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An in vivo murine model for screening cranial bone regenerative
materials: testing of a novel synthetic collagen gel

Hisako Hikiji - Ken Tomizuka - Tetsushi Taguchi -
Hiroyuki Koyama - Daichi Chikazu -
Yoshiyuki Mori * Tsuyoshi Takato

Received: 11 June 2013/ Accepted: 17 February 2014 /Published online:

© Springer Science+Business Media New York 2014

Abstract Rapid and efficient animal models are needed
for evaluating the effectiveness of many new candidate
bone regenerative materials. We developed an in vivo
model screening for calvarial bone regeneration in lipo-
polysaccharide (LPS)-treated mice, in which materials
were overlaid on the periosteum of the calvaria in a 20 min
surgery and results were detectable in 1 week. Intraperi-
toneal LPS injection reduced spontaneous bone formation,
and local application of basic fibroblast growth factor
(bFGF) increased the bone-forming activities of osteo-
blasts. A novel synthetic collagen gel, alkali-treated col-
lagen (AICol) cross-linked with trisuccinimidyl citrate
(TSC), acted as a reservoir for basic substances such as
bFGF. The AICol-TSC gel in conjunction with bFGF
activated osteoblast activity without the delay in osteoid
maturation caused by bFGF administration alone. The
AlCol-TSC gel may slow the release of bFGF to improve
the imbalance between osteoid formation and bone
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mineralization. These findings suggest that our model is
suitable for screening bone regenerative materials and that
the AICOI-TSC gel functions as a candidate reservoir for
the slow release of bFGF.

1 Introduction

Rodents with cranial defects are generally used as in vivo
models for regeneration of craniofacial bone tissue [1, 2].
These models are considered to be the most reliable for
investigating the effectiveness of materials for repairing
membranous bone. However, it takes several months to
repair bone defects, and it requires some skill to prepare
such calvarial models without damaging the dura and the
underlying brain and rodent survival is essential for eval-
uation. Spontaneous bone formation from cranial defects
can make it difficult to determine the efficiency of bone
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regenerative materials. Furthermore, the scaffold, a spacer
that causes probably more harm than use in the protease
rich environment of a large defect, may render cytokines
such as FGF inactive.

Many candidate bone regenerative materials have
recently been introduced. Efficient and short-term animal
models are needed for screening these candidate materials
such that only promising candidates are investigated fur-
ther. Lipopolysaccharide (LPS) is a well-known endotoxin
that plays an important role in the progression of bone-
resorptive diseases such as periodontitis [3]. By reducing
spontaneous bone formation in calvaria, LPS can improve
recognition of the bone regenerative effects of materials.
Herein, we present an in vivo model for screening bone
regenerative materials in LPS-treated mice, in which
materials were overlaid on the periosteum of the calvaria.
We have used this model to demonstrate the effects of a
novel synthetic collagen gel, alkali-treated collagen
(AlCol) cross-linked with trisuccinimidyl citrate (TSC), on
bone function [4]. The AICol-TSC gel was used in con-
junction with basic fibroblast growth factor (bFGF), a well-
known bone-forming growth factor in vivo [5].

2 Materials and methods
2.1 Materials

AlCol derived from pig tissues was provided by Nitta
Gelatin Inc. (Osaka, Japan). Citric acid (CA), N-hydroxy-
succinimide (HOSu), tetrahydrofuran (THF), dimethyl
sulfoxide (DMSO), ethanol, tert-butyl alcohol, HCI, acetic
acid, 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic
acid, 10 % formalin solution, NaOH, and methyl methac-
rylate were purchased from Wako Pure Chemical Indus-
trials Ltd. (Osaka, Japan). Dicyclohexylcarbodiimide
(DCC) was purchased from Kokusan Chemical Co., Ltd.
(Tokyo, Japan). LPS from Salmonella minnesota was
purchased from Sigma-Aldrich (MO, USA). Recombinant
human bFGF was purchased from R&D systems (MN,
USA).

