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Abstract

Craniosynostosis is a pathologic condition that results from premature fusion of one or more cranial sutures. It occurs in
approximately 1:2000 live births. Since the brain expands rapidly in the first few years of life, premature closure of a cranial
suture leads to compensatory calvarial expansion in a plane parallel to the fused suture. Untreated, craniosynostosis can cause
a characteristic dysmorphic calvarial shape, midface hypoplasia, and can lead to deafness, blindness and mental retardation. In
order to understand the dynamic mechanisms that mediate craniosynostosis, we needed to investigate the biologic processes,
before, during and after suture fusion. Since clinical specimens limit our investigation to the time at which the samples are
excised, we have employed murine models to examine the cascading events that lead to cranial suture fusion. These models
have enabled us to dissect, isolate and understand the individual roles of the dura mater, pericranium, suture mesenchyme and
osteogenic fronts.

INTRODUCTION

Craniosynostosis is a pathologic condition that results from
premature fusion of one or ore cranial sutures. It occurs in
approximately 1:2000 live births. 1  Since the brain expands

rapidly in the first few years of life, premature closure of a
cranial suture leads to compensatory calvarial expansion in a
plane parallel to the fused suture. Untreated,
craniosynostosis can cause a characteristic dysmorphic
calvarial shape, midface hypoplasia, and can lead to
deafness, blindness and mental retardation. 2

Although unilateral non-syndromic coronal synostosis is
most common, more than 150 genetic syndromes have been
described. 3  Premature suture fusion may also be caused by

hyperthyroidism, hypophosphatemic vitamin D-resistant
rickets, mucopolysaccharidoses and mucolipidoses. 4,5,6,7,8

In spite of its association with a number of syndromes and
metabolic disorders, the etiopathogenesis of craniosynostosis
remains unknown.

Although murine and human craniofacial characteristics are
obviously different, there appears to be tremendous
conservation in the assembly of embryonic cranial
structures.9 We are exploiting this conservation to examine

the molecular mechanisms that mediate programmed murine
cranial suture fusion. Although it remains to be proven, we
would speculate that mouse and man share similar calvarial
molecular specification and sutural biology. The following

series of experiments performed in our laboratory illustrate
some of the advances in murine cranial suture research and
highlight our understanding of the molecular mechanisms
governing this system.

THE DURA MATER GUIDES CRANIAL SUTURE
FATE

In order to understand the dynamic mechanisms that mediate
craniosynostosis, we needed to investigate the biologic
processes, before, during and after suture fusion. Since
clinical specimens limit our investigation to the time at
which the samples are excised, we have employed murine
models to examine the cascading events that lead to cranial
suture fusion. These models have enabled us to dissect,
isolate and understand the individual roles of the dura mater,
pericranium, suture mesenchyme and osteogenic fronts.

THE MURINE MODEL OF CRANIAL SUTURE
FUSION

First, we defined the temporal sequence of cranial suture
fusion in our models. By serially sectioning murine calvaria,
our laboratory and others have demonstrated that the
posterior frontal (PF) suture fuses in an anterior to posterior
and endocranial to ectocranial direction from postnatal days
12-22 in the rat and 25-45 in the mouse.10,11,12 We feel that

this PF suture is analogous to the human metopic suture. In
addition, we have demonstrated that all other cranial sutures,
including the coronal (COR) and sagittal (SAG), remain
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patent for the life of the animal. The disparate fate of these
sutures was opportune because it enabled us to compare and
contrast gene and protein expression in fusing and patent
sutures.

Second, we developed an in vitro organ culture model to
study cranial development in an isolated, serum-free
system.13, 14 This system was unique because it allowed us to

eliminate independent variables from the cranial suture
microenvironment. For example, extirpation of the cranial
suture complex permitted normal in vitro calvarial
development without extra-sutural variables (e.g. tensional
forces or endocrine hormones) and provided a well-
controlled environment for genetic modification and
therapeutic intervention.15

Finally, using loupe magnification and micro-dissection, we
established enriched cranial suture-associated dural and
neonatal calvarial osteoblast cell lines.16,17,18 These cell lines

enabled us to understand the dura mater-derived signals and
their effects on osteoblast phenotype.

The role of the dura mater in cranial suture fusion

In 1996, Roth et al. investigated dura mater-suture
communication by studying the effects of PF cranial suture
separation from the subjacent dura mater with an intervening
impermeable silicone membrane.19 In this experiment,

Sprague-Dawley rats were divided into four groups. The
control animals had no operation. Experimental animals
underwent craniotomy alone, PF dural elevation only or
silicone membrane interposition between the PF suture and
the underlying dura. As expected, unoperated animals and
animals that underwent craniotomy alone, demonstrated
normal PF suture fusion. Animals that underwent PF dural
reflection alone initiated delayed suture fusion on postnatal
day 22 and completed ossification by postnatal day 30.
Finally, the PF suture of experimental animals with dura
mater-suture silicone separation remained patent through the
period of predicted suture fusion (i.e. postnatal days 12-22).
These animals did not initiate PF suture fusion until
postnatal day 30.

