, by 70% at D10 and by 75% at D14. These proportions were
inverted at D21, at which time in the control mice most of the callus
cartilage was replaced with the newly formed bone, whereas carti-
lage persisted in the Nf1Prx1 mice (Fig. 4A). Thus, compared to the
control group, the Nf1Prx1 group showed lower callus cartilage surface
at D7, D10 and D14 (p≤0.01) and a higher values at D21 (p≤0.05). In
control mice, ossified periosteal bone surface (Ops) reached a peak at
D14 and declined thereafter (D21), likely due to remodelling process-
es. The Ops was significantly increased in the Nf1Prx1 mice compared
to control mice at all tested time points (p≤0.01 at all time points;
Fig. 4B).
Fig. 5. (A) The immunohistochemical detection of the osteocalcin positive osteoblats (Ob)
of the periosteal region. (B) Compared to controls Nf1Prx1 mice show decrease number of o
regions. (D) Factor VII, immune labelling was used to visualize blood vessels within the callu
fibrous tissue. (E) Compared to controls vessel number in Nf1Prx1 callus was increased at all a
of the osteoid volume in the Nf1Prx1 callus. The osteoid volume (OV) to bone volume (BV)
controls (OV/BV, control=0.21±0.017; Nf1Prx1=2.9±0.81, p≤0.05).
Thus, Nf1Prx1 mice showed a delay in fracture healing which was
characterized histologically by a diminished initial cartilaginous callus
formation and persistence of cartilage at D21. These changes were
accompanied by increased periosteal ossification, but bridging was not
achieved within 21 days post fracture.

Increased number of osteoblasts and vessels in Nf1Prx1 callus

Since histological analysis suggested that bone formation was dif-
ferentially affected in cortical bone vs. cartilaginous callus in Nf1Prx1

mice, osteocalcin positive osteoblasts were quantified within the frac-
ture gap and at the periosteal surface of the callus. In line with the
histomorphometric results, fewer osteoblasts were detected within
the fracture gap in Nf1Prx1 mice throughout the healing process
(p≤0.05, Fig. 5A). However, osteoblast number was significantly in-
creased at the periosteal surface in Nf1Prx1 mice at all analyzed time
points (p≤0.05, Figs. 5B and C). Additionally, the presence of large
areas of non-mineralized osteoid (OV/BV, control=0.21±0.017;
Nf1Prx1=2.9±0.81) in the fracture gap of Nf1Prx1. This reflects a de-
creased mineralization of the extracellular matrix, thus hinting to an
impaired osteoblasts capability to mineralize the matrix. Thickening
of the osteoid layer was also apparent in the periosteal region (data
not shown). These data further support the notion that endochondral
bone formation is impaired in Nf1Prx1 mice but periosteal bone for-
mation is enhanced (Fig. 5F).

The analysis of callus vascularization (vessel density in fibrous tis-
sue) using vessel specific factor VIII staining showed a significantly
increased number of blood vessels in the Nf1Prx1 fractures compared
to controls at all time points (p≤0.05, Figs. 5E and F).
on D14 (sections were counterstained with methyl green). Shown is the magnification
steoblasts in the fracture gap but increased number of osteoblasts (C) in the periosteal
s tissue at D10 post fracture (red colour). b— bone; c— cartilage; bv— blood vessel; ft—
nalyzed stages (p≤0.05). (F) Van Gieson/Von Kossa staining reveals a striking increase
ratio measured within fracture gap was tenfold increased in Nf1Prx1 mice compared to

image of Fig.�5
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Increased number of osteoclasts in Nf1Prx1 callus

In order to quantify osteoclasts, bone sections were stained for tar-
trate resistant acid phosphatase (TRAP) activity. Multinucleated TRAP
positive cells were more abundant in the Nf1Prx1 callus than in control
tissue starting with D10 (Figs. 6A and B, p≤0.05). Intriguingly, most
of the TRAP positive cells in the Nf1Prx1 callus appeared to be localized
within fibrous tissue and not on the bone surface as in the control
mice (Fig. 6A). These data suggest that in Nf1Prx1 callus, osteoclasts
which do not have direct contact with the bone surface, will not par-
ticipate in bone remodelling.
Smooth muscle actin positive myofibroblasts in the fracture gap in
Nf1Prx1 mice