2.2 Preparation of the AICol-TSC gel

TSC was prepared by previously reported methods [4, 6].
In brief, CA was first dissolved in THF, and then HOSu and
DCC were added. The resulting mixture was stirred for
30 min and then concentrated with rotary evaporation
under reduced pressure to remove THF. The final mixture
was recrystallized in ethanol to yield pure TSC. Charac-
terization of the resulting TSC was performed using 1H-
NMR spectroscopy (JEOL EX-300) and elemental analysis
as follows: TSC: 1H-NMR (DMSO-d6) d = 2.8 (s, 12H,
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succinimidyl ester’s CH2 x 6), 3.4 (s, 4H, CH2 x 2), 7.2
(s, 1H, OH). C18H17N3013: Calcd. C 44.73, H 3.55, N
8.69; Found C 44.83, H 3.45, N 8.58.

AlCol (30 % w/v) was first dissolved in DMSO, and
then 30 mM TSC solution was added. The mixture was
stirred and placed in a mold with a 0.5-mm-thick silicone
rubber spacer between two glass plates for 24 h at 37 °C.
The AICol-TSC gel was subsequently immersed in excess
pure water for 48 h at 37 °C to remove DMSO from the
AlICol-TSC matrices.

The AICol-TSC gel was gently dried to remove excess
moisture and immersed in 20 pl (29 pg) of bFGF or the
bFGF solvent [10 mM sodium phosphate and 0.3 M
glycerol (pH 7.0) containing 50 pg of bovine serum albu-
min] overnight. The total amount of bFGF or solvent was
absorbed into the AICol-TSC gel.

2.3 ELISA for bFGF released from the AlCol-TSC gel

The AICol-TSC gel was immersed overnight in 20 pl
(29 ng) of bFGF, then transferred to 20 pl of PBS, and
incubated at 37 °C for 7 days. The gel was transferred to
fresh PBS again at 1, 3, 12, 24, 48 and 96 h. bFGF in PBS
was quantified using a bFGF ELISA kit (R&D) according
to the manufacturer’s instructions.

2.4 Animals

After measuring the body weight, LPS (10 mg/kg body
weight) was injected intraperitoneally in 7-week-old
BALB/c mice just before the surgery. Prior to the main
experiments, 12 LPS-injected mice were weighed at 0, 1,
and 2 week to determine the systemic effects of LPS.
These mice were sacrificed after 14 days. In every group of
the main experiments, skin incision was made and skin
flaps were raised under anesthesia induced by injection
with pentobarbital (50 mg/kg weight).

After incision of the calvarial skin, the AlCol-TSC gel
(3 mm diameter) with or without bFGF was overlaid on the
periosteum of the calvaria of LPS-treated mice (n = 8§ or 7,
respectively). In a second experimental group, 20 pl of
bFGF was injected between the skin and the periosteum of
the calvaria after incision (n = 7). The third experimental
group was the control calvaria without gel or local bFGF
application (n = 6). Sufficient exfoliation of skin around
the incision was performed in order to suture the wound
without tension, which may cause physical damage to
calvaria. Mice were sacrificed after 1 week and used for
histological analysis. All animal experiments were per-
formed according to the guidelines of the International
Association for the Study of Pain [7]. In addition, the
experimental protocol was reviewed and approved by the
Animal Care Committee of the University of Tokyo.
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The calvaria were removed from the mice and fixed with
70 % ethanol. They were stained with Villanueva bone
stain for 7 days, dehydrated in ascending grades of ethanol,
defatted in an acetone/methyl methacrylate monomer
mixture (1:2), and embedded in methyl methacrylate
without decalcification. Cross sections (200 pum thick)
were ground to a thickness of 15 um.

Some tissue samples were fixed overnight in formalin
and then decalcified in 10 % EDTA for 7 days. After the
decalcification was complete, the tissues were embedded in
paraffin using a standard procedure and sectioned into
5 pm slices, and the sections were deparaffinized and
stained with hematoxylin and eosin.

Bone histomorphometric measurements of the calvaria
without decalcification were performed using a semiauto-
matic image analyzing system (System Supply, Nagano,
Japan) and a fluorescent microscope (Optiphot; Nikon,
Tokyo, Japan) set at a magnification of 200x. Bone his-
tomorphometric measurements are validated in the analysis
of bone metabolism, and the standard bone histomorpho-
metrical nomenclature, symbols, and units are according to
the report of the ASBMR Histomophometry Nomenclature
Committee [8]. The outer membranes of calvaria were used
for measuring the direct effects of materials on bone.

