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Maxillofacial dysmorphogenesis is found in 5% of the population. To begin to understand the mechanisms re-
quired for maxillofacial morphogenesis, we employed the inhibitors of the differentiation 2 (1d2) knock-out
mouse model, in which Id proteins, members of the regulator of basic helix-loop-helix (bHLH) transcription
factors, modulate cell proliferation, apoptosis, and differentiation.

‘We now report that spatially-restricted growth defects are localized at the skull base of Id2 KO mice. Curi-
ously, at birth, neither the mutant 1d2 KO nor wild-type (WT) mice differed, based upon cephalometric and

Edited by: R. Baron : " h
histological analyses of cranial base synchondroses. In postnatal week 2, a narrower hypertrophic zone and

Keywords: an inhibited proliferative zone in presphenoid synchondrosis (PSS) and spheno-occipital synchondrosis
1d2 (SOS) with maxillary hypoplasia were identified in the Id2 mutant mice. Complementary studies revealed
Synchondrosis that exogenous bone morphogenetic proteins (BMPs) enhanced cartilage growth, matrix deposition, and
SBMPd7 chondrocyte proliferation in the WT but not in the mutant model. Id2-deficient chondrocytes expressed
I3

more Smad7 transcripts.
Based on our results, we assert that Id2 plays an essential role, acting downstream of BMP signaling, to regu-
late cartilage formation at the postnatal stage by enhancing BMP signals through inhibiting Smad7 expression.
As a consequence, abnormal endochondral ossification was observed in cranial base synchondroses during the
postnatal growth period, resulting in the clinical phenotype of maxillofacial dysmorphogenesis.

) © 2011 Elsevier Inc. All rights reserved.

Jaw deformity

with first and second branchial arch syndromes, including Treacher

Introduction
) Collins syndrome, Pierre Robin syndrome, Crouzon syndrome, clei-

Temporal and spatial information is critical for craniofacial mor-
phogenesis, especially between forming the mandible and comple-
mentary maxilla. In human craniofacial development, morphospatial
disharmony between the maxillocranial and mandibular complex
results in well-recognized jaw deformities, including maxillary hy-
poplasia, mandibular prognathism, mandibular micrognathism, and
facial asymmetry [1]. Patients with severe jaw deformities present
significant masticatory dysfunctions and severe psychosocial issues,
Such patients require surgical correction and postsurgical rehabilita-
tion. The prevalence of such jaw deformities ranges from 1 to 23%
according to the ethnic background of study populations [2-5]. Jaw
deformities become apparent after birth, as well as being associated

~ * Corresponding author at: Katsu Takahashi: Shogoin-Kawahara-cho 54, Sakyo-ku,
Kyoto, 606-8507, Japan. Fax: 4-81 75 761 9732,
E-mail address: takahask@kuhp.kyoto-u.acjp (K. Takahashi).

8756-3282/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bone,2011.09.049

docranial dysplasia (CCD), achondroplasia, and Pfeiffer syndrome.
These relatively rare branchial arch syndromes are readily identified
at birth, and these represent less than 5% of jaw deformity cases [1].
The vast majority of such cases become clinically evident during
early postnatal growth and development. Overt manifestation of
the postnatal jaw deformities may not appear until after adoles-
cence, being generally associated with increased craniofacial growth.
Both environmental and genetic factors have been identified as
causes of postnatal jaw deformities [6,7], and available evidence sug-
gests that genetic factors are the major determinants to the clinical
phenotype [8-10]. However, the primary cause for maxillofacial dys-
morphogenesis is not known.

In order to investigate growth impairment in postnatal jaw deformi-
ties, we identified the role of cartilages in the growth and development
of the craniofacial complex. Available evidence suggests that SOS and
nasal septal cartilage (NSC) are derived from the chondrocranium
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[11]. Multiple synchondroses separating bones of the skull base are as-
sumed to function as growth sites during skull base expansion. Morpho-
logically, a synchondrosis appears at two opposing cartilage growth
plates. Therefore, analogous to endochondral growth plates in long
bones, synchondroses of the skull base develop through aberrations of
the temporal and spatial combination of chondrocyte proliferation
and hypertrophy [7]. In a mouse model, both the PSS and SOS remain
patent through adulthood. Similar to the epiphyseal growth plate in
long bones, the cell proliferation, differentiation, and maturation rates
of chondrocytes within synchondroses are critical for the longitudinal
growth of the cranial base [12].

1d proteins are members of the regulator of helix-loop-helix
(HLH) transcription factors [13-15]. Transcriptional regulators with
a bHLH domain regulate a broad range of cellular differentiation pro-
cesses including myogenesis, neurogenesis, and hematopoiesis [16].
In embryonic and adult tissues, Id proteins act as regulators of cell
proliferation, differentiation, tumorigenesis, and neoplastic transfor-
mation [17-19]. Id expression is partially regulated by BMP-Smad sig-
naling [20,21]. BMP regulates cell fate determination, differentiation,
proliferation, maturation, hypertrophy, and apoptosis of chondrocyte

“cells [22]. The mechanisms by which BMPs control specific cell line-

ages and patterns have been found to be critical for subsequent stages
of development [23]. The exogenous application of BMP2 or BMP4 to
embryonic maxillary mesenchymal cells resulted in a significant
upregulation of Id1, Id2, and Id3 mRNA [24] and the modulation of
Id1, 1d2, Id3, as well as Id4 protein levels [25]. BMP2 and BMP4 in-
duced the transcription of Id1, 1d2, and Id3 genes in ES cells as well
as embryos by promoting the direct binding of the BMP-responsive
Smads; Smad1 and Smad5 binding to promoters of these genes [26-28].
This body of evidence suggests important functions of Id proteins during
postnatal jaw growth and development.

First, we identified maxillary hypoplasia in Id2 KO mice. We
advanced the hypothesis that Id2 abrogation will interfere with the
transduction of BMP signaling and, thereby, contributes to maxillary
hypoplasia due to abnormal endochondrial ossification in the cranial
base synchondrosis during the postnatal growth period. To test our
hypothesis, we utilized the Id2 KO mouse model.

Materials and methods
Mice

Id2 mutant mice {14}, with a 129/Sv genetic background, were
bred under a specific pathogen-free condition and used in this
study. All experimental procedures were carried out according to
the guidelines for animal experiments regulated by Kyoto University
Graduate School of Medicine.

Image analysis of skulls

Neonatal and postnatal mice at the ages of 0, 2, and 12 weeks, re-
spectively, were sacrificed with carbon dioxide gas. The skulls were
then analyzed employing an X-ray microtomography method (SMX-
100CT-SV3, Shimadzu Co., Kyoto, Japan). The means of the three-
dimensional coordinates of these landmarks were used for image
analyses of the skull. EDMA was used to measure localized differ-
ences between 1d2 KO mice and the control group, as described
previously {29]. A nonparametric statistical technique was used to
evaluate the significance of differences [29].

Analysis of cell proliferation and apoptosis

BrdU (5-Bromo-2'-deoxyuridine, 05650) was injected intraperito-
neally at a concentration of 50 pg/g body weight 2 h before sacrifice.
Target skeletal tissues were harvested, fixed overnight at 4 °Cin a 4%
paraformaldehyde solution, and then decalcified in a 0.5 M EDTA

solution for 2 weeks. Decalcified samples were embedded in paraffin
and sectioned. BrdU-positive cells were detected with BrdU antibody.
The rate calculated by expressing the number of BrdU-positive nuclei
as a percentage of the total number of nuclei was defined as the prolif-
eration index. Data are presented as the mean =4 SD, and further exam-
ined with Student's t-test. Significance was set at 5%. Apoptotic cells
were visualized and identified with the ApopTaq Plus Fluorescein In
Situ Apoptosis Detection Kit S7111 (CHEMICON, USA and Canada).

In situ hybridization

In situ hybridization was performed as described previously [30].
Mouse c¢DNA clones were: Id2 (nt.650-939; NM010496); collagenX
(nt.2893-3550; NM009925); and osteopontin (nt.486-844;NM009263).

