European Cells and Materials Vol. 23 2012 (pages 262-272) DOI: 10.22203/eCM.v023a20

ISSN 1473-2262

AN EXPERIMENTAL SETUP TO EVALUATE INNOVATIVE THERAPY OPTIONS FOR
THE ENHANCEMENT OF BONE HEALING USING BMP
AS A BENCHMARK - A PILOT STUDY

B. Preininger'>*, H. Gerigk!, J. Bruckner!, C. Perka!?, H. Schell!, A. Ellinghaus!, K. Schmidt-Bleek! and G. Duda'?

Julius Wolff Institute and Center for Musculoskeletal Surgery, Charité — Universitdtsmedizin Berlin,
Berlin, Germany
2Berlin-Brandenburg Center for Regenerative Therapies, Charité — Universititsmedizin Berlin, Berlin, Germany

Abstract

Critical or delayed bone healing in rat osteotomy (OT)
models is mostly achieved through large defects or
instability. We aimed to design a rat OT model for impaired
bone healing based on age, gender and parity. The outcome
should be controllable through variations of the haecmatoma
in the OT including a bone morphogenetic protein (BMP)
2 guided positive control.

Using external fixation to stabilise femoral a 2 mm
double OT in 12 month old, female Sprague Dawley rats
after a minimum of 3 litters healing was characterised
following in situ haematoma formation (ISH-group)),
transplantation of a BMP charged autologous blood clot
(BMP-group) and the artificial blood clot only (ABC-group)
into the OT-gap. In vivo micro-computer tomography (uCT)
scans were performed after 2, 4 and 6 weeks. After 6 weeks
specimens underwent histological analyses.

In pCT examinations and histological analyses no bony
bridging was observed in all but one animal in the ISH-
group. In the BMP group complete bridging was achieved
in all animals. The ABC-group showed less mineralised
tissue formation and smaller bridging scores during the
course of healing than the ISH-group.

In this pilot study we introduce a model for impaired
bone healing taking the major biological risk factors into
account. We could show that the in situ fracture haematoma
is essential for bone regeneration. Using BMP as a positive
control the presented experimental setup can serve to
evaluate innovative therapeutical concepts in long bone
application.
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Introduction

Enhancement of bone regeneration in impaired healing
situations remains a clinical challenge as a significant
number of fractures exhibit some kind of disturbed repair
(Einhorn, 1995). Such delayed healing situations may be
attributed to inadequate reduction or instability of fixation,
insufficient local nutritious supply and/or general health
of the patient, infection, or simply by the very nature of
the insulting trauma. In many cases the source remains
unidentified (Giannoudis et al., 2007). Under these
circumstances an enhancement of bone healing appears
mandatory.

To date, bone morphogenetic proteins (BMP) (BMP2,
BMP7 and GDF-5 (BMP-14)) are the only drugs available
to enhance bone healing next to traditional techniques
which aim to locally supplement bone material through
either autologous or allogeneous bone product grafting
(Wildemann et al., 2011). Several new drugs and
“bioproducts”, however, are currently in the stage of
development (Chen etal., 2010; Harvey et al., 2010; Tare
et al., 2010). In order to be able to evaluate the potential
of such newly found therapeutic measures, small animal
models are most efficient screening models.

Small animal models, especially in rats, are well
established to investigate the course of bone healing
(Harrison et al., 2003; Jager et al., 2007; Drosse et
al., 2008; Claes et al., 2009; Peters et al., 2009). This
is due to the advantages of small animals regarding
availability, costs and logistic matters. Moreover, a wide
range of reagents such as antibodies, molecular probes
and growth factors are available for rats so that the
biologic mechanisms underlying the healing process can
be elucidated. By the use of osteotomy (OT) models in
combination with external fixator devices the mechanical
environment can be controlled and kept standardised
at high accuracy during the trial (Strube et al., 2008a).
Furthermore, the combination of an OT and an external
fixator device provides the advantage of minimised
interaction between the implant and the healing process
at the bone healing site.

Currently available, impaired bone healing models
have been designed using large artificial bone and/or soft
tissue defects or unstable fixation conditions — factors
that under clinical circumstances need either a form of
bone and/or soft tissue graft or a change of the fixation
regime. In addition, these animal models have mostly been
conducted using rather juvenile animals. Factors related
to reduced bone mineral density and thereby to higher
fracture risk (Demir et al., 2008) as well as to limited bone
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healing capacity, like age (Meyer et al., 2001; Meyer et
al., 2006; Strube et al., 2008b) and gender (David et al.,
2006; Parker et al., 2007; Yamada et al., 2007 Strube et
al., 2009) are inherently considered in osteoporosis models
(Kalu, 1991; Duque et al., 2009); yet these factors have
not been taken into account so far in bone healing models.