2.5 Statistical analysis

All results are expressed as mean + SD. Statistical ana-
lysis was performed with GraphPad Prism Software
ver.5.0. The statistical significance of differences among
more than three groups was determined by the Tukey’s
post ¢ test. The statistical significance of differences
between two groups was determined by the two-tailed
Student’s 7 test. Differences were considered statistically
significant at P values of <0.05.

3 Results
3.1 Characterization of AICol-TSC gel

We have previously reported the general characterization
of AlCol-TSC gel [4, 9]. TSC can cross-link biopolymers
such as collagen and exhibits cytocompatibility [4]. The
amounts of residual carboxyl groups in AlCol gels increase
with increasing TSC concentrations [4, 9]. Other properties
such as pH-responsive swelling behavior of AlCol-TSC
gel is also recognized [9].

The release of bFGF from the AlCol-TSC gel is shown
in Fig. 1. The release rate, i.e., the slope of the percentage
of cumulative release, was the greatest from O to 1 h. A
certain amount of bFGF was still released from 1 to 48 h.
Therefore, it is suggested that bFGF in the AlCol-TSC gel
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Fig. 1 In vitro release of bFGF from the AlICol-TSC gel (the average
percentage of cumulative bFGF release from the AlCol-TSC gel in
PBS). Error bars represent mean £+ SD for n = 3. The representative
data of three independent experiments are shown

that was overlaid on the mouse calvaria may be released for
a longer duration compared with injected bFGF. A total of
30 % of the initially loaded bFGF remained in the AlCol-
TSC gel after 1 week, and this bFGF is expected to be
available after degradation of the AlCol-TSC gel in vivo.

3.2 Effects of LPS on murine calvaria

Mouse body weights were used to determine the systemic
effects of LPS. All mice survived after LPS injection. Most
mice lost body weight 7 days after LPS injection, but all
regained the weight after 14 days. These findings sug-
gested that LPS has only temporary systemic effects.

We next examined the effects of the intraperitoneal LPS
injection on bone formation. In the mice injected with
phosphate buffer saline (PBS) injection instead of LPS, the
osteoid thickness (O.Th) and bone formation rate per bone
surface (BFR/BS) on the outer membranes of calvaria were
3.65+ 039 mem and 0.44 £ 0.06 mm*/mm?/year,
respectively (Fig. 2a, b), indicating that spontaneous bone
formation had occurred. The osteoblast surface per unit of
bone surface (Ob.S/BS) was 21.65 & 23.56 %, with the
high SD indicating substantial individual differences among
the specimens (Fig. 2c). No osteoclast was observed
(Fig. 2d), showing that bone resorption had not occurred. On
the outer membranes of calvaria from the LPS-injected
mice, the O.Th and BFR/BS were 2.95 + 0.43 mcm and
0.35 £ 0.04 mm*/mm?/year, respectively (Fig. 2a, b). The
Ob.S/BS was 7.93 £+ 3.19 % and appeared to be reduced
compared with the PBS-injected mice (Fig. 2c), although
the wide range of values from the PBS-injected mice
obscured any differences. Similar to the PBS-injected mice,
no osteoclast was observed on the outer membranes of the
calvaria (Fig. 2d). These findings demonstrated that intra-
peritoneal LPS injection reduces spontaneous uneven bone
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Fig. 2 Histomorphometric analysis of the outer membranous region
of the calvaria in lipopolysaccharide (LPS)- and PBS-injected mice.
The osteoid thickness (O.Th); a bone formation rate per unit of bone
surface (BFR/BS); b osteoblast surface per unit of bone surface
(Ob.S/BS); ¢ and number of multinuclear osteoclasts per unit of bone
surface (N.Mu.Oc/BS); d are shown. —, mice injected with PBS; +,
mice injected with LPS; *P < 0.05 versus mice injected with PBS
(n = 6/group)

formation without enhancing bone resorption, indicating
that this model would be useful for investigating the bone-
forming effects of materials without bone resorption.