Immunohistochemistry

Paraffin-embedded sections were subjected to immunostaining with
goat polyclonal antibodies directed against Coj2 (1:100) (code: 1320~
01/SBA), rabbit serum against Col10 (1:200) (code: LB-0092/Lot:
812021/LSL), and primary rabbit antibodies against phosphorylated
Smad 1/5/8 (1:100) (Cell Signaling Technology, MA, USA) [31].

Semi-quantitative RT-PCR analysis

Total RNA was cultured with TRIzol (Gibco-BRL, Gaitherburg, MD,
USA), according to the manufacturer's instructions, and then quanti-
tated with A260. Oligo(dT)-primed cDNA was prepared with a reverse
transcriptase. For the purpose of semiquantitation, 50 ng of cDNA was
serially diluted and subjected to PCR amplification with primer pairs.
These primer pairs were: Id2, sense, 5-AGCATCCCCCAGAACAAGAA-
GGTG-3' and antisense, 5-ATCGTCTTGCCCAGGTGTCGTTCT-3'; GAPDH,
sense, 5-CCATCACATCTTCCAGGAG-3' and antisense, 5/-CCTGCTTCAC-
CACCTTCTTG-3'; BMPR1, sense, 5’-CCTGITGITATAGGTCCGTTCITIG-3/
and antisense, 5-CGCCATTTACCCATCCATACTT-3’; BMPRZ2, sense, 5'-
CTAACTGGAAATCGGCTGGTG-3' and antisense, 5-TGGGTCTCTGCTTC-
TCTCTGG-3'; Smad1, sense, 5'-AGCCTCTGGAATGCTGTGAGTT-3" and
antisense, 5-TGGTTGGGGAGTGAGGGTAG-3’; Smad5, sense, 5'-
TATGCCAGAACCACAGAAAGGA-3’ and antisense, 5'-ACAGCAAGA-
GAGGCAGGACTATG-3'; Smad6, sense, 5'-TGCTCAGCAAGGAGCCA-
GAC-3’ and antisense, 5’-CTGTGGTTGTTGAGTAGGATCTCCA-3"; Smad7,
sense, 5-TGCAGGCTGTCCAGATGCT-3' and antisense, 5'-CTTGATGGA-
GAAACCAGGGAAC-3'. All PCR products were examined employing an
electrophoretical technique that used 2% agarose gel and ethidium
bromide staining. These bands were guantitated with a Bio-image
analyzer (Fujix BAS2000, Fuji Photo Film, Tokyo, Japan). All the
PCR data were representative from three independent experiments.

Microdissection and organ culture

P7 wild-type mice cranial base structures were dissected in Dulbecco's
PBS (pH = 7.4) under a stereomicroscope. The dissected structures were
cultured on Nucleopore filters at 37 °C, under a 5% carbon dioxide atmo-
sphere, in a trowel-type organ culture containing. BGjb supplemented
with 200 ng/ml of BMP-2, BMP-4, and BMP-7 (R&D Systems, MN, USA).
The culture medium was renewed every 2 days [31]. After the culture, ex-
plants were fixed in a 4% para-formaldehyde and formalin solution, and

. then processed for histological and immunohistochemical examinations.

Results

Id2 abrogation results in retarded postnatal growth of the maxillofacial
complex

Adult T1d2-deficient mice showed a shorter maxillofacial profile
(Figs. 1A-I). Id2 KO mice present severe clinical phenotypes with-

_.44__
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anterior transverse crossbite (Figs. 1A, B and E). The Id2 heterozygous 12-week-old Id2 KO mice, and the control group. We used in these
mice showed phenotypically normal profile. We attempted to quanti- morphometric studies the 89 distances between specific points
tate the malformation by Euclidean Distance Matrix Analysis (EDMA) (Supplemental Figs. 1 and 2). Nasal and frontal bones of Id2 mutants
to measure and compare the three-dimensional differences between were disproportionally shortened in 32 distances (Fig. 1H). Significant
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Fig. 1. The shorter rnaxxl!ofaaal proﬁle in adult Idz-deﬁcxent mlce Comparison of the 1d2 KO and control groups in week 12. (A) Facial differences between 1d2 KO (right panel}.and
the control (left panel) Superior-view of adult mouse; skulls: }d2 KO (severe case) (B), Id2 KO (mild case) (C), and the control (D). Lateral view of adult mouse skulls: 1d2 KO (severe
case) (E), Id2 KO (mild case) (F),and the control (G) (H) Measurement of the cranial dimensions. Landmarks used for cranial measurements were based on those used by Arron JR
et al. (Supplemental Flg 1) [29] The red lines md:cate szgmﬁcantly different distances between 1d2 KO and the wild-type. p<0.05 using Student's t-test. (I) Detailed measurement of
the premaxilla and maxilla. Th red {ines indicate mgmﬁcanﬂy different distances between 1d2 KO and the wild-type. p<0.05 using Student's t-test, The longitudinal distance be-
tween the nasal and intersection of the interparietal and ocupltal bones at the midline (]}, and the width of the bilateral frontal-squamosal intersection at the temporal crest, with
age (K). (L) Alizarin red and Alcian blue staining did not differentiate the 1d2 KO from the control skull base. (M) The length of the presphenoid synchondrosis (gray bar) and
spheno-occipital synchondrosis (black bar) did not differ between the two groups (n==3). All error bars indicated one standard deviation of uncertainty.



72 T. Sakata-Goto et al, / Bone 50 (2012) 69-78

differences were noted in the distances between the (a) nasal and
intersection of interparietal and occipital bones at the midline (1-5),
(b) nasal and frontal-squamosal intersection at the temporal crest
(1-12(23)), (c) nasal and interseéction of the frontal process of the
maxilla with frontal and lacrimal bones(1-10(21)), (d) bregma and
anterior-most point at the intersection of premaxillae and nasal
bones(3-6(17)), and (e) bregma and anterior notch on the frontal
process lateral to the infraorbital fissure(3-9(20)). In summary,
landmarks in the premaxilla and maxilla of Id2 mutant mice were
influenced in what appeared to be a longitudinal direction (Fig. 11).
Importantly, there were no differences in the skull width between
KO and WT mice after birth were observed (Figs. 1H and K). The dif-
ference in the longitudinal diameter between the two groups in-
creased with age (Fig. 1J). To explore the relationship between
embryonic development and maxillary hypoplasia in Id2-deficient
mice, newborn pups were examined. Newborn Id2-deficient mice
were not different from their WT counterparts in appearance, Aliza-

rin red and Alcian blue staining, and EDMA (Fig. 1L). These results
indicated that the severity of maxillary hypoplasia or dysmorpho- -

genesis in Id2-deficient mice increased with postnatal growth and

development. Curiously, the cranio-maxillofacial region of newborn

mice was found to be essentlally identical between WT and mutant.

Abnormal differentiation of the synchondrosal growth plate is caused by
Id2 abrogation

PSS and SOS are important growth centers of the cramo-méxillofaCial*

skeleton, and appear to influence the temporal and positional cues -

for the growth and development of the maxilla [7,32,33]. There were
no differences in PSS and SOS between newborn as well as adult KO
and WT mice (Fig. 1M). However, the zone of hypertrophic chondro-
cytes in the cranial base was narrower in the 2-week-old 1d2 KO than
the WT group (Figs. 2C and D). To assess the hypertrophy of chondro-
cytes, type X collagen (a molecular marker of the hypertrophic zone)
and osteopontin (a molecular marker of the calcified zone) expressions
were examined. Similar to the histological results, the distribution of
type X collagen was down-regulated in Id2-deficient mice, whereas
osteopontin was similarly distributed in the KO and WT tissue samples
(Figs. 2G-}). The total length of SOS in Id2-deficient mice was reduced
when compared to WT (Fig. 2K). These results suggest that abnormal
postnatal growth of the cranial base in mutant Id2 mice resulted from
the disturbed hypertrophy of chondrocytes in synchondroses.