Smooth muscle alpha actin (αSMA) is produced in myofibroblasts,
which exhibit contractile properties. Myofibroblasts are cells of yet
uncertain origin. They are implicated in skin wound healing and
Keloid disease, which is characterized by non-cartilagious, benign
fibrous nodule formation [30,31]. Immunohistological staining on
control specimen revealed αSMA positive cells in the fracture fibrous
tissue and in the bone marrow space at D7 and to a lesser degree at
D10 and D14. However, these cells were no longer detected at D21
in the control callus (Figs. 7A, and A′). In the Nf1Prx1 mice, αSMA pos-
itive cells were abundantly present in the fracture gap at D7 and D10
and could still be detected throughout D21. Clearly, myofibroblasts
constitute a prominent cell population within the fibrous tissue in
the fracture gap in Nf1Prx1 mice (Figs. 7B, and B′).
Fig. 6. (A) TRAP stained osteoclasts (Oc) on the paraffin sections of control and Nf1Prx1 callu
surface. Osteoclasts were more abundant in the Nf1Prx1 fracture site appear not only present
(right framed magnification). (B) Increased osteoclast number in the Nf1Prx1 fracture site as
ligand (RANKL) expression and RANKL/OPG ratio in the Nf1Prx1 fracture compared to contr
Discussion

Deterioration of bone quality, fracture and abnormal repair pro-
cesses resulting in pseudarthrosis are a major source of morbidity in
NF1 patient. The present study investigates fracture healing process
in femoral bones of the Nf1Prx1 mice, bearing conditional inactivation
of the Nf1 gene in the limbs [11]. Femoral bone fractures were ana-
lyzed, as tibia bowing in Nf1Prx1 mice precluded fracture fixation
with intramedulary canal pin.

Major histological findings of this study are: a) diminished carti-
laginous callus formation in Nf1Prx1 mice; b) increased periosteal
bone formation in the fractured Nf1Prx1 cortical bone; c) accumula-
tion and persistence of the fibrous tissue in the Nf1Prx1 fracture gap,
with the abundant incidence of αSMA positive myofibroblasts and
TRAP positive osteoclasts. Histomorphometric analysis, μCT evalua-
tion, as well as mechanical testing revealed that none of the analysed
Nf1Prx1mice achieved bony bridgingwithin 21 days post fracture, yield-
ing mechanically unstable fractures reminiscent of the pseudarthrosis
observed in NF1 patients (Figs. 1 and 2).

The maximum torque at failure and the torsional stiffness of the
fracture site at D21 were significantly decreased in Nf1Prx1 mice
(Fig. 2). This was clearly a more dramatic effect then the one reported
in the mice bearing conditional Nf1 ablation in osteoblastic lineage
(Nf1−/−

ob) where only maximum force parameter was reduced at
D28 [10]. The primary cause of the observed deterioration of fracture
healing was a failure to form a cartilaginous callus and a concomitant
fibrous tissue accumulation (Fig. 3). This phenomenon has not been
observed in Nf1−/−

ob mice where callus size and bone formation
were both increased [10]. These data collectively show that Nf1
s (scale bar=50 μm). In control, tissue osteoclasts were found exclusively on the bone
on the bone surface but also trapped within fibrous tissue (ft) away from bone surface
compared to controls at D7, 10, D14 and D21 (*=p≤0.05). (C) qPCR measured RANK
ol tissue at D10, D14, and D21.