3.3 Effects of bFGF on bone formation in the LPS-
treated mouse calvaria

We examined the effects of local application of bFGF
without a gel on bone formation to verify the effectiveness
of our model. The O.Th and Ob.S/BS of the mouse calvaria
with bFGF application after LPS injection increased more
than those of the control calvaria without local bFGF
application (Fig. 3a, b). Osteoid maturation time (Omt) of
the bFGF-treated calvaria also increased more than that of
the control calvaria (Fig. 3c). The BFR/BS of the bFGF-
treated calvaria was similar to that of the control (Fig. 3d).
The number of multinuclear osteoclasts per unit of bone
surface (N.Mu.O/BS) of the bFGF-treated calvaria was not
significantly different from that of the control (Fig. 3e).
These results showed that bFGF increases the number of
osteoblasts, but not osteoclasts, and stimulates osteoid
production. Thus, bFGF did not enhance the bone forma-
tion rate (the rate of bone mineralization), and osteoid
maturation was delayed.
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3.4 Effects of the AlCol-TSC gel
with or without bFGF on bone formation in LPS-
treated mouse calvaria

The O.Th, Ob.S/BS, Omt, BFR/BS, and N.Mu.O/BS of the
calvaria with the overlain AICol-TSC gel without bFGF
did not differ significantly from those of the control
(Fig. 3a—e, respectively). The porosity area per total core
(Po.Ar/Tt.Cr) of the AlCol-TSC gel-overlain calvaria
increased more than that of the control calvaria (Fig. 3f),
without affecting the bone-forming activity.

In contrast, the O.Th and Ob.S/BS of the mouse calvaria
with the overlaid AICol-TSC gel with bFGF increased
more than those of the control calvaria (Fig. 3a, b). The
Ob.S/BS and Omt were decreased compared with those of
the mouse calvaria with bFGF alone (Fig. 3b, c). In par-
ticular, Omt was reduced to the control level. BFR/BS and
N.Mu.O/BS did not differ significantly from those of the
control (Fig. 3d, e).

It has been reported that four types of osteoblasts occur in
a regular sequence that correlates with osteoid thickness
[10]. Among these, type I cells are preosteoblasts, and their
presence adjacent to osteoid is considered to be an artifact of
sectioning obliquity. There were few osteoblasts and a thin
osteoid in the control calvaria (Ob.S/BS, 7.93 £ 3.09 %;
0.Th, 2.95 + 0.43 mcm; Figs. 3aand b, 4, upper left). Type
IV osteoblasts, which are lining osteoblasts characterized by
extremely thin cytoplasm, and a thin osteoid appeared in the
calvaria with the overlain AlCol-TSC (Fig. 4, upper right).
Type 1I osteoblasts, which are active osteoblasts character-
ized by cuboidal shapes with nuclear clear zones, and a thick
osteoid appeared in the calvaria to which bFGF had been
applied locally after LPS injection (Fig. 4, lower left). Type
IIT osteoblasts, which are active osteoblasts characterized by
columnar shapes without a nuclear clear zone, and a rather
thick osteoid appeared in the calvaria with the overlain Al-
Col-TSC gel with bFGF (Fig. 4, lower right). These results
suggested that activated osteoblasts play a role in osteoid
production.

To evaluate the animal model, we observed our model
for long-term period. We measured the width of the cal-
varial bone including the osteoid zone (the distance from
the outer surface to the inner surface of the calvaria at a
point 2 mm away from the cranial suture, where the bone-
forming effects seemed the most obvious) using decalcified
specimens from LPS-injected mice to identify the basal
phenotype of the bone from mice sacrificed after 1 week
and after 3 weeks. Although the calvarial width measured
using the decalcified specimens is not officially included in
the parameters of bone morphometry, where specimens
without decalcification are normally used, we believe that
it is a convenient method of determining the basal pheno-
type of the bone. As shown in Fig. 5Sa, we found a
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Fig. 3 Histomorphometric analysis of the outer membranous region
of the calvaria from LPS-injected mice with and without basic
fibroblast growth factor (bFGF) and/or alkali-treated collagen—
trisuccinimidyl citrate (AlCol-TSC) gel. Control, no overlaid mate-
rial; Gel, overlaid alkali-treated collagen—trisuccinimidyl citrate
(AICol-TSC) gel without basic fibroblast growth factor (bFGF);
FGF, bFGF applied alone; Gel+FGF, AlCol-TSC gel with bFGF;