Reduced proliferative activity of synchondrosal chondrocytes in Id2 KO
mice

The proliferative activity of chondrocytes in synchondroses of
the cranial base was examined employing a BrdU labeling method.
The number of dividing cells in the proliferative zone of 2-week-old
mutant PSS and SOS significantly decreased (Figs. 3A: a-d and B).
Proliferation was reduced in the nasal septal cartilage of KO mice
(Fig. 3A: e~-h). Apoptosis within synchondroses was examined with
a TUNEL method. Both mutant and control groups failed to display
the apoptosis of chondrocytes (Fig. 3C).

Fig. 2. Abnormal differentiation of the synchondrosal growth plate caused by the ab-
sence of Id2. In week 0, the Id2 KO and control groups did not show a difference in
SOS {A and B). In week 2, the two groups revealed a difference in hypertrophic chon-
drocytes of SOS (C and D). In week 12, the two groups showed no difference in 505
(E and F). In week 2, the expression pattern of type X collagen in the two groups
showed a difference of hypertrophic chondrocytes in SOS (G and H) visualized by in
situ hybridization. In week 2, expression patterns. of osteopontin in the two groups
did not differ in SOS (I and J) visualized by in situ hybridization. (hypertrophic zone
(hz): bracket. Scale bar: 100 pum). (K) The length of the SOS in transverse sections of
fd2-deficient (left bar) as well as wild-type (right bar) mice is shown as an average
length. Five sections were prepared from five different mice, All error bars are standard
deviations of uncertainty. p<0.001 by Student’s t-test.

Expression of Id2 in the synchondrosis of the cranial base

The expression of Id2 mRNA in the synchondrosis of the cranial
base was evaluated using a semi-quantitative RT-PCR method. 1d2
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transcript expression in the cranial base was significant in postnatal
facial development, and kept the same level in 2-week, 4-week, 6-
week or 12-week-old after birth (Fig. 4A: a). Id2 is also expressed in
many adult tissues including spleen, brain, liver, bone marrow,

heart and kidney (Fig. 4A: b). Analyses of in situ’ hybndxzauon[ -
showed that Id2 was ublqmtously expressed-in all portions of synch- "~~~

ondroses, including the prohferatmg and hypertrophlc zones
(Fig. 4B). This was interpreted to mean that Id2 expression in synch-
ondroses was detected but not localized to a specific region.

Suppressed chondrocyte proliferation and differentiation on exposure to
exogenous BMPs in the cranial base. of ldz KO mice in vitro

Id expression is regulated by a BMP«Smad 51gna]1ng pathway
We assayed the functions of BMP2 BMP4, and: BMP7 in the cramal )
base in vitro. The cranial bases were isolated from’ 7—day-old mice,

which referred to the postnatal growing and developmental stage,
and divided into three groups: treated with exogenous BMP2

/- +/+

(200 ng/ml), BMP4 (200 ng/ml), or BMP7 (200 ng/ml) every 2 days
for three continuous cycles (total: 6 days) (Fig. 5A: a-h). In the
BMP2 and BMP4 groups, an additional increase in the PSS length of
Id2 WT cranial bases was observed (Figs. 5A: d and f and B). Histo-
chemical analyses of type Tand X collagen were conducted. In the

‘presence ‘of exogenous BMP2, the degree of chondrocyte hypertrophy
“from Id2 WT cranial bases increased (Figs. 5D and F: d-f). The appli-

cation of BMP2 failed to cause a difference in the degree of chondro-
cyte hypertrophy between 1d2 KO and control cranial bases (Figs. 5C
and E: d-f). The degrees of chondrocyte hypertrophy adjacent to
the bone and ectopic hypertrophy surrounding the central reserve

zone ( of synchondroses increased in the Id2 WT group recelvmg exog-

nous BMP4 (200 ng/ml)‘(Flgs. 5D and F: g-i). The increase of the hy-

pertrop , due to the applicatio of BMP4 did not differ between Id2
- KO an control cranial base (F)gs. '5C and E: g-i). In the BMP7
‘group, the amount of proliferative chondrocytes from Id2 WT cranial

bases increased (Figs. 5D and F: j~1). No other differences between Id2
KO and control cranial bases were identified in the BMP7 group

B

10 *  p<0.001
9.
8
IS
=
3 5
o 5’.
£
% 4
2 3 %
3
22
]
o ,
KO

-/ 7 +/+

NIBA

“wu

Fig. 3. Reduced proliferative activity of synchondrosal chonclrocytes in 1d2-deficient mice. (A) The reduction of chondrocyte proliferation in Id2 KO PSS and NSC. Sagittal view of
2-week-old PSS in the 1d2 KO and control cranial base (a-d); lower (a, b) and higher (¢, d) magnification. The white arrow-head indicates BrdU-positive cells (c, d). Sagittal view
of 2-week-old NSC in the I1d2 KO and control (e-h); lower (e, f) and higher (g, h) magnification, The white arrowhead indicates BrdU-positive cells (h). The number of BrdU-
positive cells. (B), The proliferative rate of the 1d2 KO (left bar) and control (right bar) PSS chondrocytes is shown as an average percent of BrdU-positive cells relative to the
total cell count. Three sections were prepared from three different mice. All error bars are standard deviations of uncertainty. p<0.05 by Student's t-test. (C) No apoptotic
cells in 1d2 KO presphenoid and spheno-occipital synchondrosis. Sagittal view of 2-week-old presphenoid synchondrosis in the 1d2 KO and control cranial base (a-d); NIBA

(a, b) and WU (c, d) images. All scale bars: 100 pm.

_4‘7_



74 T. Sakata-Goto et al. / Bone 50 (2012) 69-78
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Fig. 4. Expression of ld2 in the cranial base synchondrosis. (A) Semi-quantitative RT-RCR analysis of 1d2 expression in the cranial base synchondrosis. RNA was purified from the
cranial base synchondresis of 0-, 2-, 4-, 6~, and 12-week-old WT mice (a), and spleen, brain, liver, bone marrow, heart and kidney of 12-week-old WT mice (b). RT products
were twentyfold serially diluted and subjected to PCR. Reduced glyceraldehyde-phosphate dehydrogenase (GAPDH) was used as an internal control. (B) In week 2, 1d2 was
detected in the cranial base synchondrosis, especially in proliferative and hypertrophic chondrocytes, using section in situ hybridization (black arrowhead). Scale bar: 50 pm,

(Figs. 5C and E: j-1). Exogenous BMPs enhanced chondrocyte differ-
entiation and proliferation in the WT but not in the mutant model.

1d2 regulates BMP signaling in synchondrosis of the cranial base through
inhibiting Smad7 expression

In order to identify the downstream target gene of Id2 in synchon-
drosis of the cranial base, we evaluated levels of expression of BMP
signaling molecules including BMPR~I, BMPR-I], and several different
kind of Smads. The expression of mRNAs in the synchondrosis
of the cranial base within Id2 WT and KO mice was evaluated using
a semi-quantitative RT-PCR method. We discovered more than
five-fold up-regulation of the Smad7 transcripts, which belonged to
inhibitory Smad, within. the 1d2-deficient mice samples (Fig. 6A).
Furthermore, in order to assess whether the up-regulation of
Smad7 in Id2-deficient mice is attributable to the inhibition of BMP
signaling, the phosphorylation of Smad 1,5,8 was examined. Com-
pared with the wild type, 1d2-deficient mice exhibited the decreased
phosphorylation of Smad 1,5,8-positive cells in chondrocytes within
the synchondrosxs of the cranial base (Figs. 6B and C). These data in-
dicate 1d2 controls chondrogene51s durmg eally postnata] maxillary
and mandibular growth and deve]opment by acting downstream of
BMP signaling to regu]ate chondrocyte proliferation and’ differenti-
ation and by enhancing BMP signaling through mhxbmng Smad7
expression (Fig. 7).