The hypotheses of this work were: i) that in 12-month-
old female, ex-breeder Sprague Dawley rats, a 2 mm
femoral OT gap stabilised by an external fixator device
would not heal within 6 weeks, whereas by the local
application of BMP within a blood clot bony bridging
would be achieved (Govender et al., 2002; Einhorn et al.,
2003; Wildemann et al., 2011); ii) that the delivery of an
autologous blood clot would not alter the healing outcome
compared to the group in which native haematoma was
allowed to form following the OT.

The aims of this study were: i) to characterise a
delayed healing model without large bone and/or soft
tissue defects or instability, but with a choice of animals
having formally reduced biological bone healing potential;
ii) to set a benchmark within the model by the use of the
currently solely approved drug therapy for bone healing
disorders — BMP. In future, newly developed products for
the enhancement of bone healing can be compared to the
clinical standard (BMP) within a well-designed animal
model at high efficiency.

Materials and Methods

In vitro fixator testing

In order to check the suitability of the used fixator devices
for the animal model, the range of loading likely to occur
during the in vivo experiment was tested in vitro. The
testing procedure was performed as described previously
(Strube et al., 2008a). In brief: For in vitro mechanical
testing, the fixators were mounted on harvested femora
of 12-month-old female ex-breeder Sprague-Dawley rats,
identical to the ones in in vivo surgery (n = 3). An OT was
performed after the fixators were mounted on the bones
to test the stiffness of the fixator device bridging the OT
gap. Specimens were examined using titanium K-wires
and cross linked carbon bars mounted at an offset of
7.5 mm (as described in the surgical technique section).
Both ends of the specimens were embedded into custom-
made casting containers with polymethylmethacrylate
(Technovits 3040, Heracus Kulzer, Wehrheim, Germany).
For rotational stability after embedding, a short pin was
implanted perpendicular to the bone long axis proximally
and distally of the K-wires. The specimens were mounted
onto a biomechanical testing machine (ElectroForce®
TestBench LM1, Bose, MN, USA). Torsional stiffness
was tested at 0.5°/s up to 5° at an axial preload of 0.3 N.
Axial stiffness was tested at | mm / min displacement with
a preload of 0.3 N up to 10 N.

In vivo experimental design

In a total of 17 female ex-breeder Sprague-Dawley rats
(weight: 407 + 28 g; minimum 3 litters) a midfemoral
double OT was stabilised with an external fixator. One
group received no further treatment, leaving the in situ
haematoma in the OT gap (ISH, n=7). In a second group an
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Healing potential in a long bone model

artificial blood clot was implanted into the OT gap (ABC,
n =5), while in a third group a BMP-charged artificial
blood clot was implanted into the OT gap (positive control
group (BMP), n=5). In vivo micro-computer tomography
(uCT) scans and X-rays were performed at 2, 4 and 6
weeks after surgery to monitor bone healing. After 6 weeks
the animals were sacrificed. Femora were harvested and
underwent histological analysis. All animal experiments
were carried out according to the policies and principles
established by the AnimalWelfare Act. The design of the
animal surgeries was critically reviewed and approved by
the local legal representative (Landesamt fiir Arbeitsschutz,
Gesundheitsschutz und technische Sicherheit, Berlin,
Germany: G0428/08).

Surgical technique

Surgery was performed under general anaesthesia. The
animals received an intraperitoneal injection with 0.3 mg/
kg Medetomidin (Domitor®, Pfizer, Karlsruhe, Germany)
and 60 mg/kg Ketamine (Actavis, Langenfeld, Germany).
Prior to the operation, all animals were weighed and the
left hind portion, including the entire leg, was shaved
and disinfected by using povidone-iodine. All animals
were subcutaneously injected with an antibiotic (4 mg/kg
Clindamycin, Ratiopharm, Ulm, Germany). As analgesia
the animals received an injection of 20 mg/kg Tramadol
(Tramal®, Griinendal Aachen, Germany) directly prior to
the surgery. The animals were laid on their right side on a
heating plate (37 °C) covered with a sterile sheet leaving
the left hind leg uncovered. A longitudinal lateral skin
incision was made over the femur. The femur was exposed
by blunt dissection of the fascia between the quadriceps
and hamstring muscles. A primary stainless steel fixator
served as drilling guide to ensure correct and reproducible
positioning of the K-wires relative to the bone. Using this
drilling guide, the four holes were drilled consecutively
with a drill of 0.8 mm diameter (S-11, Implantmeds,
W&H Oral Surgery, Biiromoos, Austria), using constant
irrigation (0.9 % saline solution) and followed by screwing
in the wires bicortically, still using the guide. The template
was removed and the cross-linked carbon fixator bar was
mounted at an offset of 7.5 mm. The musculature in the
middle between the two inner K-wires was then dissected
from the bone at a length of approximately 4 mm and
protected by a wound elevator. The femur was double
osteotomised (0.3 mm saw blade, S-8R, Implantmeds,
W&H Oral Surgery) in the centre between the two inner
K-wires using a 2 mm saw guide fixed on the K-wires to
set a standardised gap size. The bone segment was removed
thereafter. Irrigation was performed during cutting to
prevent thermal damage to the bone and surrounding
tissues and the K-wires were then shortened flush with
the bar. The fascia of the muscle was sutured with 3.0
absorbable sutures, the skin then closed with 3.0 non-
absorbable sutures, which were removed after 2 weeks
during the wound care routine. The animals were closely
monitored during the first three days after surgery. For
post-surgery analgesia, the animals received Tramal® in
their drinking water (25 mL/L) for three days. Afterwards
the animals were seen daily, the wound was monitored,
and weight was controlled weekly.
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Fig. 1. The artificial blood clot: Depicted next to a 1 mL syringe for size comparison (A). This blood clot is then
inserted in the osteotomy gap of the femur, stabilised with an external fixator (B).

