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Abstract Fracture is one of the most life-threatening injuries
in horses. Fracture repair is often associated with unsatisfac-
tory outcomes and is associated with a high incidence of
complications. This study aimed to evaluate the osteogenic
effects of gelatin/3-tricalcium phosphate (GT) sponges loaded
with different concentrations/ratios of mesenchymal stem
cells (MSCs) and bone morphogenetic protein-2 (BMP-2) in
an equine bone defect model. Seven thoroughbred horses
were used in this study. Eight bone defects were created in
the third metatarsal bones of each horse. Then, eight treat-
ments, namely control, GT, GT/M-5, GT/M-6, GT/M-5/B-1,
GT/M-5/B-3, GT/M-6/B-1, and GT/M-6/B-3 were applied to
the eight different sites in a randomized manner (M-5: 2x 10
MSCs; M-6: 2x10° MSCs; B-1: 1 pug of BMP-2; B-3: 3 ng of
BMP-2). Repair of bone defects was assessed by radiography,
quantitative computed tomography (QCT), and histopatho-
logical evaluation. Radiographic scores and CT values were
significantly lower in the control group than in the other
groups, while they were significantly higher in the GT/M-5/
B-3 and GT/M-6/B-3 groups than in the other groups. The
amount of mature compact bone filling the defects was greater
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in the GT/M-5/B-3 and GT/M-6/B-3 groups than in the other
groups. The present study demonstrated that the GT sponge
loaded with MSCs and BMP-2 promoted bone regeneration in
an equine bone defect model. The GT/MSC/BMP-2 described
here may be useful for treating horses with bone injuries.
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Introduction

Musculoskeletal injuries are common causes of death or re-
tirement among athletic horses (Johnson et al. 1994). Frac-
tures account for the majority of fatal injuries, often in con-
junction with unsatisfactory prognosis and complications such
as delay or failure of bony union, fixation failure, and stress-
induced laminitis (Lopez and Markel 2012). Animal welfare
concerns and economic losses necessitate the development of
more effective therapies for equine fracture treatment.

Tissue engineering (TE) has emerged as a promising strat-
egy for bone regeneration. The key components of TE are
cells, growth factors, and scaffolds (Koch et al. 2009). Mes-
enchymal stem cells (MSCs) are gaining increasing attention
for bone TE because of their ability to differentiate into several
cell lineages including bone cells (Koch et al. 2009; Jones and
Yang 2011). Bone morphogenetic protein-2 (BMP-2), one of
multiple BMPs that belong to the transforming growth
factor-3 superfamily, is widely known for inducing osteogen-
esis (Devescovi et al. 2008). BMP-2 has a very short biolog-
ical half-life; therefore, specialized carriers are required to
maintain their retention at the target site (Yamamoto et al.
2001; Devescovi et al. 2008). Porous gelatin sponges are
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widely used as scaffolds in TE because of their biodegradabil-
ity, low antigenicity, and ability to deliver cells and growth
factors (Yamamoto et al. 2001; Noth et al. 2010). Beta-
tricalcium phosphate ((3-TCP) incorporation improves the
mechanical properties of the gelatin sponge without altering
the porous structure (Takahashi et al. 2005b). Previous studies
demonstrated that gelatin/3-TCP (GT) sponge was useful for
the delivery of MSCs and BMP-2 in bone TE (Yamamoto
et al. 2001; Takahashi et al. 2005a, b; Seo et al. 2012).
Furthermore, GT sponges loaded with MSCs and BMP-2
(GT/MSC/BMP-2) have been shown to facilitate new bone
formation in rats (Tadokoro et al. 2011).

We have previously demonstrated that BMP-2-loaded GT
sponge accelerated bone regeneration in an equine bone defect
model (Tsuzuki et al. 2011). However, no studies have eval-
uated the osteogenic effects of GT-MSC-BMP-2 in horses.
This study aimed to evaluate the osteogenic effects of GT
sponges loaded with different concentrations/ratios of MSCs
and BMP-2 in an equine bone defect model.