Discussion

The results from our study clearly suggest that maxillary hypo-
plasia in ld2-deficient mice is a postnatal growth and development
disorder. The 1d2 KO mouse model presents a clinical phenotype
similar to the more prevalent postnatal type of jaw deformity ob-
served in humans. Mandibular prognathism (MP), appearing with a
larger mandible, a smaller maxitla (maxillary hypoplasia), or a com-
bination of both manifestations, has been considered a representa-
tive phenotype of jaw deformities in humans. In rare situations,
MP is one of the manifestations of a syndrome, whereas most MP
cases do not appear to be accompanied with other disorders.

The Mendelian inheritance patterns for postnatal jaw deformities,
such as MP, are not well understood. Examples in the literature
contain a variety of inheritance patterns for MP — an autosomal-
recessive inheritance, autosomal-dominant inheritance, dominant
inheritance with incomplete penetrance, and a polygenic model
of transmission [9,34]. The actual mechanism is not as yet known.
Recently, genome-wide linkage studies identified a number of MP
susceptibility loci including 1p36, 6q25, 19p13.2 [10], 1p22.1,
3926.2, 11q22, 12q13.13, 12q23 [35], and 4p16.1 [10] in MP pedi-
grees of Japanese as well as Korean, Hlspamc Co]omblan, and Han
Chinese, respectively.

Meanwhile, a mouse model for genetically mampulatmg MP has
not previously been reported. Our study is the first to illustrate a

Fig. 5. BMP-2, -4, and -7 promoted chondrocyte hypertrophy and proliferation in synchondroses of the cranial base in WT but not in 1d2 KO mice in vitro. (A) On postnatal day 7,
cranial base explants cultured under serum-free conditions to induce in vitro development were exposed to 200 ng/ml of BMP2 (c and d), BMP4 (e and f), and BMP7 (g and h).
BMP2 and BMP4 enhanced chondrocyte hypertrophy in the control (white arrowheads). (B) The length of the PSS of ld2-deficient (gray bar) as well as wild-type (black bar)
mice on day 6 of organ cuiture is shown as an average length. Each average length of the PSS was calculated from three different explants. All error bars are standard deviations
of uncertainty. p<0.05 by Student’s t-test. Low magnification of Id2-deficient (C) and wild-type mice (D). High magnification of Id2-deficient (E) and wild-type mice (F). Mid-
sagittal sections of PSS were stained with H&E (C-F: a, d, g, and j), immunostained for type Il collagen (C-F: b, e, h, and k), or type X collagen (C-F: ¢, f, i, and ). The section was
respectively, control (C-F: a-c) and exposed to BMP2 (C-F: d~f), BMP4 (C-F: g~i), and BMP7 (C-F: j~I). BMP2 and BMP4 enhanced chondrocyte hypertrophy (E: d-i and F; d-i).
BMP7 enhanced chondrocyte proliferation (F: j-I) (hypertrophic zone (hiz): bracket; proliferative zone (pz): bracket; ectopic hypertrophy: asterisks). All scale bars: 100 pm.
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mouse model for postnatal jaw deformities. This model provides The synchondrosis of the cranial base is an important growth
an opportunity to explore the molecular mechanisms underlying center of the craniofacial skeleton, and provides an anatomical, de-
jaw deformity, with particular emphasis on maxillary hypoplasia. velopmental linkage between the cranial vault and formation of
A B ‘

Tiié‘l/ nath of PSS on days of cullure um)

BMP4  BMPY7

control
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1 145 1425

Number of pSmad1/5/8-positive
nuclei/ PSS (%)

KO

1 1/ 1125

WT

Fig. 6. 1d2 regulates BMP signaling in synchendrosis of the cranial base through inhibiting Smad7 expression. (A) Semi-quantitative RT-PCR analysis of BMPRI BMPRII Smad1,
Smads, Smad6, and Smad? expression in cranial base synchondrosis. RNA was purified from the cranial base synchondrosis of 2-week-old 1d2 KO and WT mice. RT products
were fivefold serially diluted and subjected to PCR. Reduced glyceraldehyde-phosphate dehydrogenase (GAPDH) was used as an internal control. (B) Immunolocalization of
phosphorylated Smad 1/5/8 in Id2-deficient (a) and wild-type (b) mice. (C) The number of pSmad 1/5/8 — positive nuclei in PSS per section was counted in transverse sections
of 1d2-deficient (left bar) as well as wild-type (right bar) mice. Three sections were prepared from three different mice.

the craniofacial skeleton. Moreover, this growth center is relevant
to the temporal and positional cues for the growth and development
of the maxilla and mandible [32]. In addition to maxillary hypopla-
sia, retarded hypertrophic differentiation as well as inhibited cell
proliferation in both PSS and SOS was found in Id2 KO mice in post-
natal week 2 (Figs. 2C, D, G, and H; Figs. 3A and B). The histological
and morphological differences between I1d2 KO and WT mice were
not observed at birth (Figs. 1L and M; Fig. 2A). The severity of

maxillary hypoplasia in Id2-deficient mice increased with growth
after birth (Fig. 1J). These results demonstrate that postnatal abnor-
mal growth and development of synchondroses in the cranial base
result in-maxillary hypoplasia. Previous studies using KO mice iden-
tified several genes that regulated embryonic and postnatal growth
of the cranial base. As an example, a genetic ablation of the latent
TGF-p-binding protein (Ltbp-3) contributed to the obliteration of
cranial base synchondrosis and a dome-shaped skull [36]. Premature
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proliferation

differentiation

synchondroses

Fig. 7. Diagrammatic representation of the function of Id2 acting downstream of BMP signaling through inhibiting Smad7 in cranial base synchondroses during the postnatal growth
period. Inhibition of Smad7 function by 1d2 proteins. In general, Smad?7, one of the inhibitory Smads, interferes with the recruitment and phosphorylation of R-Smads. Id2 inhibits
the functions of Smad?7. Id2 exists in proliferating and hypertrophic chondrocytes at the synchondrosis of the cranial base. Id2 acts on receptors on hypertrophic chondrocytes to
keep them hypertrophic and, thereby, promotes the production of BMP2 and BMP4 through Smad. 1d2 acts on receptors on prohferatmg chondrocytes to keep them proliferating

and, thereby, promotes the production of BMP7 through Smad.

hypertrophy of the synchondrosis was found in Ltbp-3 knockout
mice [36]. A premature closure of the cranial base PSS, as well as
SOS and accompanying craniofacial malformation, was observed in
the conditional KO mouse strains of polycystin-1 (Pkd-1) [12]. Even
though these studies did not report whether or not the mutant
mice sustained jaw deformities, their results clearly demonstrated
a link between craniofacial deformity and impaired synchondroses
of the cranial base. Furthermore, cranial malformation of these mu-
tant mice seemed to appear before birth, since the abnormality of
synchondroses has been observed during embryonic development.
Studies have reported that the chondrogenic potential of cells de-
rived from developing mouse craniofacial tissues was regulated via
the alteration of Id protein functions through over-expression of
the bHLH factor [37]. Mouse trunk neural crest cells, which do not
contribute skeletal derivatives, can-undergo chondrogenesis and the
expression of 1d2 is up-regulating by FGF2 treatment in vitro [38].
Proper expression of Id2 is important to chondrogenic differentiation
of ATDC cells [39]. It was reported that Id2 was expressed in prolifer-
ating chondrocytes of growth plate at E16.5 mouse embryo by immu-
nohistochemistry [39]. Furthermore, the expression of Id2 was
showed in proliferating chondrocytes of the developing digits in
chick embryo, and expression of 1d2 in vivo and in vitro was up-
regulated by BMP7 supplement [40]. Indeed, we also detect the

1d2 expression in proliferating chondrocytes of the synchondrosis
of the cranial base at postnatal developing stage (Fig. 4B), Although
these results suggest that Id2 are critical controls for chondrogenesis
and osteogenesis in vitro systems and are expressed in chondrocytes
in vivo, the physiological function for Ids has not been demonstrated.
Our report is the first to demonstrate the involvement of the Id2 gene
in chondrocyte differentiation, chondrocyte proliferation, and endo-
chondral ossification in vivo, The 1d2 knock-out mouse model
showed the inhibition of cell proliferation and hypertrophic differ-
entiation of chondrocytes in the cranial base synchondrosis. This
mouse model provides a unique opportunity to explain the physio-
logical activity of Id2 transcriptional controls and its role in postnatal
jaw deformities.