We were surprised by these data because they suggested that
the dura mater played an essential role in guiding cranial
suture fate. Furthermore, we hypothesized that the PF dura
mater was secreting soluble factors that were prevented from
diffusing into the overlying cranial suture by the
impermeable silicone membrane. This lead us to explore
programmed regional specialization of the PF vs. SAG dura

mater.

Regional specialization of the dura mater

In order to investigate the regional specialization of the dura
mater, Levine et al. rotated the PF and SAG sutures with
respect to the underlying dura. Sprague-Dawley rats were
divided into two groups.20 The control group underwent

rectangular craniotomy from the lambdoidal suture to the
jugum limitans inclusive of the PF and SAG sutures. The
calvarium was separated from the underlying dura mater and
then placed back on the dura mater in its original orientation.
The experimental animals underwent the same procedure,
except the excised strip craniotomy was rotated 180 degrees
around the mid-sagittal axis. This rotation placed the PF
suture over the SAG dura mater and the SAG suture over the
PF dura mater. The control animals demonstrated normal
suture physiology: the SAG suture remained patent while the
PF suture completed normal anterior-posterior and
endocranial-ectocranial ossification. In marked contrast, the
PF suture (overlying sagittal dura mater) of experimental
animals remained patent while the SAG suture (overlying
posterior frontal dura mater) fused. Furthermore, the rotated
SAG suture appeared to follow an anatomic anterior-
posterior (overlying SAG suture posterior-anterior) and
endocranial-ectocranial pattern of ossification.

Bradley et al. corroborated Levine’s results with an in vitro
mouse cranial suture organ culture system.13, 14 Bradley’s
in vitro rotational and translocational cranial suture data
reemphasized the regional specialization of the underlying
PF and SAG dura mater, but, moreover, the data implied that
dura mater-suture communication, at least in postnatal
development, was not dependent on tensional forces or
distant endocrine hormones.

Characterizing the regional specialization of the PF and
SAG-derived dural cells

In order to explore the regional difference in dural cells, we
isolated the PF and SAG sutures of Sprague-Dawley rats.16
The underlying suture-associated dura mater was dissected
free of the overlying suture complex and individual PF and
SAG dural cell lines were established. First-passage SAG
suture-derived dural cells demonstrated decreased cellular
contact inhibition and significantly increased rates of cellular
proliferation when compared to PF dural cells. In contrast,
PF dural cells expressed more than twice as much alkaline
phosphatase activity and collagen I protein. The PF and SAG
dural cells both possessed the capacity to form bone nodules.
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Collectively, these data demonstrated that phenotypic
differences exist between early-passage dural cells derived
from fusing and patent sutures. The formation of bone
nodules suggests that both PF and SAG dura mater contain a
population of osteoblast-like cells; however, elevated
collagen I protein expression and alkaline phosphatase
activity in PF dural cells suggest that the PF dura may
contain more mature osteoblast-like cells. Cellular
maturation and differentiation of PF dural osteoblast-like
cells may be responsible for decreased cellular proliferation
and enhanced contact inhibition.

The differences identified in suture-specific dural cells, in
conjunction with the rotational and translocational cranial
suture data, supported the hypothesis that the murine dura
mater was regionally differentiated and provided paracrine
signals to the overlying murine suture complex.
Furthermore, the increase alkaline phosphatase activity and
bone nodule formation in the PF dura suggested that this
tissue contained a sub-population of osteoblastic cells that
was markedly attenuated in SAG dura. Although it remains
to be proven, we hypothesized that this sub-population of
osteoblastic cells was contributing to PF suture fusion.

THE PERICRANIUM AND CRANIAL SUTURE
MESENCHYME DO NOT CONTROL CRANIAL
SUTURE FATE

Moss was the first to investigate the role of the
pericranium.21 Stripping the pericranium from neonatal rat

calvaria, he observed normal PF suture fusion and COR
suture patency. Opperman et al. added to Moss’s findings by
demonstrating that removal of the pericranium did not affect
fetal or neonatal suture fate.22