Blood clot formation

A blood clot composed of 200 pL autologous peripheral
blood was prepared for each animal at the beginning of
the surgical procedure. Peripheral blood was drawn from
the saphenous vein from the right shank under general
anaesthesia using a 1 mL syringe prepared with 30 pL of
citrate (buffered sodium citrate (equivalent to 3.2 % sodium
citrate) 0.109 M, taken from BD Vacutainer Citrate Plus
Plastic Tubes # 363080, BD Franklin Lakes, NJ, USA) to
inhibit the immediate coagulation and keep the blood from
clotting. The blood was then filled into the lid of a 1.5 mL
Eppendorf tube (VER International, Darmstadt, Germany)
as a form-giving device for the round shape needed to fit
into the OT gap (Fig. 1). In the BMP group, thBMP2 (50
pg of thBMP-2 (derived from E. coli; (Kubler etal., 1998))
per animal (1 mg/mL, ddH,O; Prof. Sebald, Wiirzburg,
Germany)) was added before clotting was initiated with
the addition of 4 pL CaCl,-12H,0 and 4 uL thrombin both
in the ABC and in the BMP groups (500 L.E. /mL; Baxter
Deutschland, UnterschleiBheim, Germany).

In vivo micro computer tomography (uCT)

Bone healing was assessed by in vivo micro computer
tomography (uCT) at 2, 4 and 6 weeks post-operation.
The animals were under general anaesthesia during this
procedure (Medetomidin 0.3 mg/kg (Domitor®, Pfizer)
and Ketamine 60 mg/kg (Actavis) i.p.). All femora were
scanned using quantitative micro-computed tomography
(vivaCT 40, Scanco Medical, Briittisellen, Switzerland).
Scans were reconstructed at 35 pum isotropic resolution.
A volume of interest (VOI) was defined for the periosteal
and endosteal callus, excluding the cortical bone based on
inner and outer values for semi-automatic contouring. A 4
mm volume of interest (VOI) was applied, 2 mm in each
axial direction starting at the centre slice of the osteotomy
gap. Accordingly, the VOI included the 2 mm gap region
and 1 mm in both the proximal and distal directions from
the borders of the original OT.

A global threshold for fracture callus at 233 mg HA/cm?
was manually determined, corresponding to 50 % of the
mineralisation of intact cortical bone from the tibia. This
value was based on visual inspection of ten random single
tomographic slices from each animal’s tibia. Outcome

m&m—naﬁu

Fig. 2. Five regions within a section through the callus
tissue in the VOI (volume of interest) of the pCT
evaluation have been defined as indicated by the green
numbers. The black square on the right side symbolises
the fixator bar and the pins mounted on the lateral side
of the femur.
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measures included bone volume (BV, mm?), total callus
volume (CV, mm?®), BV/CV, and tissue mineral density
(TMD, mg HA/cm?). Bone mineral content (BMC) as a
product of BV and TMD was calculated. 3D Pictures were
reconstructed using Scanco software.

Furthermore, a score was used to quantify the bridging
ofthe OT gap by mineralised tissue during the course of the
experiment. Therefore, in an imaginary perpendicular plane
to the length axis of the fixator in the medial region of the
gap, mineralised tissue formations bridging the gap were
assessed in 5 separate regions (Fig. 2). One blinded scorer
evaluated bridging with the help of a 3D-reconstruction of
CT-Imaging. In every separate region, bridging was rated 1
for bridging or 0 for non-bridging. The bridging score for
every individual animal represents the sum of the scores
of every region with a maximum of 5 points.