Materials and methods
Study design

Seven healthy thoroughbred horses (five females, two males),
aged 5.1+2.6 years and weighing 456.8+85.6 kg, were used
in this study. Before the experiment, their normal physical
conditions were established on the basis of physical examina-
tion, complete blood cell count, blood chemistry, and radiog-
raphy. For each of the seven horses, eight treatments were
applied to the eight different sites in a randomized manner.
Throughout the experiment, all evaluations were performed
by the same veterinarians who were blinded to the treatments.
This experiment was approved by the Experimental Animal
Committee of Obihiro University of Agriculture and Veteri-
nary Medicine.

GT sponge preparation

GT sponges (water content: 97.8 %, (3-TCP content: 50 %,
porosity: 95.9 %, pore size: 179.1+27.8 pm, compression
modulus: 1.13+0.13 MPa) were prepared by previously
established methods (Takahashi et al. 2005b). In brief, an
aqueous solution of gelatin (isoelectric point of 9.0) and f3-
TCP granules (50 wt%) were mixed using a homogenizer.
Then, 0.16 wt% of an aqueous glutaraldehyde solution was
added and mixed. For gelatin cross-linking, the solution was
cast into a polypropylene dish and allowed to set at 4 °C for
12 h. The cross-linked sponges were placed in an aqueous
glycine solution to block the residual aldehyde groups of
glutaraldehyde. After thorough washing with double distilled
water, the sponges were freeze-dried and cut into columns
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(diameter: 5 mm; length: 10 mm). The GT sponges were
sterilized using ethylene oxide gas.

MSC:s isolation and culture

Bone marrow (BM) was aspirated from the sternum of each
horse as described previously (Seo et al. 2012). The BM
aspirate was then cultured (BM aspirate: medium=100 ul:
10 ml) on culture dishes in tissue culture medium (TCM)
containing Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich Japan, Tokyo, Japan), 15 % fetal bovine serum
(Biowest, Nuaille, France), and 50 U/ml penicillin—strepto-
mycin (Sigma-Aldrich Japan, Tokyo, Japan). TCM was
changed 3 days after the initial plating and every 2 days
thereafter. For seeding into scaffolds, MSCs were dissociated
from culture dishes using 0.25 % trypsin/2.21 mM EDTA-
4Na solution (Mediatech, Herndon, USA) and counted using a
hemocytometer. Stemness of MSCs was confirmed by previ-
ously described methods (Seo et al. 2012). The MSCs showed
positive staining for alkaline phosphatase, and calcium de-
posits were observed after osteogenic culture for 14 days. In
addition, the expression of Act, Oct4, and KIf4 genes was
detected by reverse transcription-PCR.

BMP-2 and MSCs loading

Different concentrations/ratios of BMP-2 and MSCs were
loaded on the GT sponges (Table 1). To incorporate BMP-2,
50 pl of BMP-2 (Recombinant human BMP-2, PeproTech,
New jersey, USA) solutions of two different concentrations,
namely 1 pg/50 pl (B-1) and 3 png/50 pl (B-3) were dripped
onto the GT sponges, followed by incubation it at 4 °C over-
night. For MSCs loading, 50 pl of cell suspensions of two
different concentrations, namely 2x10°/50 pl (M-5) and 2 x
10%/50 ul (M-6) were dripped onto the GT sponges and
incubated at 37 °C for 2 h before implantation.