By analyzing the gene expression within the pre-fusing,
isolated cranial suture complex, Spector et al. have
demonstrated that, like the pericranium, the intercalary
suture mesenchyme appears not to participate in
osteoinductive signaling; instead, it remains primed awaiting
molecular instructions from the underlying dura mater.23 In

order to demonstrate this, six-day-old Sprague-Dawley rat
calvaria were harvested and the subjacent dura mater and
overlying pericranium removed. The isolated PF and SAG
sutures were separated and either snap frozen and
homogenized or digested with collagenase and used to
establish early-passage suture-derived cell lines.
Extracellular matrix protein and growth factor mRNA
expression was compared in the snap frozen (in vivo) PF and
SAG sutures. Identical analysis was performed in the

established in vitro PF and SAG suture-derived cells. Snap
frozen PF sutures expressed significantly more collagen IαI,
collagen III and osteocalcin transcript than SAG sutures. In
contrast, the level of TGF-?? mRNA was equal between the
snap frozen PF and SAG suture complexes. These initial
results implied that the pre-fusing PF suture complex does
not intrinsically express critically important osteoinductive
cytokines. Instead, the PF suture mesenchyme appeared to
upregulate osteoid and ECM gene expression in response to
inductive dura-derived signals.

Taken together, these experiments suggested that the
osteogenic machinery within the isolated cranial suture
complex remained primed awaiting osteoinductive paracrine
signals from the underlying dura mater. These results lead us
to investigate the nature of the dura mater-derived paracrine
signals in the following series of experiments.

GROWTH FACTOR EXPRESSION IN CRANIAL
SUTURE BIOLOGY

While the dura mater, independent of cranial base forces,
appeared critical in determining sutural fate, the precise
mechanisms mediating the dura mater-suture interaction
remained unknown. In order to investigate dura-suture
cytokine communication, we used a candidate gene
approach. By in situ hybridization and immunolocalization
techniques, we identified a number of osteogenic factors in
the dura mater underlying the fusing PF suture. Furthermore,
we identified very low-level expression of these same
cytokines in the patent SAG suture. Finally, based on our
understanding of gene expression in fusing vs. patent
sutures, we were able to change the fate of programmed
sutures by modulating the expression of these candidate
cytokines.

The expression of insulin-like growth factors

The insulin-like growth factors (IGF-I and IGF-II) are 7.6
and 7.5 kD dimeric peptides, respectively.24, 25 Both IGF-I

and IGF-II are involved in bone formation and repair.26,27,28,29

For example, The IGFs exert their mitogenic effects and
induce collagen synthesis in osteoblasts through IGF type I
and II receptors. Numerous studies have demonstrated that
IGF I and IGF-II enhance bone healing when injected locally
or even administered systemically.30,31,32,33,34,35 Interestingly,

Canalis and Lian demonstrated that IGF-I and IGF-II
stimulate osteoblasts to express osteocalcin.36 Since

osteocalcin is expressed only by mature osteoblasts, the
authors hypothesized that IGFs drive osteoblast
differentiation.
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In order to determine if IGF-I and IGF-II played a role in PF
suture fusion, Bradley et al. harvested calvaria from
Sprague-Dawley rats (ages: gestational day 16 to postnatal
day 80), and examined IGF-I, IGF-II and osteocalcin
expression.37 The authors demonstrated that IGF-I and IGF-

II mRNA and protein were exclusively expressed in the
fusing PF dura mater and suture mesenchyme. The transcript
and protein appear just before the onset of PF suture fusion
(postnatal day 2-10) and persisted until the suture had
completed fusion (postnatal day 30). Interestingly, the
authors discovered that osteoblasts in the PF suture complex
expressed marked amounts of osteocalcin. The authors
hypothesized that dura-derived IGF-I and IGF-II were acting
on the overlying osteoblasts to increase their rate of
differentiation and osteocalcin expression.

The expression of transforming growth factor-betas and their
receptors

The transforming growth factor beta (TGF-() superfamily
includes a number of important growth factors including
three TGF-( isoforms, the bone morphogenetic proteins,
activins, inhibins, and growth and differentiation factors.
TGF-(1, -(2, and -(3 are three closely related isoforms that
are widely expressed during skeletal morphogenesis and
bone repair.38,39,40,41 These TGF-?s stimulate osteoblast

proliferation and induce the synthesis of collagen,
osteocalcin and other extracellular matrix proteins.42,43,44,45,46

In addition, TGF-?s enhance extracellular matrix depostition
by inhibiting osteoclast activity and down-regulating the
expression of tissue metalloproteinases.47,48,49,50,51

Furthermore, exogenous TGF-?1 enhances bone deposition
and the healing of bone defects.52,51,52,53,54,55

Using in situ hybridization, a number of authors have
localized TGF-?1 mRNA production to the dura mater
underlying the PF suture.56, 57 Collectively, these studies

demonstrated that TGF-?1 transcription increased just prior
to PF suture fusion. In marked contrast, the dura mater
underlying the patent SAG suture expressed little TGF-??
transcript throughout the period of predicted suture fusion
(i.e. 12-22 days). Interestingly, immunohistochemistry
demonstrated that the elevated TGF-?1 transcripts in the PF
dura are translated into protein that, we hypothesize, diffuses
into the suture mesenchyme of the pre-fusing and fusing PF
suture.12, 57, 58 Additional work has immunolocalized TGF-