Histological procedure and analyses
The femora of the ISH and the ABC group were fixed
for 2 days in normal buffered formaldehyde, decalcified

www.ecmjournal.org



B Preininger et al.

Healing potential in a long bone model

Fig. 3. 3D reconstructions from pCT scans from one representative animal after 2, 4 and 6 weeks of each group are
shown. In the ISH group (left) mineralised tissue was formed predominantly at the endosteal regions. After 6 weeks
the gap had not been bridged; rather a sealing of the medullary canal was observed. In the ABC group (middle)
callus formation was mainly located between the cortices adjoining the gap. Neither bridging nor cap-formation
was observed. In the BMP group (right) massive callus formation in the periosteal and intercortical regions was
observed between week 2 and 4. Complete bridging with a reformed medullary canal had occurred during the 6
weeks observation period.

in EDTA (42 days at 37 °C), dehydrated with alcohol
and xylol, and embedded in paraffin. The femora of the
BMP group were fixed for 2 days in normal buffered
formaldehyde, dehydrated in ethanol, and embedded
in polymethylmethacrylate (Technovitl 9100, Heraeus
Kulzer). Longitudinal serial sections (4 um) were cut in
the plane of the K-wire ducts for all femora.

Sections of each animal were stained with Movat’s
Pentachrome which allows a distinct and colourful contrast
between the different tissue types: haematoma/fibrin is
stained different shades of red, cartilage is deep green,
fibrous connective tissue is light green-blue and bony tissue
is stained yellow (Olah et al., 1977). The sections were
analysed for the type of tissue bridging the gap. Thereby we
distinguished between mineralised tissue, cartilage tissue
and connective tissues within the OT gap region. In case
the gap was bridged by mineralised tissue it was further
assessed whether the formation occurred in the periosteal
or intercortical region.

Statistical analysis

Mean values together with standard errors were calculated
for non-parametric data gained from the pCT analysis. Data
comparison was interpreted using the Kruskal-Wallis Test
and corrected p values for intergroup comparisons. For
statistical analysis SPSS 18.0 for Windows (SPSS Inc.,
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Chicago, IL, USA) was used. A p value of less than 0.05
was taken to be a significant difference.

Results

In vitro testing of the fixator devices

Torsional and axial loading of the system showed a linear
correlation of force and rotation and force and displacement
during the test protocol at values of 14.7 + 2.1 Nmm/° and
57.3 = 7.4 N/mm, respectively.

In vivo pnCT - callus formation and bridging of the
gap

During the course of the experiment, mineralised tissue
formation at 2, 4 and 6 weeks after OT was observed
in in vivo uCT. In the ISH there was only very scarce
periosteal callus formation without any bridging of the
defect zone by mineralised tissue. In the majority of the
animals, mineralised callus formation was observed within
the gap region. This callus formation, however, did not
bridge the gap.

In the ABC group callus formation only occurred in the
intercortical region. The callus formed there, however, did
not bridge the gap and was only appositioned at the region
directly above the medullary canal.
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Table 1. Parameters retrieved from the pCT given as mean + standard deviation (min-max) are grouped by treatment
and time points. There was significantly more Callus Volume (CV, BV) in the BMP group than in the other groups (p
< 0.001); Within the ISH-group these values were higher than in the ABC-group although not significant (p < 0.2).
The bone mineral content (BMC) was significantly higher in the BMP group than in the other groups (p < 0.001);
Within the ISH-group these values again were higher than in the ABC-group although not significant (p < 0.16). No
significant differences could be observed for BV/CV and TMD between the investigated groups.

2wks

4wks

6wks

BMP
cVv 155 + 66 (86 - 243)
BV 445 + 16 (23 - 62)
BV/CV 0.3+0.1(0.2-0.5)
TMD 573 + 14 (552 - 588)
BMC (BMD) 25,4 8,5 (14 - 34)
CvV 161 £ 52 (103 - 212)
BV 95+ 21 (78,6 - 119)
BV/CV 0,6+0,2(0,4-0,8)
TMD 658 + 35 (629 - 715)
BMC (BMD) 62,5 + 14 (49,5 - 78,4)
cv 148 + 45 (95 - 185)
BV 104 + 31 (76 - 152)
BV/CV 0,7+0,1(0,5-0,8)
TMD 735 £ 34 (710- 792)
BMC (BMD) 75,9 22 (59 - 113)

ABC
20,4 + 4,5 (14 - 25)

10,1 £ 2,6 (7 - 13)
0,5+0,1(0,4-0,6)
520 + 200 (160 - 616)
51+2,2(2,0-7,3)