Table 1 Summary of treatment groups (n=7 for each group)

Treatment Scaffold MSCs BMP-2
Control - - -

GT GT sponge - -
GT/M-5 GT sponge 2x10° -
GT/M-6 GT sponge 2x10° -
GT/M-5/B-1 GT sponge 2x10° 1 pg
GT/M-5/B-3 GT sponge 2x10° 3 g
GT/M-6/B-1 GT sponge 2x10° 1 pg
GT/M-6/B-3 GT sponge 2x10° 3pug
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Surgical procedures

Horses were premedicated with medetomidine hydrochlo-
ride (5 pg/kg, i.v.). Guaifenesin (5 %, 0.5-1.0 ml/kg, i.v.)
was rapidly infused until the horse became ataxic. Anes-
thesia was induced with thiamylal sodium (4 mg/kg, i.v.)
and diazepam (0.03 mg/kg, i.v.) and maintained with
isoflurane in oxygen. The horses were placed in dorsal
recumbency. Following aseptic preparation of the dorsal
metatarsal area, four bone defects (4.5 mm in diameter,
10 mm in depth) were created on the dorsal cortex of both
third metatarsal bone by surgical drilling through the stab
incision. A needle and fluoroscopy were used to deter-
mine the proximal end of the third metatarsal bone. The
first defect was 5-cm distal to the proximal end of the
third metatarsal bone, and the other defects were distal to
the first defect, with 3-cm interval (Fig. 1). All the defects
were created in a dorsopalmar direction under the long
digital extensor tendon. The eight treatments included
control, GT, GT/M-5, GT/M-6, GT/M-5/B-1, GT/M-5/B-
3, GT/M-6/B-1, and GT/M-6/B-3, and these were applied
to the eight different sites in a randomized manner (n=7
for each group). After implantation, the incisions were
closed and a compression bandage was applied.

Left hind limb Right hind limb

Fig. 1 Four bone defects (4.5 mm in diameter, 10 mm in depth) were
created on the dorsal cortex of both third metatarsal bone by surgical
drilling through the stab incision. The first defect was 5-cm distal to the
proximal end of the third metatarsal bone, and the other defects were
distal to the first defect, with 3-cm interval

Postoperative care

Cefalothin sodium (20 mg/kg, i.v., BID) and phenylbutazone
(4 mg/kg, p.o., SID) were administered for 4 days following
surgery. The bandage was changed every day for 2 weeks, and
the skin sutures were removed 10 days after surgery. During
the study, all horses were maintained on stall rest, and were
monitored daily for clinical signs of pain, infection, and colic.

Radiographic evaluation

Dorsopalmar and lateromedial radiographs (70 kV, 1.6 mAs,
70-cm film-focus distance) were obtained before, at 1 day
after,and at 1, 2, 3, 4, 8, 12, and 16 weeks after surgery. Bone
regeneration was scored by the percentage area of the defect
filled (0: none, 1: <20 %, 2: 20 %39 %, 3: 40 %59 %, 4:
60 %—79 %, 5:80 %—100 %). All films were scored by two
veterinarians who were blinded to the treatments.

Quantitative computed tomography (QCT)

The horses were euthanatized 16 weeks after surgery. The
hind limbs were severed at the tarsocrural joint. QCT was
performed in sagittal sections at 0.5 mm intervals using
multidetector-row CT (Asteion™ Super 4®, Toshiba, Tokyo,
Japan) and a three-dimensional image processing software
(Virtual Place Advance®, Aze, Tokyo, Japan). The CT instru-
ment was calibrated using air and water phantoms according
to the manufacturer’s instructions. The CT value (Hounsfiled
Unit: HU) of the region of interest (4.0 mm in height , 7.0 mm
in width) was obtained from the three central sagittal slices
within the bone defect (Fig. 2). HU is a relative value that
defines the radiodensity of air as —1000, that of distilled water
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Fig. 2 The CT value (Hounsfiled Unit: HU) of the region of interest
(4.0 mm in height, 7.0 mm in width) was obtained from the three central
sagittal slices (0.5 mm intervals) within the bone defect. The mean CT
value was used in subsequent analyses
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as 0, and that of human compact bone as 1000. The mean CT
value was used in subsequent analyses.

Histopathological evaluation

For histopathological examination, the specimens were ex-
cised using a handsaw. The specimens were fixed in 10 %
neutral buffered formalin, decalcified in 20 % formic acid,
embedded in paraffin and sectioned at 4-um thickness. The
sections were stained using hematoxylin-eosin (HE). The
condition of the defect site was evaluated subjectively, with
at least three sections evaluated per defect.