? receptors I and II (TGF-?R I and II) to osteoblasts in the
PF osteogenic front and in the dura mater subjacent to the
actively fusing PF suture. We hypothesize that TGF-?s are

acting in a paracrine fashion to drive osteoblast
differentiation and suture fusion.59

In 1997, Roth et al. demonstrated a differential TGF-?
isotype expression pattern in human, nonsyndromic,
unicoronal craniosynostotic sutures using
immunohistochemistry.60 The authors demonstrated a

marked increase in TGF-?1 and ?2 growth factors in the
osteogenic front of prematurely fusing sutures. In contrast,
the patent sutures expressed minimal TGF-?1 or ?2.
Interestingly, TGF-?3 protein production was limited to the
sutural margin of the patent sutures. This restricted
expression may implicate TGF-?3 in the suppression of
osteogenesis.61

Taken together, the human craniosynostotic findings and
murine data implicate TGF-? signaling in the regulation of
cranial suture fate. In addition, the similarities in TGF-?
isotype expression support the supposition that programmed
suture fusion in murine models and premature fusion in man
share, at least in part, evolutionarily conserved signaling
pathways. Additional work is necessary to clarify the
complex roles of TGF-?s in cranial suture biology.

The expression of fibroblast growth factors and their
receptors

The FGFs are a large family of at least 19 cytokines that
regulate cell migration, angiogenesis, bone development and
repair, and epithelial-mesenchymal interactions.62,63,64,65,66

FGF-2 is the most abundant ligand and it has been shown to
stimulate osteoblast proliferation and enhance bone
formation in vivo and in vitro.67,68,69 FGF-2 expression is

elevated in fracture healing and exogenously applied FGF-2
accelerates osteogenesis in critical size bone defects and
fracture sites.70,71,72 Furthermore, the FGF-2 signaling

cascade augments the expression of TGF-? and its myriad of
pro-osteogenic effects.73

Most and Mehrara et al. have spatially and temporally
localized the expression of FGF-2 mRNA and protein during
rat calvarial morphogenesis and PF suture fusion.56, 57 In
situ hybridization revealed an abundance of FGF-2 transcript
in the PF dura mater prior to and during PF suture fusion. In
contrast, there was a paucity of FGF-2 mRNA in the SAG
dura throughout the period of predicted suture fusion.56
Furthermore, immunohistochemistry demonstrated marked
increases in FGF-2 protein production in the osteogenic front
of the pre-fusing and fusing PF suture.74 The spatial and

temporal expression of FGF-2, in addition to the
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experimental evidence supporting its regulatory roles in
osteogenesis and epithelial-mesenchymal interactions,
strongly implicates FGF-2 in the regulation of calvarial bone
induction.

Since gain-of-function FGF receptor (FGFR) mutations are
the most common syndromic cause of craniosynostosis, our
laboratory and others have investigated the expression of
FGF receptors in the murine model. Mehrara et al.
demonstrated increased FGFR1 and FGFR2 immunostaining
in the patent SAG suture compared to the PF. The authors
hypothesized that the high FGF-2 ligand environment in the
PF suture was down regulating the expression of FGFRs in
that suture. Iseki et al. went on to investigate the different
roles of FGFR1, FGFR2, and FGFR3 during mouse calvarial
development.75, 76 The authors have shown that FGFR2

expression coincided with areas of rapid cellular
proliferation, but was mutually exclusive with domains of
osteoblast differentiation. In contrast, FGFR1 expression
was associated with osteoblast differentiation. FGFR3 was
expressed in both the osteogenic and chondrogenic regions
of the skeleton, including the thin plate of cartilage
underlying part of the coronal suture, suggesting a
cooperative role between FGFR2 and FGFR3 signaling in
osteogenic cell proliferation. Additional work suggested that
excessive FGF-2 signaling resulted in osteogenic
differentiation and reciprocal FGFR2 down-regulation.75
This finding was important because it implied that
differential FGF signal intensity may have qualitatively
distinct cellular consequences.

Taken together, these studies suggested that FGF signaling
played an important role in cranial suture biology.

Changing cranial suture fate.