Inhibitory Smads including Smad6 and Smad7 inhibit the phos-
phorylation of receptor-regulated Smads (R-Smad) [41]. Smad6 in-
hibits BMP signaling, whereas Smad? inhibits both TGF-§ and BMP
signaling [42]. Smad7 is expressed in growth plate cartilage [43]. In
vitro studies using cell culture systems or the organ culture of man-
dibular explants have shown that Smad7 inhibits chondrocyte differ-
entiation and/or proliferation induced by TGF-f [44/45] and BMP
[46,47]. These in vitro studies demonstrated the down-regulation of
R-Smad activation by Smad7 in chondrocytes. Recently, Smad7 was
found to inhibit chondrocyte differentiation at multiple steps during
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endochondral bone formation using conditional transgenic mice
[48]. Furthermore, BMP-induced cartilaginous nodule formation was
down-regulated by the overexpression of Smad7, but not Smad6
[48]. Indeed, in our experiment, the up-regulation of Smad7 as a
result of Id2 abrogation led to the inhibition of chondrocyte prolif-
eration and differentiation.

in summary, the present study demonstrated that Id2 functions by
acting downstream of BMP signaling to regulate cartilage formation
during postnatal growth and development by enhancing BMP signals
through inhibiting Smad7 expression. These interactions contribute
to endochondral ossification in the cranial base synchondrosis during

the growth period.
Supplementary materials related to this article can be found
online at doi:10.1016/j.bone.2011.09.049.
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Magnesium Calcium Phosphate as a Novel Component
Enhances Mechanical/Physical Properties of Gelatin
Scaffold and Osteogenic Differentiation of Bone
Marrow Mesenchymal Stem Cells
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Biodegradable gelatin sponges incorporating various amounts of magnesium calcium phosphate (MCP) were
introduced and the in vitro osteogenic differentiation of rat bone marrow mesenchymal stem cells (MSCs) in the
sponges was investigated. The MCP was added to the gelatin sponges at 0, 25, 50, 75, and 90 wt%. The pore sizes
of the gelatin sponges ranged from 143 to 154.3 pm in diameter and the porosity percentage was 34.3-50.1%. The
compression modulus of the sponges and the resistance to the volume change significantly increased with
increases in the amount of MCP. When seeded into the sponges by an agitating method, MSCs were distributed
throughout the sponges. Following the incubation of MSCs in the gelatin sponges, a significantly higher cellular
proliferation and alkaline phosphatase activity was observed in the gelatin sponges incorporating higher MCP
contents. On the other hand, the osteocalcin content of MSCs seeded in the gelatin sponges incorporating no or
low MCP showed a significantly higher levels in comparison with the MSCs seeded in the gelatins incorporating
high MCP. These findings indicate that the MCP incorporation maintained the pore size and porosity percentage
of the gelatin sponges and enabled the sponge to achieve mechanical reinforcement as well as promoting MSC

proliferation and osteogenic differentiation.

Introduction

ARGE BONE LOSS ASSOCIATED with trauma, tumor resec-
tion, and revision joint arthroplasty is a very challenging
clinical problem. Currently, the gold standard for treating
osseous defects is autogenous iliac crest bone grafting, with
the major limitation of donor site morbidity in addition to the
fact that the amount of bone available for autografting is
limited."* To overcome these limitations, different types of
bone scaffolds have been proposed. The scaffolds should
posses essential characteristics including biocompatibility, os-
teoinductivity, osteoconductivity, interconnecting pore struc-
ture, appropriate mechanical properties, and degradability.>*
Gelatin is one of the materials extensively used in bio-
medical fields. It is a biodegradable polymer that can be
easily chemically modified and has been applied to phar-
maceutical, medical, and food usage. We have prepared
biodegradable hydrogels from different types of gelatin for
the controlled release of various growth factors.
prepared gelatin sponges with or without tricalcium phos-
phate as a scaffold for bone regeneration to demonstrate that
it is suitable for cell culture.®

We also”

Magnesium is the fourth most abundant cation in the
human body and is naturally found in bone.” It is reported
that magnesium is highly involved in bone formation and
promotes cell attachment or spreading on other surfaces.®
From the chemical view point, the presence of magnesium
ions can reduce the crystallinity of calcium phosphate and
increase the water solubility of phosphates.’

Different cells have been used to test the biological func-
tions of scaffolds, among them, mesenchymal stem cells
(MSCs) are clinically popular in regenerative medicine because
they can be readily isolated from the bone marrow.™ It is well
recognized that MSCs have an inherent potential to differentiate
into cell lineages of various types.'’ During the osteogenic dif-
ferentiation of MSCs, it is known that cells differentiate into
osteoprogenitors with a limited self-renewal capacity, then to
preosteoblasts with limited proliferation, and finally mature
into osteoblasts that secrete osteoid."”

The objective of this study was to evaluate the biological
behavior of MSCs in gelatin sponges incorporating various
amounts of magnesium calcium phosphate (MCP) and
compare this with those without MCP. We also examine the
physical and mechanical properties of the sponges.

"Department of Oral and Maxillofacial Surgery, Graduate School of Medicine, Kyoto University, Kyoto, Japan.
?Department of Biomaterials, Field of Tissue Engineering, Institute for Frontier Medical Sciences, Kyoto University, Kyoto, Japan.
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MSC DIFFERENTIATION IN MAGNESIUM CALCIUM PHOSPHATE GELATIN SPONGE

Materials and Methods
Materials

Gelatin samples with an isoelectric point of 9.0 were
kindly supplied by Nitta Gelatin Co. Calcium dihydrogen
phosphate and magnesium oxide (90% and 99%, respec-
tively) were obtained from Nacalai Tesque Ltd. and used
without further purification. Culture media were obtained
from Invitrogen Corporation (Carlsbad). Other chemicals
were obtained from Wako Pure Chemical Industries.

Preparation of gelatin sponges incorporating MCP

Gelatin sponges containing different amounts of MCP
were prepared by the dehydrothermal crosslinking of gela-
tin. Briefly, calcium dihydrogen phosphate and magnesium
oxide at a molar ratio of 2:1'® were mixed with 3wt% of
gelatin aqueous solution at different weight percentages of 0,
25, 50, 75, and 90 wt%. The mixed solution was agitated at
5,000 rpm for 3 min by using a homogenizer (ED-12; Nihonseiki
Co.). The resulting foamy solution was cast into a polypro-
pylene dish of 138x138cm? and 5mm depth and then im-
mediately frozen at —80°C. Finally, the sponges were freeze
dried and dehydrothermally crosslinked at 140°C for 96 h.

Physical characterization of gelatin
sponges incorporating MCP

The inner structure of sponges was viewed under a
scanning electron microscope (SEM, S2380N; HITACHI),
after sputter coating with gold/palladium. The porosity
percentage and the mean diameter of the pores were deter-
mined by using Image] Version 1.43, Wayne Rasband, Na-
tional Institute of Health.

The compression moduli of the freeze-dried gelatin
sponges, with or without MCP incorporation (5x5x5mm?),
were measured by a mechanical apparatus (AG-5000B; Shi-
madzu) at a rate of 1 mm/min. A stress-strain curve was ob-
tained and the compression moduli of samples were calculated

from the initial slope of the load-deformation curve. Four -

sponges of each MCP concentration were used to calculate the
average value and the standard deviation of the mean.

