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Abstract
BACKGROUND—The etiology of non-syndromic craniosynostosis remains elusive. While
compressive forces have been implicated in premature suture fusion, conclusive evidence of force-
induced craniosynostosis is lacking. The purpose of this study was to determine if cyclical loading
of the murine calvarium could induce suture fusion.

METHODS—Calvarial coupons from post-natal day 21, B6CBA wild-type mice (n = 18) were
harvested and cultured. A custom appliance capable of delivering controlled, cyclical,
compressive loads was applied perpendicular to the sagittal suture within the coupon in vitro. Nine
coupons were subjected to 0.3g of force for 30 minutes each day for a total of 14 days. A control
group of nine coupons was clamped in the appliance without loading. Analysis of suture
phenotype was performed using alkaline phosphatase and H&E staining techniques, as well as in
situ hybridization analysis using Bone Sialoprotein (BSP).

RESULTS—Control group sagittal sutures—which normally remain patent in mice—showed
their customary histological appearance. In contradistinction, sagittal sutures subjected to cyclic
loading showed histological evidence of premature fusion (craniosynostosis). In addition, alkaline
phosphatase activity and BSP expression was observed to be increased in the experimental group
when compared to matched controls.

CONCLUSIONS—An in vitro model of forced-induced craniosynostosis has been devised.
Premature fusion of the murine sagittal suture was induced with the application of controlled,
cyclical, compressive loads. These results implicate abnormal forces in the development of non-
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syndromic craniosynostosis, which supports our global hypothesis that epigenetic phenomena
have a crucial role in the pathogenesis of craniosynostosis.

Since Julius Wolff published his classical treatise in 1892,1 the impact of biomechanical
forces on bone adaptation has been repeatedly demonstrated. Moss extended Wolff's law
with the concept of the functional matrix model for craniofacial growth.2 He emphasized the
role of soft tissue forces in skull development. Enlow's “depository and resorptive fields”
were extensions of the functional matrix model.3 Enlow proposed that because of native
forces, certain regions of the skull were intrinsically inclined to be either osteoblastic or
osteoclastic. The exquisite responsiveness of bone to external force has been clinically
exploited by Illizarov's principles, which form the basis of distraction osteogenesis.4
Osseous distraction is an important tool now commonly utilized for orthognathic
management in the congenitally hypoplastic craniofacial skeleton.5 Numerous investigators
have described cellular signaling cascades that occur under conditions of bone mechano-
response. For example, Ingber, in reporting about his theory of tensegrity, links bone
remodeling to the process of mechanotransduction, whereby genes are transcribed in
response to forces.6 In cranial sutures, one transcription factor, Tbx2, has been observed to
increase three-fold after mechanical loading.7 A connection between such force-induced
gene expression and craniosynostosis, however, has yet to be established.

Sutures are one of the essential growth sites of the craniofacial complex. The craniofacial
skeleton is made up of intramembranous bones that demonstrate growth based on two
intrinsic physiological forces: organ-induced expansion (i.e. from the eye and brain)8 and
mastication.9 Altered masticatory force has been shown to induce craniosynostosis, as
osteopetrotic mice display premature fusion of the sagittal suture,10 and rats on soft diets
exhibited premature fusion of the internasal suture.11 Brain expansion results in both
translational and transformational cranial growth, as described by Enlow.12 The absence of
brain expansile forces is evidenced in fetuses born with anencephaly and microcephaly, by
demonstrating complete absence or severely reduced cranial growth patterns. Conversely,
the presence of extrinsic pathological forces can also have an impact on skull development.
Multiple births,13 low pelvic station,14 and late-term presentation15 have all been
associated with the development of non-syndromic craniosynostosis. Increased intrauterine
forces—secondary to constraint—have been cited as a common etiology.16 Furthermore,
experimentally induced increased intrauterine compression utilizing cervical cerclage to
delay births of mice pups by three days led to a higher incidence of premature suture fusion.
17 In a separate set of studies, Moss identified that rat sutures which normally fuse failed to
do so after the falx cerebri were severed, suggesting a role for altered force transmission in
suture biology.18 The impact of these dural attachments to skull morphology has been
reproduced in other animal models.19–21 All of these studies and observations implicate an
abnormal mechanical environment in the pathogenesis of craniosynostosis.