24.8 + 8,6 (14 - 34)
15,0 £6,3 (8 - 22)
0,6 +0,1(0,5-0,7)
666,3 + 35,4 (623 - 708)
10,0 £ 4,1 (5,4 - 14)

30,0+ 9,6 (18 - 43)

22,0+ 8,8 (12 - 36)

0,7 +0,1(0,6-0,9)
725,1 £75,2 (603 - 800)
15,9 + 6,6 (8,8 - 26,5)

ISH
226+5,8(16,2-29,1)

12,3+2,8 (10 - 16)
0,6 +0,1 (0,4 -0,6)
658,4 +54,7 (629 - 740)
8,1+1,7(6-10)

36,6 + 14,2 (17 - 50)
24,4 £ 11,5 (9 - 36)
0,6+0,1(0,5-0,7)

672,3 + 12,5 (663 - 690)
16,3 + 7,6 (6 - 24)

51,2 + 24,3 (21 - 80)
40,4 + 19,8 (14 - 61)
0,8+0,1(0,7-0,8)
746,9 + 28,1 (710 - 775)
30,4 + 15,1 (10 - 45)

Table 2. Bridging scores (mean values) assessed in the pCT-normalised versus the
number of animals are given. Regions 1-4 (Fig. 2) have been summarised in one column
whereas results from the centre region (5) are given in a separate column. Please note
that superiority of the BMP group in the bridging score results from higher values only
in the peripheral regions 1-4, while in the centre region only a few differences can be
observed. (ISH: untreated control group; ABC: artificial clot group; BMP: thBMP2

treated positive control group; n: number of animals per group; wks: weeks).

bridging score normalized vs. n

_group time point Zone 1-4 Zoneb >
ISH(n 7) 2wks 0,0 0,0 0,0
ABC (n 5) . 0,0 0,0 0,0
BMP (n 5) " 20 0,2 22
ISH (n7) 4 wks 0.4 0,3 0,7
ABC (n 5) " 0,0 0,0 0,0
BMP (n 5) " 2,0 0,2 2,2
ISH(n 7) 6 wks 0,6 0,3 0,9
ABC (n 5) " 0,0 0,2 0,2
BMP (n 5) " 34 0,6 4,0

In the BMP group massive callus formation was
observed and bridging occurred in all animals already at
a 4 week time point. The callus formation was observed
predominantly in periosteal and intercortical regions,
whereas relatively smaller stimulation of the formation
of mineralised tissue within the medullary canal occurred
(Fig. 3). During the experiment no pronounced signs of
swelling, seroma or prolonged wound secretion were
observed in the BMP-Group compared to the two other
groups.

cE.LE& MAC=SEAL

Callus volume and quality

The amount of callus formed increased over time as well
as the mineral content of the newly formed tissue in all
animals (p < 0.0001). At all investigated time points the
total volume (CV) of callus formation was significantly
higher in the BMP group than in the ISH and the ABC
groups (p < 0.0001). Moreover, the bone volume (BV)
and the tissue mineral content (TMC) in the BMP group
were significantly higher at all analysed time points (p <
0.0001). Results after 2, 4 and 6 weeks for each group are
displayed in Fig. 4 and summarised in Table 1.
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Fig. 4. An increase of callus volume (CV, [mm?*]), the amount of bone of the callus tissue (BV, [mm?®]) as well as bone
mineral contend (BMC, [mg]) on the basis of total mineral density of the callus was observed over time. All of these
parameters were significantly higher in the BMP group when compared to those in the ISH and ABC group (Kruskal-
Wallis Test ; p <0.0001). Note the early callus formation in the BMP group. A tendency towards lesser CV and BMC
of callus formation was observed in the ABC group compared to the ISH group (Kruskal-Wallis Test; p = 0.2 and
0.16, respectively), (CV: total volume, BV: bone volume, BMC: bone mineral content, wks: weeks); (BMP: rhBMP2
treated positive control group = grey; ABC: artificial clot group = white, ISH: untreated control group = chequered).
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Fig. 5. uCT images of the osteotomy healing progression at 6 weeks post-surgery showing an example of the ISH
group on the left, ABC group in the middle, and the BMP group on the right side. Almost no callus formation at
the periosteal site can be observed in the ISH and the ABC group while massive periosteal and intercortical callus
formations occurred in the BMP group. In the ISH a capping and in the ABC group a sealing of the medullary canal
is depicted. Still, it seems that in the ISH group, delayed bridging would be likely to occur while this would not be
expected in the ABC group (LCT: micro computer tomography; ISH: untreated control group; ABC: artificial clot
group; BMP: thBMP2 treated positive control group).

Within the group where the artificial blood clot was
transplanted into the OT gap, a tendency towards lesser CV
and BMC of callus formation was observed, in comparison
to the ISH group (p = 0.2 and 0.16, respectively).