MSC preparation and culture

MSCs were isolated from the bone shaft of femurs of 3-week-
old male Fisher 344 rats according to the technique reported by
Lennon et al.** Briefly, both the ends of the femurs were cut away
from the epiphysis and the bone marrow was flushed out by a
syringe (21-gauge needle) with 1 mL of alpha-minimum essential
medium supplemented with 15 vol.% fetal calf serum (FCS) and
50TU/mL penicillin and streptomycin. The cell suspension
(5mL) was placed into T-75 culture flasks (SUMILON; Sumito-
mo Bakelite Co., Ltd.). The medium was changed every 34 days
during culture. When the cells became subconfluent, they were
detached by 0.25wt% of trypsin, —0.02wt% of ethylenediami-
netetraacetic acid, and subcultured. Cells of the third passage at
subconfluence were used for all the experiments.

MSC seeding into gelatin sponges
incorporating MCP and culture

Gelatin sponges with or without MCP incorporation were
cut into cylinders of 8-mm diameter and 1.25£0.25mm us-
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ing a biopsy punch (Kai Industries Co. Ltd.). MSCs were
homogenously seeded into the cylindrical sponges by the
agitated seeding method as it has been demonstrated that
this method is effective in seeding cells homogeneously
throughout three-dimensional porous scaffolds.”>'® Briefly,
50 uL of cell suspension (5x107 cells) was dropped on the
sponges that had been placed into the wells of a 48-multiwell
tissue culture plate IWAKI Glass Co. Lid.) and agitated on
an orbital shaker (ORBITAL SHAKER; Bellco Glass, Inc.) at
180rpm for 1h. Then, 1mL of culture medium was added
and the shaking was continued for a further 5h.

The cell-seeded sponges were placed into 6-well multiwell
tissue culture plates (3815-012; IWAKI Glass Co. Lid.). Each
sponge was incubated in Dulbecco’s modified Eagle medium
supplemented with 15 vol.% FCS, 10nM dexamethasone,
50 pg/ml ascorbic acid, and 10mM B-glycerophosphate (os-
teogenic differentiation medium) at 37°C in a 5% CO-95% air
atmosphere. The medium was changed and collected twice a
week. The number of sponges used for each experimental
group was 2 to 3.

SEM observation of MSCs cultured in gelatin
sponges incorporating MCP

The gelatin sponges cultured with cells for 6h were fixed

“with 25wt% glutaraldehyde solution in 1x phosphate-

buffered saline solution (PBS, pH 7.4). After PBS rinsing and
subsequent dehydration with ethanol aqueous solutions, the
dehydrated samples were immersed in t-butanol and dried
with a critical point dryer (ES-2030; HITACHI). After sputter
coating with gold/palladium, the samples were viewed on
SEM.

Volume changes of the gelatin sponges
incorporating MCP during culture

The change in the volume of gelatin sponges with or
without MCP incorporation was determined by taking serial
photographs of the scaffolds in the presence of a reference
scale attached to the outside surface of the bottom of the
culture dish, during the culture period. Image } software was
used fo calculate surface area of the scaffold and the refer-
ence scale. By correlating the size of the scaffold to the ref-
erence scale, it was possible to determine the dimensional
change in the scaffold during the culture period. The pho-
tographs were taken with a digital camera (Cyber shot, DSC-
F707; Sony).

Evaluation of cell behavior after incubation
in gelatin sponges incorporating MCP

The number of MSCs attached to the gelatin sponges with
or without MCP incorporation was determined by the fluo-
rometric quantification of cellular DNA according to the
method reported by Rao ef alV’ Briefly, the cell-seeded
sponges were lysed in 500 L of 30mM sodium citrate-
buffered saline solution (SSC) (pH 7.4) containing 0.2mg/
ml sodium dodecylsulfate by using a tissue lyser (Retsch
Qiagen 85210 Tissue Lyser), for 10 min at 20 Hz, and then the
samples were incubated at 37°C for 1h. The cell lysate was
centrifuged at 14,000 rpm and 4°C for 5min to separate the
cell lysate from the sponge remnants. The cell lysate (100 uL)
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FIG. 1. Scanning electron
micrographs of gelatin spon-
ges incorporating 0 (a), 25 (b),
50 (c), 75 (d), and 90 wt% of
MCP (e). MCP, magnesium
calcium phosphate.

was mixed with a dye solution (100 pL; 30mM S5C, 1 pg/mL
Hoechst 33258 dye) and the fluorescent intensity of the
mixed solution was measured in a fluorescence spectrometer
(F-2000; HITACHI) at excitation and emission wavelengths
of 355 and 460nm, respectively. The calibration curve be-
tween the DNA and cell number was prepared by using cells
of known numbers.

As a measure of MSC osteogenic differentiation, the al-
kaline phosphatase (ALP) activity and osteocalcin content
were determined. The ALP of cells was determined by using
the conventional p-nitrophenylphosphate method,'® while
the osteocalcin content of the cells was determined by the
enzyme-linked immunosorbent assay (ELISA) method.
Briefly, MSCs cultured in the sponges for different time pe-
riods were mixed with 1 mL of 40 vol.% formic acid for more
than 12h to decalcify them using a mixer (CM-1000; Eyela
Co. Ltd.). After the decalcified samples were centrifuged, the
supernatant of the cell extraction was applied to gel filtration
on a SephadexTM G-25 column (PD-10; Amersham Phar-
macia Biotech AB). The resulting solution was freeze dried,
redissolved in double distilled water (DDW), and subjected
to an osteocalcin rat ELISA (Rat osteocalcin ELISA system;
Biomedical Technologies Inc.).

Evaijuation of the magnesium concentratlon
in culture medium

The collected cultured media Were“ Fribire duéd “The

freeze-dried powder was then redissolved with DDW in a

similar volume to that of the culture medmm ongmaﬂy ‘

collected to ensure that all the samples had the same volume.

The magnesium was determined by using the xyhdyle blue

method (Magnesium B reagent Kit; Wako Pure Chemical
Industries) and standardized by the culture medium of the

0wt% scaffolds. Briefly, 5L of culture medium was mixed .

with 750 L of color reagent. Absorbance was measured at
520 nm. Soa
Statistical analysis

All the data were analyzed by one-way analysm of vari-

significance was accepted at p<0.05. Graph Pad Prism 5

HUSSAIN ET AL.

software was used to conduct the statistical analysis. Ex-
perimental results were expressed as the mean +standard
deviation.

Resulis
Characterization of gelatin sponges incorporating MCP

Figure 1 shows scanning electron micrographs of gelatin
sponges with or without MCP incorporation. Irrespective of
the MCP content, a similar infrastructure was observed,
where the MCP appeared to be incorporated uniformly into
the matrix of the gelatin sponges and deposited within the
wall of every sponge. All the sponges had an interconnected
porous structure with the pore size ranging from 143 to
154 pm, while the porosity percentages were around 34.3-
50.1% (Table 1). The compression modulus of the sponges
increased significantly with increases in the amount of MCP
incorporated. For example, the compression modulus of the
gelatin sponges containing 75 and 90 wt% MCP was signif-
icantly different from those incorporating lower amounts of
MCP (Fig. 2).

" The gelatin sponges containing MCP showed an initial
burst of magnesium followed by a steady-release profile. On
the other hand, the gelatin sponges incorporating 90wt%
MCP showed a significantly higher release profile over the

‘whole culture perlod in c:ompanson with the other sponges

(Flg 3)

TaBLE 1. CHARACTERIZATION OF GELATIN SPONGES.
_.WITH OR WITHOUT MAGNESIUM CALCIUM
PHOSPHATE INCORPORATION.