image of Fig.�6


Fig. 7. Immunohistochemical detection of the alpha smooth muscle actin (α-SMA) positive myofibroblasts (mf) and myosin positive muscles (m) at the consecutive stages post
fracture in the representative sections of control (A and A′) and Nf1Prx1 tissue (B and B′). (A, B) overview micrographs (scale bar=200 μm) (A′, B′) magnified view of the
white-boxed region (Scale bar=100 μm). α-SMA positive cells (green) are present in the Nf1Prx1 fractures at all analyzed time points and appear more abundant compared to con-
trols (yellow arrows). The muscle tissue was labelled with anti-myosin antibodies (red) and the nuclei are counterstained with DAPI (Blue). Cartilage (c); hematoma (h); blood
vessels (v); bone (b).
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inactivation in the limb mesenchymal progenitors – but not inactiva-
tion restricted to the bone lineage – is sufficient to cause non-healing
fractures with significantly reduced tissue competence. Most recent-
ly, local Nf1 gene inactivation via adenoviral Cre recombinase delivery
has shown to be sufficient to delay fracture bridging and to induce
fibrous tissue growth [13]. However, increased periosteal bone for-
mation was not reported in any of NF1 mouse models to date. This
unique feature was recapitulated in the current study in Nf1Prx1

mice where histological and μCT analysis at D7 revealed increased
desmal ossification at the periosteal surface of cortical bone (increased
BV in mutant callus at D7 was a result of it).

Interestingly, such thickening of the cortical bone and narrowing
of the medullar cavity were shown to characterise anterolaterally
bowed tibia in NF1 patients [7]. The observed induction of the
perisosteal bone formation in the Nf1Prx1 fracture model mirrors
this phenotype. This observation appears also consistent with the
reported differential effect of Nf1 gene inactivation depending on
the stage of osteoblast maturity, where early inactivation inhibits dif-
ferentiation and late stage inactivation exerts an opposite effect [13].
In line with this, while the mesenchymal progenitor differentiation
and callus formation are strikingly inhibited in the Nf1Prx1 mice, the
periosteal (mature) osteoblasts produce more bone (Figs. 1 and 4).
Bone formation was also accelerated in Nf1−/−

ob callus but the corti-
cal bone thickening was not observed in this model [10], suggesting
that in addition to Nf1 inactivation in bone, extra-osseous tissue inac-
tivation is required to induce periosteal bone formation.

Both the Nf1Prx1 and Nf1−/−
ob mice showed increased osteoid sur-

face, increased expression of RANKL and an associated increased
number of osteoclasts (Figs. 5 and 6) [10]. In Nf1−/−

ob mice osteo-
clasts appeared to be predominantly in contact with the abundant
trabecular bone [10]. In the Nf1Prx1 mice as well as in the local inacti-
vation model [13], osteoclasts were not only restricted to bone sur-
face but also present within fibrous tissue, suggesting that their
subpopulation does not participate in remodelling (Fig. 6A). Never-
theless, observed reduction of the bone mineral density (BMD) in
Nf1Prx1 mice appears to be directly linked with the increased osteo-
clast number (Fig. 1E).

As mentioned, diminished cartilage formation is likely a primary
cause of fracture healing deterioration in Nf1Prx1 mice (Fig. 3). The
origins of the normal callus cartilage cells as well as fibrous tissue in
Nf1Prx1 remain elusive. It is currently believed that callus formation
recapitulates the process of embryonic cartilage formation. However,
presented here data from Nf1Prx1 model analyses suggest that this
might be an oversimplified theory. In Nf1Prx1 mice, Nf1 is inactivated
in the early limb bud mesenchyme, but embryonic cartilage forma-
tion is not delayed [11]. On the contrary, callus cartilage formation
is severely impaired in Nf1Prx1 bone healing. Additionally, capability
of the formed cartilage to hypertrophy and mineralize was strongly
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reduced as revealed by decreased type X collagen (ColX) expression
(Supplemental Fig. 1). Thus, the source and the nature of the mesen-
chymal progenitor cells or the signalling milieu in which cartilage
commitment occurs must be profoundly different in the embryonic
and in the callus tissue in the Nf1Prx1 model. These observations
are of likely importance to bone regeneration research beyond NF1
studies. Implications for delayed healing in normal fractures should
be considered and a change of paradigm might be needed once we
understand in more detail the exact differences between embryonic
and callus cartilage formation process.