significant difference in the calvarial width between the
calvaria overlaid with the AlCol-TSC gel without bFGF
(n =7) and that overlaid with the AlCol-TSC gel with
bFGF (n = 8) in mice sacrificed after 1 week. However, no
difference was observed in the calvarial width between the
mouse calvaria overlaid with the AICol-TSC gel without
bFGF (n = 6) and that overlaid with the AICol-TSC gel
with bFGF (n = 7) in mice sacrificed after 3 weeks
(Fig. 5b). Based on the variability in the calvarial width in
mice sacrificed after 3 weeks, the difference was found to
be insignificant. These findings suggest that the data from
mice sacrificed after 1 week are more reliable than those
after 3 weeks. The variability in the calvarial width in mice
sacrificed after 3 weeks may be due to reactivation of the
unsteady spontaneous bone remodeling because of the lack
of LPS effects after 3 weeks.

O.Th, osteoid thickness (a); Ob.S/BS, osteoblast surface per unit of
bone surface (b); Omt, maturation time (c¢); BFR/BS, bone formation
rate per unit of bone surface (d); N.Mu.Oc/BS, number of multinu-
clear osteoclasts per unit of bone surface (e); Po.Ar/Tt.Cr, porosity
area per total cranium (f); *P < 0.05 versus control; #p < 0.05 versus
groups indicated by bars (n = 6-8/group)

4 Discussion

Many candidate bone regenerative materials are being
introduced, and each material must be examined for
appropriate physical properties such as rigidity. Further-
more, the proper combination of materials must be selec-
ted. Thus, an efficient screening method for bone
regenerative materials is desirable. The proposed model for
screening cranial bone regenerative materials is an easy
and time-saving method for narrowing the candidate bone
regenerative materials. Although models of rodents with
cranial defects are reliable for studying bone regenerative
materials [1, 2], the surgical procedure takes approximately
30 min, with approximately 2 h of perioperative care for
each animal, and several months are required to detect the
repair of bone defects [2]. Local injection of liquid growth
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Fig. 4 Representative images of osteoblasts on the calvaria. Arrow-
heads and arrows indicate osteoblasts and osteoid, respectively. Note
the differences in the types of osteoblasts and osteoid thickness
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Fig. 5 The distance from the outer surface to the inner surface at a
point 2 mm away from the cranial suture (where the bone-forming
effects seemed the most obvious) of the calvaria overlaid with the
AlCol-TSC gel with and without bFGF from LPS-injected mice —,
without bFGF; +, with bFGF. After 1 week of LPS injection a; after
3 weeks of LPS injection b; *P < 0.05 versus the group overlaid with
the gel without bFGF (n = 6-8/group)

factors such as bFGF over the rodent calvaria is sometimes
used to investigate the effects of growth factors on bone
formation [11], and this is a simple procedure. Applying
solid material on bone requires incising the skin and laying
the material; Separation of the periosteum from the cal-
varial bone leads to injury of osteoblasts in the periosteum
most adjacent to the bone. However, it is easy to apply the
material on the calvaria covered with periosteum when
there is sufficient exfoliation of skin around the incision
with the periosteum remaining intact. Both liquid and solid
materials can be in contact with intact osteoblasts from
outside of the osteoblast lineage. Taken together, our
model appears to be appropriate for the initial screening of
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Gel+FGF

among the experimental groups. Control, no overlaid material; Gel,
overlaid AlCol-TSC gel bFGF; FGF, bFGF applied alone; Gel4+-FGF,
AlCol-TSC gel with bFGF; bar, 10 pm

bone regenerative materials prior to critical investigations
using models of calvarial bone defects in rodents and/or
larger animals that are more closely related to humans in
size and bone characteristics.

LPS, a major constituent of gram-negative bacteria, has
been suggested to be a potent stimulator of bone loss in
inflammatory bone diseases such as periodontitis, osteo-
myelitis, and bacterial arthritis [3]. LPS stimulates osteo-
blasts to secrete factors such as interleukin (IL)-1, IL-6,
and prostaglandin E,, and LPS-induced production of these
factors by osteoblasts may be involved in the mechanism of
bone resorption [12]. In contrast, osteoclast differentiation
is counterintuitive because direct LPS stimulation on
osteoclast precursors inhibits receptor activator of nuclear
factor kappa-B ligand-mediated osteoclastogenesis [3, 13].
In our model, intraperitoneal LPS injection decreased
spontaneous uneven calvarial bone formation without
enhancing bone resorption compared with PBS injection. It
is important to decrease spontaneous variant formation for
judging the net bone forming effects of materials. It is not
known whether this is a result of the lack of osteoclasts on
the calvaria or a result of the indirect effects of systemi-
cally administered LPS. In either case, this model should
be useful for screening the bone-forming effects of
materials.