CP wt% Mean pote diameter ( um) Porosity (%)

0 o  153.0£6072 44,426
25 - 15434308 442+3.8
80 139.9+37.1 33.3+2.0
75 - o 1B2.2%30.5 50.1+4.2
9 14304482 343+1.8

There is no 31gmf1cant dlfference among groups.
*. MCP, magnesium calcium phosphate.
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FIG. 2. Compression moduli of gelatin sponges incorpo-
rating different MCP contents. *p<0.05; significant against
the compression modulus of gelatin sponges incorporating
0wt% of MCP. Tp <0.05; significant against the compression
modulus of gelatin sponges incorporating 25wit% of MCP.
*p<0.05; significant against the compression modulus of
gelatin sponges incorporating 50 wt% of MCP. *p <0.05; sig-
nificant against the compression modulus of gelatin sponges
incorporating 75 wt% of MCP.

Attachment and proliferation of MSCs
in gelatin sponges incorporating MCP

Figure 4 shows SEM photographs of gelatin sponges in-
corporating MCP 6 h after MSC seeding. The cells attached to
all types of sponges and they were distributed throughout
the sponges. No difference in the shape of the attached MSCs
was observed among sponges.

Volume change of gelatin sponges incorporating MCP

Figure 5 shows the percent change in the volume of the
gelatin sponges incorporating MCP. The dimensional sta-
bility of gelatin sponges incorporating MCP seemed to in-
crease in proportion to the amount of MCP. The gelatin
sponges incorporating 90 wt% MCP showed the highest di-
mensional stability; about 88.7% of the initial size was
maintained even after 4 weeks of culture. On the other hand,

Magneslum co‘n‘cemrat!pn (ug/ml)
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Cuaitare period (week)

FIG. 3. Magnesium concentration in the medium after
culturing with gelatin sponges incorporating 25 (<), 50 (A),
75 (@), and 90 (€) of MCP content. J’p<0.05; significant
against magnesium concentration of the medium of gelatin
sponges incorporating 25wt% of MCP. *p <0.05; significant
against magnesium concentration of the medium of gelatin
sponges incorporating 50 wt% of MCP. % <0.05; significant
against magnesium concentration of the medium of gelatin
sponges incorporating 75 wt% of MCP.

the gelatin sponges containing Owt% of MCP showed the
least dimensional stability.

MSC proliferation and osteogenic differentiation
in gelatin sponges incorporating MCP

Figure 6 shows the number of MSCs proliferated in the
gelatin sponges with or without MCP incorporation. In the first
week of culture, no significant difference was seen in the cell

" number among different types of sponges. On the contrary,

2 weeks later, the gelatin sponges incorporating 90 wt% MCP
showed a significant increase in the cell number compared
with the other sponges. In the third and fourth week of culture,
the cell number significantly increased for the sponges incor-

- porating 75 and 90 wt% MCP in comparison with others. The

cells seeded in the gelatin sponges incorporating 50 wt% MCP
showed a significant difference only in the fourth week of

FIG. 4. Scanning electron
micrographs of MSCs attach-
ing to gelatin sponges incor-
porating 0 (a), 25 (b), 50 (c), 75
(d), and 90 wt% of MCP (e).
MSCs, mesenchymal stem
cells.
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FIG.5. Percent change in the volume of the gelatin sponges
incorporating 0 ([1), 25 (<), 50 (A), 75 (B), and 90wi% (€)
of MCP contents. *p<0.05; significant against the volume
change of gelatin sponges incorporating 0wt% of MCP.
< 0.05; significant against the volume change of gelatin
sponges incorporating 25 wt% of MCP. *p<0.05; significant
against the volume change of gelatin sponges incorporating
50wt% of MCP. % <0.05; significant against the volume
change of gelatin sponges incorporating 75 wt% of MCP.

culture compared with those seeded in gelatin sponges incor-
porating lower amounts of MCP.

Figure 7 shows the time course of the ALP activity of
MSCs after culture in gelatin sponges with or without MCP.
In the second week of culture, the ALP activity of the MSCs
cultured in the gelatin sponges incorporating 90wt% MCP
was significantly higher than that of the other gelatin spon-

p-}

-]
T

118

118
i

WA ;e N
T 0.0

Cell number (x10° cellapongse)
N

-
T

. 1 2 3 4 5
Cualfure time(weck) '

FIG. 6. Time course of MSC proliferation in gelatin sponges
incorporating 0 ([1), 25 (), 50 (A), 75 (B), and 90 (@) of
MCP content. *p <0.05; significant against MSC number in
the gelatin sponge incorporating Owt% of MCP. fp<0.05;
significant against MSC number in the gelatin sponge in-
corporating 25wt% of MCP. *p<0.05; significant against
MSCnumber in the gelatin sponge incorporating 50 wt% of
MCP. ¥ <0.05; significant against MSC number in the gelatin
sponge incorporating 75 wt% of MCP.

tT%§
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FIG. 7. Time course of the ALP activity of MSCs in the
gelatin sponge iricorporating 0 (1), 25 (<), 50 (A), 75 (H),
and 90 (¢ ) of MCP content. *p <0.05; significant against the
ALP activity of the cells in gelatin sponges incorporating
Owit% of MCP. "p<0.05; significant against the ALP activity
of the cells in gelatin sponges incorporating 25 wt% of MCP.
p<0.05; significant against the ALP activity of the cells in
gelatin sponges incorporating 50wt% of MCP. 5p<0.05; sig-
nificant against the ALP activity of the cells in gelatin
sponges incorporating 75 wt% of MCP. ALP, alkaline phos-
phatase.

ges. In the third and fourth week of culture, the MSCs cul-
tured in the gelatin sponges incorporating 50, 75, and 90 wt%
MCP showed a significantly higher ALP activity in com-
parison with the other groups.

The osteocalcin content of MSCs cultured in the gelatin
sponges containing 0 or 25wt% of MCP was significantly
higher when compared with those of the gelatin sponges
containing 75 and 90wt% of MCP, in the fourth week of
culture (Fig. 8).

Discussion

This sﬁtdy investigated the proliferation and osteogenic
differentiation of MSCs in gelatin sponges incorporating

g8
M
i
|

Osteocalcin content (x10™ Pg/eell)

o 50 “95 Sb
CMP content (wi%)

FIG. 8. Osteocalcin content of the MSCs in the gelatin
sponge containing different MCP contents at 2 weeks (black
column) and 4 weeks (white column). ¥ <0.05; significant
against the osteocalcin content of the cells in the gelatin
sponges incorporating 75 wt% of MCP. °p <0.05; significant
against the osteocalcin content of the cells in the gelatin-
sponges incorporating 90 wt% MCP.
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different amounts of MCP or without MCP incorporation.
Incorporation of MCP enabled the gelatin sponges to
mechanically reinforce and promote the proliferation and
osteogenic differentiation of MSCs. The gelatin sponges in-
corporating MCP could be prepared by an easy, one-step
procedure with the advantage of creating a porous structure
for cell-based bone regeneration. In other words, the simple
foaming of a gelatin solution permitted the formation of gel-
atin sponges, while the addition of MCP improved the
physical, mechanical, and biological properties of the sponges.
The sponges also showed slow magnesium release, which
‘may contribute to bone regeneration it vivo.” In addition, the
gelatin used in the sponge fabrication, LP.9 gelatin, is a known
carrier for bone morphogenetic protein-2,'” an important os-
teoinductive and ectopic bone-forming protein.”

There is-growing consensus that the physical properties of
materials, such as topography, geometry, porosity, and
stiffness, can be used to direct biological outcomes in a
manner similar to traditional approaches involving chemis-
try or biomolecules.®

The addition of MCP to the gelatin sponges did not affect
their porosity percentage and pore size because the MCP was
added during, not after, the sponge fabrication. In other
words, the MCP was mixed during the gelatin foaming
procedure with the end result of no difference in pore size
and porosity percentage among groups. On the contrary, the
compression modulus increased with the addition of MCP
(Fig. 2), which is of great value for the regeneration of hard
tissue such as bone.* The cells cultured in the gelatin sponges
with or without MCP incorporation did not show a different
morphology (Fig. 4), indicating that MCP has no negative
effect on cell morphology.