Since accumulating evidence suggested that FGFs critically
regulated cranial suture physiology, we attempted to
determine if we could reverse programmed cranial suture
fate by manipulating FGF-biologic activity. In order to do
this, Greenwald et al. utilized replication-deficient
adenoviruses encoding a truncated form of FGF-R1
(AdCAFGF-TR) or a secreted form of FGF-2
(AdCAsFGF-2).15 The AdCAFGF-TR construct was
designed to abrogate FGF-biologic activity, while the
AdCAsFGF-2 resulted in a marked increase in FGF-2
protein production. These constructs were injected into the
PF (AdCAFGF-TR) or COR (AdCAsFGF-2) dura mater of
embryonic day 18 Sprague-Dawley rats and the animals
were examined on postnatal day 30. The authors

demonstrated that in utero AdCAFGF-TR infection of the
dural tissues underlying the PF cranial suture inhibited
programmed cranial suture fusion, while in utero
AdCAsFGF-2 infection of the dural tissues underlying the
COR suture resulted in fusion of this normally patent suture.
Through a variety of in vitro analyses, Greenwald et al.
demonstrated that these effects were mediated via alterations
in cellular proliferation, extracellular matrix molecule gene
expression, and TGF-?1 synthesis. These data provided
direct support for the hypothesis that FGF-biologic activity
is a critical regulator of both programmed and pathologic
cranial suture fusion

CONCLUSIONS

Normal cranial suture biology in murine models is very
complex and seems to require a coordinated cascade of
molecular signals from the underlying dura mater. While our
knowledge of these dura-derived signals has increased
dramatically in the last decade, we have barely begun to
understand the fundamental mechanisms that mediate cranial
suture fusion or patency. Ultimately, by understanding the
mechanisms that mediate murine cranial suture biology, we
may someday intelligently develop targeted biologically
based strategies to treat or reverse prematurely fusing
sutures.

References

1. Robin, N.H. Molecular genetic advances in understanding
craniosynostosis. Plast Reconstr Surg. 103:1060, 1999.
2. McCarthy, J.G., Epstein, F.J. and Wood-Smith, D.
Craniosynostosis. Philadelphia: W.B. Saunders Co., 1990.
Pp. 3013.
3. Cohen, M.M., Jr. Craniosynostoses: phenotypic/molecular
correlations. Am J Med Genet. 56:334, 1995.
4. Akita, S., Hirano, A. and Fujii, T. Identification of IGF-I
in the calvarial suture of young rats: histochemical analysis
of the cranial sagittal sutures in a hyperthyroid rat model.
Plast Reconstr Surg. 97:1, 1996.
5. Cohen, M.M., Jr. Etiopathogenesis of craniosynostosis.
Neurosurg Clin N Am. 2:507, 1991.
6. Cohen, M.M., Jr. Sutural biology and the correlates of
craniosynostosis. Am J Med Genet. 47:581, 1993.
7. Persson, E.C., Engstrom, C. and Thilander, B. The effect
of thyroxine on craniofacial morphology in the growing rat.
Part I: A longitudinal cephalometric analysis. Eur J Orthod.
11:59, 1989.
8. Roy, W.A., Iorio, R.J. and Meyer, G.A. Craniosynostosis
in vitamin D-resistant rickets. A mouse model. J Neurosurg.
55:265, 1981.
9. Schneider, R.A., Hu, D. and Helms, J.A. From head to
toe: conservation of molecular signals regulating limb and
craniofacial morphogenesis. Cell Tissue Res. 296:103, 1999.
10. Moss, M.L. Fusion of the frontal suture in the rat. Am J
Anat. 102:141, 1958.
11. Bradley, J.P., Levine, J.P., Roth, D.A., McCarthy, J.G.
and Longaker, M.T. Studies in cranial suture biology: IV.
Temporal sequence of posterior frontal cranial suture fusion
in the mouse. Plast Reconstr Surg. 98:1039, 1996.