Because of its relatively high frequency and significant biomedical burden, the causative
factor(s) in non-syndromic craniosynostosis are of great clinical interest. Previously, the role
of soluble factors—such as transforming growth factor-β(TGF-β)—have been given central
importance in the pathogenesis of craniosynostosis, down-playing or even negating the
contribution of force.22 It is our contention that force plays a key regulatory role in the
timing and magnitude of premature suture fusion. We postulate that biomechanical forces
may function to activate intra- and extracellular signaling cascades, and in so doing, alter
gene expression. This study attempts to isolate the impact of force alone, and its independent
effects on the induction of craniosynostosis.
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Materials and Methods
Mechanical Loading

All experiments were approved by the University of Michigan Committee on the Use and
Care of Animals. Postnatal day 21, B6CBA F1/J wild-type mice were obtained (Jackson
Laboratories, Bar Harbor, ME, USA). In order to apply a controlled, cyclical, compressive
load to the specimen samples, a custom, novel explant loading system was designed and
fabricated.23 The force application device was comprised of two aluminum alloy clamps
attached to a force sensor (figure 1 and figure 2).

The sagittal sutures of mouse calvaria (n = 18) were harvested as 4×12 mm2 coupons (figure
3) and rinsed of debris using phosphate-buffered saline (PBS). The underlying dura was
preserved. The sagittal suture was used because it normally remains patent in the murine
model throughout their lifetime. Other sutures, such as the frontonasal, coronal, and
nasomaxillary suture, have also been used experimentally.24–25 The calvarial coupons were
cultured in serum-free media for 14 days at 37 °C, 98% humidity, and 5% CO2. Medium
was formulated based on Opperman et al.,26 and contained Dulbecco’s modified eagle
medium supplemented with: 1 µg/ml gentamycin, 2 mM glutamine, 1 mM non-essential
amino acids, 100U/ml penicillin G sodium, 100ug/ml streptomycin sulfate, 0.25 mg/ml
Fungizone (Invitrogen Corp, Carlsbad, CA), 1 mM ITS+ (Collaborative Biomedical
Products, Bedford, MA), and 3 mM inorganic phosphate (Sigma, St. Louis, MO).

Nine specimens were loaded in the uniaxial compression device, while nine specimens
remained unloaded, serving as controls. Loaded sutures were subjected to the
aforementioned compressive loading regimen. Three separate iterations of the experiment
were required for optimization of alignment, compression frequency and magnitude of force.
In the first experimental iteration, coupons misaligned along the loading axis caused the
bony plates to override each other. Tearing at the sutures was also visualized. Coupons from
mice younger than 3 weeks old were prohibitively small and difficult to clamp in the device;
these were subsequently discarded. Meticulous attention to alignment within the loading
device was maintained on subsequent experiments. In the second experimental iteration, the
application of force was optimized. When compression frequencies of 2Hz or greater were
used, tearing and overriding of the sutures resulted. Similar outcomes were observed with
forces of greater than 0.5g. Optimization was reached with a cyclic load of 0.3 gram-force
(2.94 mN, yielding 1.2% average peak strain) for 30 minutes per day for a total of 14 days
(trapezoidal waveform with 20% ramp and 20% plateau, 1 Hz frequency).

Following the loading phase, all coupons were fixed in 100% ethanol for 30–60 minutes,
soaked in 95% ethanol for 20 minutes, and transferred to 70% ethanol for storage at 4°C.

Histomorphometry
All specimens were embedded in paraffin and cut into 1-mm coronal sections (i.e.
perpendicular to the long axis of the suture). Hematoxylin and eosin (H&E) staining was
performed using the standard staining protocol as defined by Thompson.27 Specimens were
then embedded in Paraplast (The Kendall Company, Mansfield, MA) at 58°C, and serially
sectioned at 7µm.

Two additional staining protocols were implemented to assess for bone specific markers:
Bone Sialoprotein (BSP), a component of bone extracellular matrix, and alkaline
phosphatase, a hydrolase enzyme expressed in osteoblast cells.