Bridging
During the course of the experiment no bridging of the
OT gap by mineralised tissue was observed in all but one
animal of the ISH group. In 5 animals the cap-formation
in the centre region bulged into the OT gap, sealing the
medullary canal, however, without bridging the gap (Fig.
5). In one animal, bridging in 4 out of 5 investigated
locations (Fig. 2) occurred at the 6-week time point.

In the ABC group very little callus formation was
observed in the periosteal regions as well as within the
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gap regions; formations of mineralised tissue without
bulging into the medullary canal can be seen here. This
was constant for all animals in this group.

In the 3D CT reconstructions from the BMP group, the
OT gap was bridged by mineralised tissue at least partly in
all animals already after 4 weeks. After 6 weeks, bridging
occurred in 4 out of 5 regions in the BMP group. Over the
course of the experiment, mineralised tissue formations
in the BMP group originated mostly from the periosteal
regions (Fig. 5). This was confirmed by the bridging
score where differences between the groups were well
pronounced in the periosteal regions and only marginally
in the centre region. Results of the bridging score are
summarised in Table 2.
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Fig. 6. Photomicrographs of histological sections 6 weeks post-surgery of the (

Healing potential in a long bone model

Y . S e

: L
from left to right) ISH, ABC, and BMP

group (Movat Pentachrome staining); mineralised formation bulging into the gap region in the ISH group, while in
the ABC group almost only fibrous tissue was found, mineralised tissue formation completely bridged and filled
the gap within the BMP group (note the predominantly periosteal cantilevered callus formation); (ISH: untreated
control group; ABC: artificial clot group; BMP: rhBMP2 treated positive control group); scale bar: 2.5 mm; Co =
cortical bone/ yellow; BM = bone marrow/ dark red; Cg = cartilage/ green; Mc = muscle/ red.

Histology

The results found in the pCT were supported by the
histological observations — all but one animal in the ISH
group showed no bony bridging. In these specimens some
woven bone formation could be observed in the periosteal
and endosteal regions. After 6 weeks the defect zone,
however, was predominantly filled with non-mineralised
cartilage formation growing from the proximal and distal
end of the OT gap and fibrous tissue formation intersecting
those cartilage areas (Fig. 6A).

In the ABC group the gap regions were mainly filled
with fibrous tissue; only very little formation of mineralised
tissue and cartilage were observed here. As found in the
pCT analysis mineralised tissue apposition was only seen
above the opening of the medullary canal (Fig. 6B).

Again confirming the results from the puCT in all
sections in the BMP group we observed complete
bridging of the fracture gap by mineralised tissue in the
periosteal and intercortical regions. Callus formations were
much more pronounced in the periosteal regions where
impressive woven bone formations bridged the gap. Hardly
any cartilage formation could be seen in those sections at
the 6 week time point (Fig. 6C).

Discussion

In this study we characterised a delayed bone healing
model without the use of large defects, instable fixation or
structural damage to the adjacent soft tissues but rather with
a choice of animals having formally reduced biological
bone healing potential. In our experiment we integrated
the clinical standard to treat impaired bone healing as
a positive control. Due to our experimental design we
do have a clinical relevant benchmark to quantify the
effectiveness of innovative therapies. In our model, the
BMP stimulated group showed complete bone healing
within 6 weeks while the untreated group resulted in an

TELR matsiaLy

268

impaired healing situation. These observations go along
with the experiments of Wildemann et al. (Wildemann et
al., 2011), where an intramedullary nail coated with BMP
was capable of rescuing a non union in a rat model. The
early formations of mineralised callus tissue support the
results from Wulsten et al. (Wulsten et al., 2011) where
BMP induced a very early callus formation and thereby
stiffening these callus formations. Interestingly, we found
that the pure, artificial haematoma from peripheral blood
used as a carrier for BMP negatively influenced the
outcome of the repair process.

In this model, the healing outcome of our newly
developed model can be controlled from non-healing
to complete bridging within 6 weeks by simply altering
the haematoma filling the OT gap without the use of a
structure-providing scaffold.

The setup characterised within our experiments now
enables us to compare newly developed products for
the enhancement of bone healing to the current clinical
standard under circumstances resembling an efficient,
reproducible model for delayed bone healing. Innovative
therapy approaches (Chen etal., 2010; Harvey etal., 2010;
Tare et al., 2010) delivered via the haematoma, as well as
various physiological and pathological alterations of the
osteotomy haematoma can be characterised, and its effect
on the formation of new bone can be investigated.