Advances In Murine Cranial Suture Research

6 of 8

12. Roth, D.A., Longaker, M.T., McCarthy, J.G., et al.
Studies in cranial suture biology: Part I. Increased
immunoreactivity for transforming growth factor-beta (b1,
b2, b3) during rat cranial suture fusion. J Bone Miner Res.
12:311, 1997.
13. Bradley, J.P., Levine, J.P., McCarthy, J.G. and
Longaker, M.T. Studies in cranial suture biology: regional
dura mater determines in vitro cranial suture fusion. Plast
Reconstr Surg. 100:1091, 1997.
14. Bradley, J.P., Levine, J.P., Blewett, C., et al. Studies in
cranial suture biology: In vitro cranial suture fusion. Cleft
Palate-Craniofacial Journal. 33:150, 1996.
15. Greenwald, J.A., Mehrara, B.J., Spector, J.A., et al. In
Vivo Modulation of FGF-Biologic Activity Alters Cranial
Suture Fate. Am J Pathology. In Press, February 2001.
16. Mehrara, B.J., Greenwald, J.A., Chin, G., et al. Regional
differentiation of rat cranial suture-derived dural cells is
dependent on association with fusing and patent cranial
sutures. Plast Reconstr Surg. 104:1003, 1999.
17. Greenwald, J.A., Mehrara, B.J., Spector, J.A., et al.
Regional differentiation of cranial suture-associated dura
mater in vivo and in vitro: implications for suture fusion and
patency. J Bone Miner Res. 12:2413, 2000.
18. Mehrara, B.J., Saadeh, P.B., Steinbrech, D.S., et al.
Adenovirus-mediated gene therapy of osteoblasts in vitro
and in vivo. J Bone Miner Res. 14:1290, 1999.
19. Roth, D.A., Bradley, J.P., Levine, J.P., et al. Studies in
cranial suture biology: Part II. Role of the dura in cranial
suture fusion. Plast Reconstr Surg. 97:693, 1996.
20. Levine, J.P., Bradley, J.P., Roth, D.A., McCarthy, J.G.
and Longaker, M.T. Studies in cranial suture biology:
regional dura mater determines overlying suture biology.
Plast Reconstr Surg. 101:1441, 1998.
21. Moss, M.L. Inhibition and stimulation of sutural fusion
in the rat calvaria. Anat Rec. 136:457, 1960.
22. Opperman, L.A., Persing, J.A., Sheen, R. and Ogle, R.C.
In the absence of periosteum, transplanted fetal and neonatal
rat coronal sutures resist osseous obliteration. J Craniofac
Surg. 5:327, 1994.
23. Spector, J.A., Mehrara, B.J., Greenwald, J., et al. A
molecular analysis of the isolated rat posterior frontal and
sagittal sutures: Differences in gene expression. Plast
Reconstr Surg. 106:852, 2000.
24. Rinderknecht, E. and Humbel, R.E. The amino acid
sequence of human insulin-like growth factor I and its
structural homology with proinsulin. J Biol Chem. 253:2769,
1978.
25. Haselbacher, G.K., Schwab, M.E., Pasi, A. and Humbel,
R.E. Insulin-like growth factor II (IGF II) in human brain:
regional distribution of IGF II and of higher molecular mass
forms. Proc Natl Acad Sci U S A. 82:2153, 1985.
26. McCarthy, T.L., Centrella, M. and Canalis, E. Insulin-
like growth factor (IGF) and bone. Connect Tissue Res.
20:277, 1989.
27. McCarthy, T.L., Centrella, M. and Canalis, E.
Regulatory effects of insulin-like growth factors I and II on
bone collagen synthesis in rat calvarial cultures.
Endocrinology. 124:301, 1989.
28. Centrella, M., McCarthy, T.L. and Canalis, E. Receptors
for insulin-like growth factors-I and -II in osteoblast-
enriched cultures from fetal rat bone. Endocrinology.
126:39, 1990.
29. Centrella, M., Spinelli, H.M., Persing, J.A. and
McCarthy, T.L. The complexity of insulin-like growth
factors in bone growth and remodeling. Ann Plast Surg.
31:434, 1993.
30. Lund, P.K., Moats-Staats, B.M., Hynes, M.A., et al.
Somatomedin-C/insulin-like growth factor-I and insulin-like