When MSCs were cultured in the gelatin sponges incor-
porating MCP, the number of MSCs proliferating in the
sponges increased with increases in the amount of MCP. For
example, there was an eightfold increase in the MSC number
cultured in the gelatin sponges incorporating 90 wt% MCP
compared with those of MCP-free sponges (Fig. 6). This can
be explained in terms of pore space in the sponges. As shown
in Figure 5, although the initial sponge size and porosity
were almost the same for all the groups, they were deformed
during the culture period, and since the gelatin sponges with
higher amounts of MCP incorporated showed less shrinkage,
there was more room for the cells in these sponges to grow
and multiéaly, with more surface area exposed to oxygen and
nutrients.” Another possible reason is the dissolution of
magnesium and calcium ions, which can stimulate cellular
proliferation. %

The ALP activity of MSCs in the sponges increased with
increases in the amount of MCP; for example, the ALP ac-
tivity in the gelatin sponges incorporating 90wt% MCP
showed a threefold increase in the second week of culture.
This could be due to the presence of calcium and phosphate
with magnesium, which is known to facilitate cell differen-
tiation.*™ In addition, the differentiation of cells was
maximized when the modulus of the scaffold increased to
match that of bone tissue.*® Another possible reason is the
change in surface topography, as seen in Figure 4, where
90wt% gelatin sponges shown a rough microscopic mor-
phology in comparison with 0wt%. Rough surfaces have
been showed to enhance osteogenic differentiation in com-
parison with smooth surfaces.>"
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Osteocalcin, a late osteo-differentiation marker, showed a
higher amount per cell in the gelatin scaffold incorporating
low or no MCP. This could be explained by the fact that the
cells in the gelatin sponges containing a high MCP content
are at the early stage of osteogenic differentiation, which is
characterized by a high proliferation index and ALP activity.
Meanwhile, the cells in the low or without MCP gelatin
sponges are at the late osteogenic differentiation stage, which
is characterized by low cell proliferation, low ALP, and high
osteocalcin levels.***® The dimensional shrinkage, which
limits cellular proliferation and enhances contact differenti-
ation of MSCs, could be a possible explanation for the high
osteocalcin levels in the gelatin sponges with low MCP
content. On the other hand, a high magnesium concentration
has been known to have an inhibitory action on late osteo-
genic differentiation by increasing the expression of the an-
ticalcification protein osteopontin with upregulation of the
calcification inhibitor, matrix Gla protein.>*

In summary, the addition of MCP did not affect the pore
size and porosity percentage adversely. Moreover, it im-
proved the dimensional stability and compression modulus
of the gelatin scaffolds, which in turn along with the slow
magnesium release and surface roughness promoted MSC
proliferation and osteogenic differentiation.

Conclusion

Novel scaffolds based on gelatin and MCP were intro-
duced. The addition of MCP to the gelatin sponges during
preparation did not reduce the pore size and porosity per-
centage of the scaffold. Furthermore, a significant increase in
dimensional stability and compression modulus was identi-
fied in the sponges containing high amount of MCP.

The MSCs seeded into the gelatin sponges containing
MCP showed consistency in morphology with those without
MCP content. In addition, the MSC proliferation and osteo-
genic differentiation benefited greatly by the increase in di-
mensional stability, hardness, roughness, and magnesium
release in the gelatin sponges containing MCP.

Disclosure Statement

No competing financial interests exist.
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Rigid Fixation of Intraoral Vertico-Sagittal
Ramus Osteotomy for
Mandibulzjt‘}rf Prognathism

Kavzmza! Fujzmum DDS PhD, * and
Kazubzsa Bessbo, DDS Pth

The standard surgical treatment for prognathism is
sagittal split ramus osteotomy (SSRO) if the proxi-

mal and distal segments of the ramus require fixing

with screws or metal plates. In this procedure,
however, it is frequently difficult to avoid neuro-
sensory disturbance (NSD) of the inferior alveolar
nerve (IAN) when the posterior margin of the ra-
mus curves inward or when the ramus is thin (Fig
1A, B). This report describes a new alternative
procedure, intraoral vertico-sagittal ramus osteot-
omy (AVSRO)," a modification of SSRO and intraoral
vertical ramus osteotomy (IVRO). One of the main
advantages of IVSRO is that it avoids IAN damage,
because the ramus can be split parallel to the orig-
inal sagittal plane posterior to the point betwecn
the mandibular canal and the lateral cortical bone

plate immediately in front of the antilingular prom- ‘

inence. Another advantage of IVSRO is that the area
in which screws can be inserted is relatively large,
if the subcoronoid area on the distal segment and
subcondylar area on the proximal segment are
used. The 2 segments can be fixed in these areas
with b1cort1ca1 bone screws, with or without a
cheek incision (Fig 1C). This report. mttoduces

rigid fixation of IVSRO for mandibular prognathism.
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' Techmque

Osteotomy of the ramus in IVSRO is a modified
version of straight IVSRO and extended IVSRO for
advancement of the mandible.! Briefly, the lateral
aspect is exposed from the sigmoid notch to the
antegonial notch. To avoid damaging the IAN and
the maxillary artery, the medial aspect of the ramus
may also be exposed carefully from the sigmoid
notch area to the lingula and the posterior border of
the ramus,? as in SSRO. To avoid a fracture or bad
split, the full thickness of the sigmoid notch is cut
with a fissure burr, reciprocating saw, or oscillating
saw inferiorly along the planed decortication line
until the bone marrow is exposed. This process,

2 ‘f{u,ll-thickness cutting of the sigmoid notch, is the

most important and most technically difficult step
of the IVSRO procedure. A wedge-shaped decorti-

“cation of the lateral aspect of the ramus from the

sigmoid notch to the antegonial notch is performed

“using a flat-top, cylindrical fissure burr parallel to
“the original sagittal plane until the bone marrow is
“exposed.” A bone spatula and an osteotom are used
for vertical osteotomy along almost the entire sag-
ittal plane to the medial posterior border of the
_ramus. The distal segment is then repositioned pos-
tenorly, and intermaxillary fixation (IMF) is per-
formed. The inner aspect of the decorticated distal

segment is spontaneously overlapped with the
proximal segment. The subcoronoid area and the
subcondylar area in each segment are also over-
lapped. The 2 segments can be fixed using bicorti-
cal bone screws. If possible, a 90° screwdriver
system (eg, angled drilling system and insertion
screws, 12-mm screw length; http://www.Syn-

e thes com) is used with an intraoral procedure (Fig
o 2A~C) “When the 2 segments are fixed rigidly, IMF
is usually not required after surgery. However, a
' fworablc outcome is usually obtained with IMF for

: ut 3 days to prevent postoperative bleeding and
5 in wound healing. To stabilize the occlusion

‘ postoijératively, intermaxillary elastics are applied
*- “forabout 2

months after release of IMF.
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Leftside:

FIGURE 1. Axial comﬁuted tomographic film of the left mandibular ramus. A, B, Preoperative images. Sagittal split ramus osteotomy is more

difficult if the posterior

order of the mandibular ramus curves inward or the ramus is thin. C, Postoperative image of rigid fixation with screws

in A. The anterolateral cortical bone of the proximal segment is removed {arrow) and osteotomy is performed from a point between the
mandibular canal and the lateral cortical bone. The proximal and distal segments are fixed using bicortical bone screws (arrowhead).

Fujimura and Bessho. Rigid Fixation of IVSRO. J Oral Maxiliofac Surg 2012.

FIGURE 2. Intraoral vertico-sagittal ra-
mus osteotomy. A, A 90° screwdriver sys-
tem [arrow} (angled drilling system;
hitp://www.Synthes.com) and B, inser-
tion screws {arrows} (2.4 mm.in diame-
ter, 12-mm screw length) were used for
the infraoral procedure. C, Postoperative
image. The distal segment of the mandi-
ble was rotated to the left side for man-
dibular deformiw, and ri%i: fixation was

performed in only the sefback side.

Fujimura and Bessho. Rigid Fixation of
IVSRO. J Oral Maxillofac Surg 2012.
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