Adequate callus vascularization is required for normal fracture
healing [32] and it is recognized that the endothelium derived
cells can contribute to osteogenesis in the process of endothelial to
mesenchymal transformation [33. Pathological activation of this
process is associated with fibrodysplasia ossificans progressiva
(FOP) resulting in ectopic bone formation [33]. Lineage tracing ex-
periments in the bone fractures indicate that αSMA expressing
cells originate from perivascular cells and have potential to differen-
tiate to chondrocytes, osteoblasts and osteocytes [34]. In Nf1Prx1

mice, although vascularization of the fracture tissue was increased,
no osteogenesis resulted. Instead, we observed accumulation of
the smooth muscle actin positive myofibroblasts (Figs. 7A, B).
These cells were also previously reported to be present in the con-
genital pseudarthrosis in NF1 patients [35]. The vascular origin of
these cells is likely and their presence points to a possible role of
the TGFβ signalling in the deterioration of bone fracture healing in
Nf1Prx1 mice as myofibroblastic differentiation is known to depend
on this signalling pathway [36].

Following the initial fibrous tissue accumulation phase at D7,
Collagen I expression became less abundant at D10, D14, and D21
in the Nf1Prx1 fractures compared to controls, as detected by qPCR
Fig. 8. Representative paraffin sections of the muscle tissue (m) in proximity to the fracture s
hypertrophy (red arrows) and the ectopic fat deposits in-between muscle fibres (blue arrow
Anti-Desmin immunohistochemical labelling (pink) and Mayer's Haematoxylin counter stai
tological appearance of the femur fascia cells before the injury and the fibrous tissue cells w
(Supplemental Fig. 1). Type III collagen was found to be the major
type of collagen in human non-unions [37]. In line with that, we
detected increased expression of type III Collagen in the fracture site
in Nf1Prx1 mice using microarray transcriptional profiling (data not
shown — in preparation for a separate manuscript).

Additionally, histological analysis yielded further intriguing obser-
vations (Fig. 8).

1) Ectopic fat tissue was observed in fracture site and within muscles
in Nf1Prx1 mice (Fig. 8A‐blue arrows). This observation was also
previously made in the context of NF1 pseudarthrosis [38,39],
suggesting that the absence of Nf1 affects fat cell differentiation
and/or proliferation.

2) A continuous ‘stream’ of collagen producing fibroblast-like cells,
appeared to originate from the muscles at the direct proximity
to the fracture gap (Fig. 8A, B‐red arrows). This tissue did not
stain positive for Desmin (Fig. 8B) and was of similar histological
appearance to fascia tissue within Nf1Prx1 muscle prior to injury.
Based on this it seems possible that the muscle connective tissue
might, at least in part, be a source of the fibrous tissue within
the fracture site of Nf1Prx1 mice. Cell lineage tracing experiments
are required to determine the exact nature and the developmental
origin of these cells.

Collectively, we have shown that in the Nf1Prx1 mice both devel-
opmental processes leading to the long bone dysplasia and the subse-
quent fracture healing deterioration closely resemble NF1 tibial
dysplasia and pseudarthrosis (development of a non-union after a
fracture). Presented fracture model will be useful for pre-clinical
studies aimed at pharmacological interventions targeting deteriorat-
ing fracture-healing process in the NF1 tibial dysplasia.
ite in the Nf1Prx1 mice stained with Movat Pentachrome method (A) Note muscle fascia
s). (B) Fibrous tissue within fracture gap and in proximity of newly formed woven bone.
n (blue) on D14 Nf1Prx1 fracture callus and intact contralateral bone. Note a similar his-
ithin fracture site. (m=muscle, b=bone, scale bare=500um, N=4).
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Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bone.2012.07.011.
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