Non-radiolabeled BSP in situ hybridization was performed using Bianco’s method.28
Briefly, Single-stranded digoxigenin(DIG)-labeled sense and anti-sense RNA probes were

Oppenheimer et al. Page 3

Plast Reconstr Surg. Author manuscript; available in PMC 2012 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



generated using in vitro transcription of linearized plasmids. Slides were deparaffinized,
rehydrated in diethylpyrocarbonate (DEPC) treated water, permeabilized, and prehybridized.
Hybridization was performed overnight under humid conditions with hybridization mix and
then washed with 2x saline sodium citrate (SCC) containing 50% formamide. Hybridization
was visualized as a blue/purple precipitate via incubation with alkaline-phosphatase
conjugated anti-digoxygenin antibody followed by NBT / BCIP color development
according to the manufacturer protocol (Kit 1175041, Roche).

Coupons from each group were also stained for alkaline phosphatase activity using a p-
nitrophenyl conversion assay as per the manufacturer’s protocol (Sigma Kit #245). Coupons
were immersed in 5% polyvinyl alcohol (Sigma) for 1 min, blotted, snap frozen in
isopentane (Sigma), embedded in Tissue-Tek O.C.T. (Thermo Fisher Scientific Inc,
Pittsburgh, PA), and cryosectioned at 10 µm.

All specimens were examined under light microscopy, whereby control and experimental
groups were compared. The histological sections were assessed for BSP expression and
alkaline phosphatase activity using quantitative methods. A suture was determined to be
fused by the presence of contiguous osteoid deposition across the adjacent parietal bones.

Statistical Analysis
A one-tailed Fisher’s exact test was used to assess for statistical significance between the
experimental and control groups with regard to suture fusion. If contiguous osteoid
deposition was observed in the histological specimen, the suture was considered to be fused.
A null hypothesis was established as the following: the experimental and control groups will
demonstrate suture fusion with equal frequency. Statistical significance was set with an
alpha value of 0.05 per convention.

Results
In the third experimental iteration, the sagittal sutures of unloaded coupons remained patent
(figure 4), while the mechanically loaded calvarial coupons demonstrated evidence of
sagittal suture fusion on light microscopy (figure 5). Histological examination of the control
coupons demonstrated discontinuity between the parietal bone sections on light microscopy.
Fronts of fibrous tissue and extracellular matrix were present at the suture line. Conversely,
the experimental coupons revealed osseous bridging across the suture, with osteoblast
populations present in continuity. Bone matrix deposition was visualized in a continuous
fashion. Osteoid production was increased in the loaded sutures, as demonstrated by
increased eosinophilc staining.

Among the experimental group, all 9 sagittal sutures demonstrated contiguous osteoid
deposition, with bridging across the suture line. None of the control groups demonstrated
this finding, as all 9 control sutures remained patent. Fisher’s exact test was implemented to
assess for significance, and a p-value of 0.00002 was reached. The null hypothesis was
therefore rejected.

BSP mRNA expression was utilized as a marker for bone cell differentiation and early bone
formation. A qualitative analysis commenced. While relatively absent in unloaded coupons
(figure 6), BSP in situ hybridization revealed increased BSP expression in loaded coupons
(figure 7). This was seen as the result of augmented osteogenic differentiation of bone lining
and suture cells. Cells expressing high transcript levels were also found in regions far from
the suture line in the loaded specimens. The majority of mRNA expression was visualized in
the apical and basal regions of the parietal bones (figure 7). In addition, a preponderance of
BSP expression was seen along the suture line.
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Alkaline phosphatase activity was also utilized as a marker of mature osteoblastic activity.
In corroboration with the BSP results, alkaline phosphatase activity was observed to be
upregulated in the experimental group. Alkaline phosphatase activity was demonstrated to
be focally active at the suture line, indicating a front of developing bone in preparation for
fusion (figure 8).