Statistical analysis

Data are expressed as mean =+ standard deviation or median
and range. Statistical analysis of data was performed using
SPSS 12.0 software (SPSS, Illinois, USA). The results of
radiography, QCT, and histopathology were compared using
a nonparametric Friedman test followed by the Wilcoxon
signed rank test. Statistical significance was considered at
P<0.05.

Results
Horses
All horses recovered well from anesthesia and could partici-
pate in the entire study. Horses remained sound with the

described postoperative drug therapy. There were no compli-
cations associated with surgery throughout the study.

Radiographic evaluation

The results of radiographic evaluation are shown in Table 2
and Fig. 3. Radiographic scores were significantly lower in the
control group than in the other groups at4, §, 12, and 16 weeks
after surgery (P<0.05), significantly higher in the GT/M-5/B-
3 and GT/M-6/B-3 groups than in the other groups at4, §, and
12 weeks after surgery (P<0.05), and significantly higher in
the GT/M-5/B-3 and GT/M-6/B-3 groups than in the control,
GT, GT/M-5, and GT/M-6 groups at 16 weeks after surgery
(P<0.05).

QCT

The results of QCT are listed in Table 3. CT values were
significantly lower in the control group than in the other
groups (P<0.05), while they were significantly higher in the
GT/M-5/B-3 and GT/M-6/B-3 groups than in the other groups
(P<0.05).

Histopathological evaluation

At 16 weeks, histopathology confirmed no remaining implant
material and no inflammatory reactions in or near the defects.
Subjectively, the amount of mature compact bone filling the
defects was greater in the implanted groups than in the control
group (Fig. 4). The border between the bone defect and the
original bone was unclear in the GT/M-5/B-3 and GT/M-6/B-
3 groups, which exhibited a greater amount of mature compact
bone in the defects compared with the other groups.

Table 2 Median (range) radiographic scores at different time points after surgery

Treatment Week
0 1 2 3 4 8 12 16

Control 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-1) 0" (0-1) 0" (0-2) 17 (1-3) 2" (1-4)
GT 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-1) 1(0-2) 1(1-3) 2(1-4) 2(2-5)
GT/M-5 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-1) 1(0-2) 1(1-3) 2(1-3) 3(2-5)
GT/M-6 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-1) 1(0-2) 1(1-3) 3(1-3) 3(2-5)
GT/M-5/B-1 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-1) 1(0-2) 1(1-2) 2(1-3) 3 (2-5)
GT/M-5/B-3 0 (0-0) 0 (0-0) 0 (0-1) 1(0-1) 2" (1-3) 2% (1-3) 4% 2-4) 4 (3-5)
GT/M-6/B-1 0 (0-0) 0 (0-0) 0 (0-0) 1(0-1) 1(0-2) 1(1-2) 2 (1-4) 3 (2-5)
GT/M-6/B-3 0 (0-0) 0 (0-0) 0 (0-1) 1(0-1) 2" (1-2) 37 (1-3) 4" (2-5) 4 (3-5)F

Bone regeneration was scored by the percentage area of the defect filled (0: none, 1: <20 %, 2: 20 %39 %, 3: 40 %—59 %, 4: 60 %—79 %, 5:80 %—

100 %)
* Significantly lower (P<0.05) than the other groups

T Significantly higher (P<0.05) than the control, GT, GT/M-5, GT/M-6, GT/M-5/B-1, and GT/M-6/B-1groups
* Significantly higher (P<0.05) than the control, GT, GT/M-5, and GT/M-6 groups
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Fig. 3 Lateromedial radiographs
of the defects at 16 weeks after
surgery (horse No. 5). The
decrease in defect size at

16 weeks after surgery is greater
in the GT/M-5/B-3 and GT/M-6/
B-3 groups than in the other
groups