growth factor-II mRNAs in rat fetal and adult tissues. J Biol
Chem. 261:14539, 1986.
31. Thaller, S.R., Hoyt, J., Tesluk, H. and Holmes, R. The
effect of insulin growth factor-1 on calvarial sutures in a
Sprague- Dawley rat. J Craniofac Surg. 4:35, 1993.
32. Thaller, S.R., Hoyt, J., Tesluk, H. and Holmes, R. Effect
of insulin-like growth factor-1 on zygomatic arch bone
regeneration: a preliminary histological and histometric
study. Ann Plast Surg. 31:421, 1993.
33. Thaller, S.R., Dart, A. and Tesluk, H. The effects of
insulin like growth factor I on critical sized calvarial defects
in Sprague Dawley rats. Ann Plas Surg. 31:429, 1993.
34. Thaller, S.R., Lee, T.J., Armstrong, M., Tesluk, H. and
Stern, J.S. Effect of insulin-like growth factor type 1 on
critical-size defects in diabetic rats. J Craniofac Surg. 6:218,
1995.
35. Aspenberg, P., Albrektsson, T. and Thorngren, K.G.
Local application of growth-factor IGF-1 to healing bone.
Experiments with a titanium chamber in rabbits. Acta
Orthop Scand. 60:607, 1989.
36. Canalis, E. and Lian, J.B. Effects of bone associated
growth factors on DNA, collagen and osteocalcin synthesis
in cultured fetal rat calvariae. Bone. 9:243, 1988.
37. Bradley, J.P., Han, V.K., Roth, D.A., et al. Increased
IGF-I and IGF-II mRNA and IGF-I peptide in fusing rat
cranial sutures suggest evidence for a paracrine role of
insulin-like growth factors in suture fusion. Plast Reconstr
Surg. 104:129, 1999.
38. Stein, G.S. and Lian, J.B. Molecular mechanisms
mediating proliferation/differentiation interrelationships
during progressive development of the osteoblast phenotype.
Endocr Rev. 14:424, 1993.
39. ten Dijke, P., Iwata, K.K., Goddard, C., et al.
Recombinant transforming growth factor type beta 3:
biological activities and receptor-binding properties in
isolated bone cells. Mol Cell Biol. 10:4473, 1990.
40. Centrella, M., Horowitz, M., Wozney, J. and McCarthy,
T. Transforming growth factor-B gene family members and
bone. Endocrin Rev. 15:27, 1994.
41. Millan, F.A., Denhez, F., Kondaiah, P. and Akhurst, R.J.
Embryonic gene expression patterns of TGF beta 1, beta 2
and beta 3 suggest different developmental functions in vivo.
Development. 111:131, 1991.
42. Centrella, M., Massague, J. and Canalis, E. Human
platelet-derived transforming growth factor-beta stimulates
parameters of bone growth in fetal rat calvariae.
Endocrinology. 119:2306, 1986.
43. Centrella, M., McCarthy, T.L. and Canalis, E.
Transforming growth factor beta is a bifunctional regulator
of replication and collagen synthesis in osteoblast-enriched
cell cultures from fetal rat bone. J Biol Chem. 262:2869,
1987.
44. Lundy, M.W., Hendrix, T., Wergedal, J.E. and Baylink,
D.J. Growth factor-induced proliferation of osteoblasts
measured by bromodeoxyuridine immunocytochemistry.
Growth Factors. 4:257, 1991.
45. Robey, P.G., Young, M.F., Flanders, K.C., et al.
Osteoblasts synthesize and respond to transforming growth
factor-type beta (TGF-beta) in vitro. J Cell Biol. 105:457,
1987.
46. Wrana, J.L., Maeno, M., Hawrylyshyn, B., et al.
Differential effects of transforming growth factor-beta on the
synthesis of extracellular matrix proteins by normal fetal rat
calvarial bone cell populations. J Cell Biol. 106:915, 1988.
47. Matrisian, L.M. Metalloproteinases and their inhibitors
in matrix remodeling. Trends Genet. 6:121, 1990.
48. Bonewald, L.F. and Mundy, G.R. Role of transforming
growth factor-beta in bone remodeling. Clin Orthop. 261,



Advances In Murine Cranial Suture Research

7 of 8

1990.
49. Chenu, C., Pfeilschifter, J., Mundy, G.R. and Roodman,
G.D. Transforming growth factor beta inhibits formation of
osteoclast-like cells in long-term human marrow cultures.
Proc Natl Acad Sci U S A. 85:5683, 1988.
50. Massague, J. The transforming growth factor-beta
family. Annu Rev Cell Biol. 6:597, 1990.
51. Pfeilschifter, J., Seyedin, S.M. and Mundy, G.R.
Transforming growth factor beta inhibits bone resorption in
fetal rat long bone cultures. J Clin Invest. 82:680, 1988.
52. Beck, L.S., Amento, E.P., Xu, Y., et al. TGF-beta 1
induces bone closure of skull defects: temporal dynamics of
bone formation in defects exposed to rhTGF-beta 1. J Bone
Miner Res. 8:753, 1993.
53. Lind, M., Schumacker, B., Soballe, K., et al.
Transforming growth factor-beta enhances fracture healing
in rabbit tibiae. Acta Orthop Scand. 64:553, 1993.
54. Moxham, J.P., Kibblewhite, D.J., Dvorak, M., et al.
TGF-beta 1 forms functionally normal bone in a segmental
sheep tibial diaphyseal defect. J Otolaryngol. 25:388, 1996.
55. Sun, Y., Zhang, W., Lu, Y., et al. Role of transforming
growth factor beta (TGF-beta) in repairing of bone defects.
Chin Med Sci J. 11:209, 1996.
56. Most, D., Levine, J.P., Chang, J., et al. Studies in cranial
suture biology: up-regulation of transforming growth factor-
beta1 and basic fibroblast growth factor mRNA correlates
with posterior frontal cranial suture fusion in the rat. Plast
Reconstr Surg. 101:1431, 1998.
57. Mehrara, B.J., Most, D.E., Chang, J., et al. Basic
fibroblast growth factor and transforming growth factor
beta-1 expression in the developing dura mater correlates
with calvarial bone formation. Plast Reconstr Surg.
102:1805, 1999.
58. Opperman, L.A., Nolen, A.A. and Ogle, R.C. TGF-beta
1, TGF-beta 2, and TGF-beta 3 exhibit distinct patterns of
expression during cranial suture formation and obliteration
in vivo and in vitro. J Bone Miner Res. 12:301, 1997.
59. Mehrara, B.J., Steinbrech, D.S., Saadeh, P.B., Gittes,
G.K. and Longaker, M.T. Expression of high-affinity
receptors for TGF-beta during rat cranial suture fusion. Ann
Plast Surg. 42:502, 1999.
60. Roth, D.A., Gold, L.I., Han, V.K., et al.
Immunolocalization of transforming growth factor beta 1,
beta 2, and beta 3 and insulin-like growth factor I in
premature cranial suture fusion. Plast Reconstr Surg. 99:
1997.
61. Opperman, L.A., Chhabra, A., Cho, R.W. and Ogle, R.C.
Cranial suture obliteration is induced by removal of
transforming growth factor (TGF)-beta 3 activity and
prevented by removal of TGF- beta 2 activity from fetal rat
calvaria in vitro. J Craniofac Genet Dev Biol. 19:164, 1999.
62. Globus, R.K., Patterson-Buckendahl, P. and
Gospodarowicz, D. Regulation of bovine bone cell