A limitation of this study is the use of two embedding
methods for samples from the ISH & ABC group and
the BMP group, due to further analyses of mechanical
properties of the callus tissue in the latter group. In order
to exclude possible methodological errors arising from
automatic picture processing with quantitative or semi-
quantitative histomorphometric methods we analysed our
samples by hand and carried out descriptive histology only.

The OT gap is filled with a haematoma when left alone.
This in situ haematoma in itself has a certain healing
potential (Schmidt-Bleek et al., 2009; Kolar et al., 2010).
We predominantly found fibrous tissue with small cartilage
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appositions within the gap zone. Formations of immature
woven bone were detected at endosteal and periosteal sites
butrarely in the OT gap. The gap regions were mainly filled
with areas of cartilage mostly separated by a central layer of
fibrous tissues. According to a histological scale of fracture
healing (Oetgen et al., 2008) this tissue formations found
in the ISH group at 6 weeks correspond to very immature
stages of bone healing.

The haematoma, however, could serve as a carrier
for growth factors or cells (Trombi et al., 2008) as
therapeutics to enhance bone healing. In this study
the in situ haematoma was replaced with an artificial
haematoma, derived from autologous peripheral blood.
This artificial haematoma showed a tendency to lessen
callus formation compared to the in situ haematoma with an
increased fibrous tissue share in the gap region construing
towards a pseudarthrotic outcome. This could be due to
the interrupted coagulation process necessary to prepare
the artificial haematoma. By this, the cytokine pattern in
the haematoma could be altered. The thrombin used in
the process of clotting the artificial blood clot has been
reported to trigger the release of growth factors known to
positively influence osteogenic and angiogenic processes
(Martineau et al., 2004). Therefore, it could be presumed
that the clot itself should further the healing process and
in converse argument the negative outcome of the healing
in the ABC group is unexpected. More and more evidence,
however, arises, that the balanced and proper temporal
and spatial sequence of factors during the initial phase of
bone healing is important for a successful healing outcome
(Mountziaris etal., 2011). The diminished healing potential
of the artificial haematoma, compared with the in situ
haematoma observed in this study, is another indicator of
the clear impact that the sensitively balanced composition
of the haematoma has on the healing process. In the bone
haematoma, the first steps of the healing cascade evolve
directly after the injury occurs; differing between good
and bad healers and bone and soft tissue injury. These
differences include a change in the cytokine pattern
and cellular composition (Schmidt-Bleek et al., 2009;
Recknagel et al., 2011; Recknagel et al., 2012; Schmidt-
Bleek et al., 2012). Therefore, a difference in the healing
potential of the in situ haematoma and the artificial blood
clot could well be explained by the undisturbed cytokine
pattern development in the in situ haematoma.

Nevertheless, though the artificial blood clot is in
principle inferior to the in situ haematoma, it still represents
a suitable and easy-to-fabricate carrier for products to
enhance the healing process. Through manipulation of the
artificial haematoma (here the addition of BMP), successful
bone healing was achieved in the course of 6 weeks among
the biologically-impaired animals investigated. Typical
periosteal callus formation could be observed. These
formations are in good accordance with the reports found
in the literature where the effect of BMP on the periosteal
callus formation within the first 4 weeks post osteotomy
has been described (Schmidmaier et al., 2002; Wildemann
etal., 2011; Wulsten et al., 2011).

In this setup, the naturally occurring fracture haematoma
can be mimicked and modified and just-on-time therapy
strategies can be tested since there is no incubation time,

eG.L"J& MACETiAL

269

Healing potential in a long bone model

no toxicity aspects, no adverse immune reaction, and no
degradation problem to be antagonised.

Despite the acceptance of the influence of the
mechanical environment on the course of bone healing,
the mechanical boundary conditions of the animal models
used have been characterised only in very few studies.
We found our device to be stiffer in torsion and axial
compression than those characterised by Strube et al.
(Strube et al., 2009), but very good in comparison to those
in the study of Mehta et al., 2010 (Mehta et al., 2010).
Disadvantages of external fixator devices are soft tissue
irritation, pin breakage and pin infection. Nonetheless
we observed no breaking of pins or soft tissue irritation
in our study. Moreover, by abstaining from the use of
instable fixation techniques, the biological processes are
not further influenced and hindered by unphysiological
interfragmentary movement amplitudes.

Due to our fixator material selection, artefacts caused
by the device during uCT could obviously be reduced
(Sullivan et al., 1994; Strube et al., 2008a). Thereby, a
3D radiological in vivo follow-up of callus formation
within one animal is possible, while taking advantage of
the small interference of the implant material with the
healing zone. Geometrical pathways of callus formation
can also be followed up and the therapeutic effect of distinct
variations of the haematoma can be evaluated for each
animal individually. Within our settings now, therapeutics
can be tested quantitatively versus the current clinically
standardised usage of BMP in treating fracture non-unions.