An in vivo rodent model, in which bone formation is
precisely restrained, is often used to investigate the effects
of growth factors or materials on bone metabolism. For
example, the effects of bFGF on bone formation was
reported in a diabetic rodent model [14], and bone anabolic
effects of bFGF were investigated in ovariectomized rats
[15]. Vascular endothelial growth factor scaffolds
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enhanced angiogenesis and bone regeneration in irradiated
osseous defects [16]. Thus, LPS-injected models appear to
be appropriate for the investigation of bone formation.

bFGF has been reported to have both stimulatory and
inhibitory effects on bone formation in vitro [5]. FGF
increases proliferation of immature osteoblasts, whereas
FGF signaling inhibits expression of alkaline phosphatase
and blocks mineralization in differentiated osteoblasts [5,
17]. In contrast, multiple studies have shown that FGF
signaling enhances bone formation in vivo [5, 14, 18, 19].
Local application of bFGF with or without the careers for
bone damage has been reported to have the osteogenic
properties both in animal models [14, 18] and in human
patients [19]. Our results demonstrate that local adminis-
tration of bFGF remarkably increases osteoid thickness and
the number of osteoblasts, but does not change the rate of
bone mineralization within the period observed. Bone
mineralization lags behind osteoid production, occurring at
a distance of 8—10 pm from the osteoblasts [20]. Delayed
osteoid maturation by local administration of bFGF may be
due to the imbalance between osteoid production and bone
mineralization.

We previously reported that the AlCol-TSC gel has
effects on neovascular ingrowth [21, 22], wound healing
[23], and antithrombotics [6]. The AlCol-TSC gel is able
to retain its scaffold structure and act as a reservoir of
bFGF [21, 22]. bFGF can be physically absorbed into the
matrix of this composite. Furthermore, positively charged
bFGF can form ionic bonds with the negatively charged
AlCol-TSC gel [24], thereby fixing bFGF inside the gel.
Therefore, bFGF would be physically released from the
matrix at first, and it would be then released gradually as
this composite degrades in vivo. In our model, AlCol-TSC
gel appeared to act as a reservoir of bFGF and to enhance
bone formation. This slow-release system using a reservoir
may be very beneficial because it enables bFGF to exert its
activities locally for a long period and induce anabolic
effects on tissues including bone [18]. In our model, the
combination of the AlCol-TSC gel and bFGF increases
osteoid thickness and the number of osteoblasts without
delaying osteoid maturation. The balance between osteoid
production and mineralization may be moderated by this
slow-release bFGF system.

The AICol-TSC gel itself may have a biological effect
on bone. AICol-TSC gels increase the porosity of calvaria
without changing the bone-forming activity. This increase
in Po.Ar/Tt.Cr does not necessarily mean a reduction in
bone strength when bone-forming activity is maintained.
The porous body serves as a cushion that reduces shock
due to impact [25]. At a minimum, the AlCol-TSC gel
does not have inhibitory effects on bone formation.

Taken together, our results demonstrated within a
1 week experimental period that the AICol-TSC gel may

act as a reservoir for bFGF and that the slow release of
bFGF may improve the imbalance between osteoid for-
mation and bone mineralization, resulting in appropriate
bone formation. With these results, we can undertake
critical investigations using rodent models of calvarial
bone defects and/or large animal models. Our findings
suggest that this model is appropriate for screening bone
regenerative materials.

5 Conclusions

We have demonstrated an efficient in vivo murine model
for screening cranial bone-regenerative materials. This
model should be useful for investigating the bone-forming
effects of materials.

We also created a gel consisting of alkali-treated col-
lagen and cross-linked trisuccinimidyl citrate. In vivo
evaluation using our model showed that the combination of
the AlCol-TSC gel and bFGF induced bone-forming
activities without delaying osteoid maturation at 1 week
after the surgery. These findings suggest that the AlCol—
TSC gel functions as a reservoir of bFGF.
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