proliferation by fibroblast growth factor and transforming
growth factor beta. Endocrinology. 123:98, 1988.
63. Mayahara, H., Ito, T., Nagai, H., et al. In vivo
stimulation of endosteal bone formation by basic fibroblast
growth factor in rats. Growth Factors. 9:73, 1993.
64. Wilkie, A.O.M., Morriss-kay, G.M., Jones, E.Y. and
Heath, J.K. Functions of fibroblast growth factors and their
receptors. Current Biology. 5:500, 1995.
65. Yamaguchi, T.P. and Rossant, J. Fibroblast growth
factors in mammalian development. Curr Opin Genet Dev.
5:485, 1995.
66. Nishimura, T., Utsunomiya, Y., Hoshikawa, M., Ohuchi,
H. and Itoh, N. Structure and expression of a novel human
FGF, FGF-19, expressed in the fetal brain. Biochim Biophys
Acta. 1444:148, 1999.
67. Nakamura, K., Kurokawa, T., Kawaguchi, H., et al.
Stimulation of endosteal bone formation by local
intraosseous application of basic fibroblast growth factor in
rats. Rev Rhum Engl Ed. 64:101, 1997.
68. Nakamura, K., Kawaguchi, H., Aoyama, I., et al.
Stimulation of bone formation by intraosseous application of
recombinant basic fibroblast growth factor in normal and
ovariectomized rabbits. J Orthop Res. 15:307, 1997.
69. Kimoto, T., Hosokawa, R., Kubo, T., et al. Continuous
administration of basic fibroblast growth factor (FGF-2)
accelerates bone induction on rat calvaria--an application of
a new drug delivery system. J Dent Res. 77:1965, 1998.
70. Scully, S.P., Joyce, M.E., Abidi, N. and Bolander, M.E.
The use of polymerase chain reaction generated nucleotide
sequences as probes for hybridization. Mol Cell Probes.
4:485, 1990.
71. Bolander, M.E. Regulation of fracture repair by growth
factors. Proc Soc Exp Biol Med. 200:165, 1992.
72. Kawaguchi, H., Kurokawa, T., Hanada, K., et al.
Stimulation of fracture repair by recombinant human basic
fibroblast growth factor in normal and streptozotocin-
diabetic rats. Endocrinology. 135:774, 1994.
73. Noda, M. and Vogel, R. Fibroblast growth factor
enhances type beta 1 transforming growth factor gene
expression in osteoblast-like cells. J Cell Biol. 109:2529,
1989.
74. Mehrara, B.J., Mackool, R.J., McCarthy, J.G., Gittes,
G.K. and Longaker, M.T. Immunolocalization of basic
fibroblast growth factor and fibroblast growth factor
receptor-1 and receptor-2 in rat cranial sutures. Plast
Reconstr Surg. 102:1805, 1998.
75. Iseki, S., Wilkie, A.O., Heath, J.K., et al. Fgfr2 and
osteopontin domains in the developing skull vault are
mutually exclusive and can be altered by locally applied
FGF2. Development. 124:3375, 1997.
76. Iseki, S., Wilkie, A.O. and Morriss-Kay, G.M. Fgfr1 and
Fgfr2 have distinct differentiation- and proliferation- related
roles in the developing mouse skull vault. Development.
126:5611, 1999.



Advances In Murine Cranial Suture Research

8 of 8

Author Information

Stephen M Warren, MD
Department of Surgery, Surgery, Stanford University School of Medicine

Michael T Longaker, MD, FACS
Department of Surgery, Surgery, Stanford University School of Medicine