Discussion
Since Rudolph Virchow first described craniosynostosis in 1851,29 there has been an
increased interest in all aspects of suture growth and development. Craniosynostosis, or
premature fusion of the cranial sutures, occurs in as many as 1/2500 births and often
requires the combined efforts of the neurosurgeon and the craniofacial plastic surgeon in
order to achieve correction. The overwhelming majority of craniosynostoses arise
sporadically. Understanding the conditions that give rise to these cases will be of paramount
importance in determining the etiology of premature suture fusion. Previous studies in our
laboratory examining human sagittal craniosynostotic sutures using scanning electron
microscopy and microcomputed tomography demonstrated ultra-structural manifestations
consistent with a substantial influence of biomechanical forces on suture morphology.30,31
Specifically, the studies reported a statistically significant decrease in trabecular size,
organization, and polarization, a decrease in mineralized bone density, and an increase in the
number of marrow spaces of the complete craniosynostotic suture when compared to the
open portion of the craniosynostotic suture.32 Our findings were consistent with a scenario
whereby biomechanical forces acting upon the open region of the synostotic sutures resulted
in specific and quantifiable microarchitectural changes.

Clinical associations of craniosynostosis, including post-term pregnancy and low pelvic
station, have further prompted inquiry into the role of incremental intra-uterine force and
premature suture fusion. Twinning, in addition, has been identified as a potential risk factor
for craniosynostosis.13 In fact, midline craniosynostosis has been documented to occur more
frequently in twins compared to singletons.33 Experimental studies utilizing animal models
of uterine constraint have demonstrated both a higher incidence of craniosynostosis and
substantial phenotypic changes at the murine spheno-occipital synchondrosis.23–24 In the
squirrel monkey, constant compressive forces were applied to the developing maxillae,
resulting in cessation of growth at the sutures with eventual obliteration.24 While these
clinical associations and experimental studies implicate compressive forces in premature
suture fusion, conclusive evidence of force-induced craniosynostosis is lacking. In
particular, a causal relationship between abnormal mechanical forces and premature suture
fusion has remained elusive.34

The purpose of our research is to determine if cyclical loading of the murine calvarium can
induce suture fusion. Our global hypothesis is that force is a critical epigenetic phenomenon,
which plays a crucial role in the regulation and modification of gene expression in
craniosynostosis. In this study, we have successfully induced suture fusion in vitro with the
application of controlled, cyclical, compressive loads and have been able to observe
qualitative changes in gene expression and protein product in suture-associated cells.
Histological evidence of suture fusion has been demonstrated across sagittal sutures which
would otherwise have remained patent (figure 5). Statistical significance at the 0.05 level
was reached, as force-induced synostosis was demonstrated in all experimental sutures and
no control sutures.

In addition, alkaline phosphatase, a non-specific bone maker of osteoblastic activity, was
qualitatively observed to be upregulated. Sutures subjected to cyclic compression
demonstrated bridging of alkaline phosphatase along the synostosing suture on selected
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histological sections (figure 8). This “bridging” effect was found adjacent to areas of suture
fusion within the specimen. These findings support the induction of new bone formation at
the sagittal suture in response to mechanical force.

Augmented BSP expression was also found in sutures subjected to cyclic compression when
compared to unloaded sutures (figure 6 and figure 7). This serves to further corroborate the
mechanism of force induced osteogenesis in the pathogenesis of craniosynostosis, as BSP is
known to be a significant component of extracellular matrix in newly forming bone.35

Our findings at the tissue level are in keeping with a number of molecular studies whereby
abnormal forces on the cranial vault have demonstrated changes in genetic expression and
cell signaling.36–38 Collectively known as mechanotransduction, this process converts
mechanical loads into cellular signals. Specifically, changes in calcium homeostasis and
permeability have been isolated,39 in addition to apoptotic induction,40 and collagen-matrix
deposition.41 Similarly, many discreet phenotypic changes in calvarial morphology have
been observed in response to mechanical loads, including: increased bone volume and
mineral apposition rate,42, 43–44 augmented osteoprogenitor45 and fibroblast cell numbers,
46 increased alkaline phosphatase activity,47,48 praline incorporation47,48 and collagen
matrix production.44,49 In light of our results, these well-documented structural changes
lend credence to the potential role of mechanotransduction in non-syndromic
craniosynostosis.