GT/M-5

GT/M-5/B-1

Discussion

The ideal scaffold for bone TE should be biodegradable,
highly porous, of suitable mechanical strength, and facilitate
proliferation and differentiation of bone progenitors (Bose
et al. 2012). Gelatin is a denatured collagen widely used in
TE and drug delivery systems because of its biodegradability
and lower antigenicity compared with collagen (NGth et al.
2010). On the other hand, 3-TCP is a biodegradable ceramic
commonly used in bone TE because of its similarity to the
inorganic composition of bones (Bose et al. 2012). 3-TCP
incorporation reportedly improves the mechanical properties

Table 3 Quantitative computed tomography (QCT) results at 16 weeks
after surgery

Treatment CT value (Hounsfiled Unit: HU)
Control 765+335"
GT 865+398
GT/M-5 870+409
GT/M-6 871409
GT/M-5/B-1 8734405
GT/M-5/B-3 9794455
GT/M-6/B-1 876+407
GT/M-6/B-3 987+462"

Data are expressed as mean =+ standard deviation

High scores denote good results

HU is a relative value that defines the radiodensity of air as —1000, that of
distilled water as 0, and that of human compact bone as 1000

* Significantly lower (P<0.05) than the other groups

T Significantly higher (P<0.05) than the control, GT, GT/M-5, GT/M-6,
GT/M-5/B-1, and GT/M-6/B-1groups

GT/M-6/B-6

GT/M-6/B-3

GT/M-5/B-3

GT/M-6

Left hind limb

Control

Right hind limb

of gelatin scaffolds without altering the porous structure and
promotes the attachment, proliferation, and osteogenic differ-
entiation of MSCs (Takahashi et al. 2005b). GT sponge not
only provides a three-dimensional (3D) structure for bone
progenitors but also functions as a carrier for growth factors,
including BMP-2. Controlled release of BMP-2 from GT
sponge enhanced the induction activity of bone formation in
aprevious study (Takahashi et al. 2005a). On the basis of these
findings, we decided to use the GT sponge as a scaffold for
bone TE. In the present study, we confirmed that the GT
sponge with or without MSCs and BMP-2 loading promoted
bone regeneration without causing any complications in an
equine model. Therefore, the GT sponge may be useful to treat
equine bone injuries, which are usually difficult to treat.
MSC:s are an attractive cell source for bone TE because of
their high proliferation capacity and multipotency (Koch et al.
2009; Jones and Yang 2011). Many previous studies have
shown that MSC loaded scaffolds result in greater bone re-
generation compared with scaffolds alone (Kon et al. 2000;
Jang et al. 2008; Khojasteh et al. 2013). However, in the
present study, although horses treated with MSC loaded GT
sponges showed increased radiographic scores and CT values
compared with those treated with the GT sponge alone, there
were no significant differences in scores between the GT/
MSC groups and the GT group. This could be the result of
MSC recruitment from the surrounding tissue into the GT
sponge and MSC migration from the implanted site to other
sites. It is well known that the scaffold can act as a temporary
3D structure for promoting osteoprogenitor cellular infiltra-
tion and proliferation for bone tissue repair (Koch et al. 2009;
Cao and Kuboyama 2010; Vo et al. 2012). Furthermore, a
recent study demonstrated that locally implanted
osteoprogenitor cells could migrate to other sites (McDuffee
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Fig. 4 Histopathological
examination of the defects in the
control (a), GT (b), GT/M-5 (¢),
GT/M-6 (d), GT/M-5/B-1 (e), GT/
M-5/B-3 (f), GT/M-6/B-1 (g), and
GT/M-6/B-3 (h) groups at

16 weeks after surgery.
Subjectively, the amount of
mature bone filling the defects is
higher in the implant-treated
groups than in the control groups.
The border between the bone
defect and the original bone is
unclear in the GT/M-5/B-3 and
GT/M-6/B-3 groups, which also
exhibit a greater amount of
compact bone in their defects
compared with the other groups.
The yellow broken line indicates
the drill-hole region. Hematoxylin
and eosin staining. Scale bar:

2 mm

et al. 2012). Massive death of MSCs after implantation is
another possible reason for the insignificant effects of MSC
loading. Previous studies showed that more than 60 % MSCs
loaded on scaffolds die within 2 weeks after in vivo implan-
tation (Dégano et al. 2008; Zimmermann et al. 2011).