Conclusion

The small animal model presented in this pilot study
employs risk factors that are likely to coincide with
impaired healing situations in the clinic leading to a
compromised healing situation. In this experiment, we
did not create a large defect and that allows us to abandon
the use of a stability providing scaffold. This enabled us to
demonstrate the key role of the in situ fracture haematoma
during bone regeneration. A simple autologous blood clot
enriched with BMP stimulates the model to complete
healing within 6 weeks and thereby sets a benchmark
for innovative therapies to improve impaired long bone
healing situations.
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Discussion with Reviewers
Reviewer I: This manuscript introduces an animal model to

investigate the influence of an interfragmentary artificially
modified haematoma to induce fracture healing. A similar
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animal model has already been used recently to assess the
fracture healing in systemic inflammation by Recknagel
et al. (2011) (text reference). However, the experimental
setup in the present study offers the advantage to further
assess the impact of therapeutic concepts to induce fracture
healing under in vivo circumstances. Please comment.
Authors: It has been shown in a similar experimental setup
by Recknagel et al. (2011) that an inflammatory response
mediated by cytokines such as II-1p, TNF-a, IL-6 etc.
can cause impaired bone healing. Although in the present
study surgery was carried out in sterile circumstances
and animals have been treated with antibiotics during
surgery, it would have been favourable to rule out any
inflammation. Thus, analysis of the data could benefit
from the determination of inflammatory cytokines in the
serum before surgery and during the experimental setup
and additional immunohistochemical staining at the end
of the experimental setup. In my opinion, the effect of
an inflammatory response, which additionally influences
bone healing mediated by the interfragmentary haematoma
should be further taken into consideration.

The animals did not show clinical sings of local
infections, such as swelling, rubor or prolonged secretion
of the wound, which are often observed in clinical routine
after the local application of BMPs. We therefore did
not believe an inflammatory reaction caused by possibly
microbiological infection would cause the healing
alterations. We “ruled out” an inflammation clinically.

Immunohistochemical staining was conducted to
stain the endothelial cells expression vWF to make vessel
formations clear.

The time point for the histological sections in
our experiment was chosen in order to analyse callus
formations. Cytokine expressions vary considerably within
the very beginning of the healing phase (Recknagel et al.,
2011). Therefore immunohistochemical stainings were not
conducted at that time point.

We further believe that any alteration between a
cytokine expression in the very early phase of fracture
healing in this presented experiment is caused by the
different cytokine contents and concentrations of the
transplanted graft consisting either of pure fracture
haematoma, peripheral blood or peripheral blood + BMP2,
respectively. However, as this study mainly focused on the
establishment of the model with the possible use of the
artificial haematoma as carrier for growth factors / cells the
different inflammatory reaction during the inflammatory
bone healing phase were not addressed. This could be an
interesting research option in another study.

Taken together, the findings presented in the manuscript
appear to be of a great interest within its field. Therefore,
the animal model presented offers a promising alternative
to further investigate and promote bone healing under
impaired circumstances.

Reviewer II: The lack of mechanical testing, in light of
the extensive literature in the field using the particular,
well-known, candidate selected, is a major concern. Also
in light of the effects of BMP-2 upon cell differentiation,
it would be necessary to include data on gene expression
profiles. Please comment.
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Authors: The biomechanical testing was performed for the
investigated groups, However, results were only obtained
for the BMP group (as shown above) while the other groups
did not show enough stability in this biologically impaired
healing model of old, female, high parity rats with a 2
mm gap size. With the pCT evaluation and the histology,
nevertheless, a good impression of the healing outcome
was obtained to support the usefulness of the haematoma
as a scaffold for growth factor or cell application. As the
cascade of the BMP signalling pathway in bone healing
has been investigated before (Schwappacher et al., 2009;
Sieber et al., 2009; Wagner et al., 2010; Heining et al.,
2011; Pohl et al., 2012; Ruschke et al., 2012) (additional
references), to only mention some from our Berlin
cooperation, we did not see the necessity to include this
in our analysis of the model establishment.

Reviewer III: If you use immunohistochemistry
technology, would not you be able to figure out difference
between ectopic blood clot and in situ blood clot?

Authors: The time point for the histological sections
in our experiment was chosen in order to analyse callus
formations. Cytokine expressions vary considerably within
the very beginning of the healing phase (Recknagel et al.,
2011). Therefore, immunohistochemical stainings were
not conducted at the here chosen time point. We further
believe that any alteration between a cytokine expression
in the very early phase of fracture healing, in this presented
experiment, is caused by the different cytokine contents and
concentrations of the transplanted graft consisting either of
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pure fracture haematoma, peripheral blood or peripheral
blood + BMP2, respectively.
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