The cyclical nature of loading in this experiment may have been effective in replicating
physiological development in utero, with mimicry of uterine muscle activity and brain
pulsations. Cyclical loading, by definition, implies intermittent relief from external forces. In
this study, we utilized an explant loading system that could produce cyclical, compressive
forces on the experimental coupons.23 This method is more controlled than previous
attempts at mechanical loading, including circular mount devices,50 synthetic adhesives,25
helical springs,39, 51, 52, 53 and mastication-related experiments.54–55 Nonetheless, it
must be emphasized that the specific cyclical loading regimen used in this experiment was
chosen by the necessity of bony failure; other regimens of loading caused disruption of the
calvarial coupons. This experiment is an in vitro approximation of forces that we believe to
be pathophysiological. These forces may not truly mimic those occurring in the
aforementioned natural examples.

Recent studies advancing the role of soluble factors in regulating the closure of calvarial
sutures have dismissed the role of force as an etiologic factor in the development of
craniosynostosis.56,57 These studies, and others,58 site the ability to induce suture fusion in
tissue culture devoid of forces. Those experiments, however, do not negate a regulatory or
etiologic role of force in premature suture fusion, just as our results do not rule out the role
for soluble factors in the pathophysiology of craniosynostosis. Force may well play a key
regulatory role in the timing and magnitude of the expression of soluble factors acting to
influence suture morphogenesis.

Genetic mutations of the fibroblast growth factor receptor-1 (FGFR1), the TWIST gene, and
others have been strongly implicated in syndromic craniosynostosis.59 These soluble factors
have been shown to induce premature suture fusion both in vitro and in vivo. While the
association between discreet genetic abnormalities and syndromic craniosynostosis is clear,
the causative factors involved in non-syndromic craniosynostosis are less evident. Although
it may be possible to override normal regulatory mechanisms to induce premature suture
fusion with force alone, we postulate that the etiology of the majority of non-syndromic
craniosynostoses is neither purely genetic nor force-induced. Rather, the development of

Oppenheimer et al. Page 6

Plast Reconstr Surg. Author manuscript; available in PMC 2012 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



non-syndromic synostosis may relate to a genetic predisposition, with activation dependent
on external forces, and other epigenetic phenomena.

Conclusions
An in vitro model of forced-induced craniosynostosis has been devised. Premature fusion of
the murine sagittal suture was induced with the application of controlled, cyclical,
compressive loads alone. The induced forces were associated with an increase in BSP gene
expression and alkaline phosphatase production. These results implicate abnormal forces in
the development of non-syndromic craniosynostosis, which supports our global hypothesis
that epigenetic phenomena play a crucial role in the pathogenesis of craniosynostosis.
Additional research is required to better understand the complex interaction between genes
and their environment during craniofacial development.
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Figure 1.
Force application device with loaded calvarial coupon in culture medium.
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Figure 2.
Series of devices used to deliver controlled, cyclical, compressive loads to the calvarial
coupons.
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Figure 3.
Calvarial coupons containing the sagittal suture were harvested from the murine skull.
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Figure 4.
Sagittal suture of unloaded calvarial coupon demonstrates physiologic appearance of parietal
bones and patent suture (20× magnification, H&E stain).
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Figure 5.
Sagittal suture of loaded calvarial coupon demonstrates rich staining of osteoid, indicative of
bone growth. Contiguous osteoid deposition demonstrates force-induced craniosynostosis
(20× magnification, H&E stain).
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Figure 6.
In situ hybridization analysis of unloaded calvarial coupon demonstrates near complete
absence of Bone Sialoprotien (BSP) expression, evidenced by the lack of black
pigmentation. Patency of the sagittal suture is also visualized (20× magnification, non-
radiolabeled BSP immunostain).
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Figure 7.
Augmented BSP expression is demonstrated on in situ hybridization analysis of loaded
calvarial coupons. Cells expressing high BSP transcript levels (black staining) were found in
regions far from the suture line in the loaded specimens, indicating diffuse bone growth.
Note the fused sagittal suture (20× magnification, non-radiolabeled BSP immunostain).
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Figure 8.
Sutures subjected to cyclic compression demonstrated bridging of alkaline phosphatase
along the synostosing suture on selected histological sections (figure 8). This “bridging”
effect was found adjacent to areas of suture fusion within the specimen. These findings
support the induction of new bone formation at the sagittal suture in response to mechanical
force (20× magnification, alkaline phosphatase stain).
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