Our previous study demonstrated that the implanted MSCs
proliferate in GT sponges and that the maximum holding
capacity of these sponges is approximately 10® MSCs per
5x5%x5 mm® GT sponge (Seo et al. 2012). Considering the
time and cost encountered for MSC expansion, the use of
small numbers of MSCs would greatly facilitate its therapeutic
application. Therefore, we used two concentrations of MSCs
in this study: 2x10%/50 ul (M-5) and 2x10%/50 pl (M-6).
There were no significant differences in the results of radio-
graphic evaluation, QCT, and histopathological examination
between the M-5 and M-6 groups. These insignificant results
can be attributed to MSC proliferation in the GT sponges used
in the M-5 group, as well as MSC migration and death.

BMP-2 is the most commonly used growth factor for bone
regeneration because it promotes migration, proliferation, and
differentiation of osteoprogenitors and synthesis of extracel-
lular matrix (Devescovi et al. 2008). Previous studies have
demonstrated that the BMP-2-loaded scaffolds accelerated
bone regeneration in equine bone defect models (Perrier
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et al. 2008; Tsuzuki et al. 2011). On the other hand, many
studies have shown that the co-delivery of MSCs and BMP-2
in delivery vehicles possesses bone regenerative potential
in vitro and in vivo (Kim et al. 2007, 2010; Terella et al.
2010). In a previous study, subcutaneously implanted GT/
MSC/BMP-2 facilitated new bone formation in rats
(Tadokoro et al. 2011). GT/MSC/BMP-2 is also expected to
promote bone regeneration in horses with fractures. However,
no studies have evaluated the osteogenic effects of GT/MSC/
BMP-2 in horses. On the basis of these reports, we decided to
evaluate the osteogenic effects of GT/MSC/BMP-2 in horses
and confirmed that GT/MSC/BMP-2 promoted bone regener-
ation in an equine bone defect model.

Our previous study demonstrated that GP sponges loaded
with 3 pg of BMP-2 accelerated bone regeneration in an
equine bone defect model (Tsuzuki et al. 2011). However,
the cost of BMP-2 is a major obstacle to its clinical applica-
tion, and therefore, the use of a smaller dose of BMP-2 would
resolve this issue. Accordingly, in the present study, we used
two concentrations of BMP-2: 1 pg/50 ul (B-1) and 3 pg/
50 pl (B-3). GT/M-5/B-3 and GT/M-6/B-3 implanted into the
bone defects resulted in significantly higher radiographic
scores and CT values compared with the other materials. In
addition, the amount of mature compact bone was greater in
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the defects of these groups than in the defects of the other
groups. These results indicate that GT/MSC/BMP-2 promotes
bone regeneration in equine bone defect models. However,
there were no significant differences in the results of radio-
graphic evaluation, QCT, and histopathological examination
between the GT/MSC/B-1 groups and GT/MSC groups, indi-
cating that the bone regenerative effects of GT/MSC/BMP-2
is dependent on the BMP-2 dose used. Previous studies have
also shown that BMP-2 stimulates bone formation in a dose-
dependent manner (Schmokel et al. 2004; Wang et al. 2010).
On the other hand, excessive bone formation or decreased
bone formation has been reported after the use of a high dose
of BMP-2 (Linde and Hedner 1995; Yamaiji et al. 2007). The
optimal dose of BMP-2 is dependent on several factors such as
species, implant location, and age (Groeneveld and Burger
2000; Yamaji et al. 2007). Further studies are required to
determine the most effective dose of BMP-2 in horses.

In conclusion, the present study demonstrated that the GT
sponge loaded with MSCs and BMP-2 promoted bone regen-
eration in an equine bone defect model. Our results suggest
that the GT/MSC/BMP-2 described herein may be useful for
treating horses with bone injuries.
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