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Craniosynostosis is the premature fusion of the cranial sutures early in development. If left
untreated, craniosynostosis can lead to complications resulting from cranial deformities or
increased intracranial pressure. The standard treatment involves calvarial reconstruction, which in
many cases undergoes rapid re-synostosis. This requires additional surgical intervention that is
associated with a high incidence of life threatening complications. To better understand this rapid
healing, a pediatric mouse model of re-synostosis was developed and characterized. Defects (1.5
mm by 2.5 mm) over the posterior frontal suture were created surgically in weanling (21 days
post-natal) and adolescent (50 days post-natal) C57Bl/6J mice. In addition, defects were created in
the frontal bone lateral to the posterior frontal suture. The regeneration of bone in the defect was
assessed using advanced image processing algorithms on micro-computed tomography scans. The
genes associated with defect healing were assessed by real-time PCR of mRNA isolated from the
tissue present in the defect. The results showed that the weanling mouse healed in a biphasic
process with bone bridging the defect by post-operative (post-op) day 3 followed by an increase in
the bone volume on day 14. In adolescent mice, there was a delay in bone bridging across the
defect, and no subsequent increase in bone volume. No bridging of the defect by 14 days post-op
was seen in identically sized defects placed lateral to the suture in both a weanling and adolescent
animals. This study demonstrates that bone regeneration in the cranium is both age and location
dependent. Rapid and robust bone regeneration only occurred when the defect was created over
the posterior frontal suture in immature weanling mice.
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INTRODUCTION
Craniosynostosis is the pathologic premature fusion of the cranial sutures early in
development, occurring in approximately one in 1500-2500 births [1-3]. There are over 100
syndromic mutations known to cause craniosynostosis known, but most commonly this
premature fusion results from a non-syndromic cause [3]. If left untreated, craniosynostosis
can result in complications resulting from cranial deformities and/or increased intracranial
pressure [4]. These complications include blindness, deafness, developmental delays,
seizures, and in extreme cases, death [5, 6].
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Both non-syndromic and syndromic forms of craniosynostosis frequently require complex
calvarial remodeling to prevent neurologic complications and restore normal cranial vault
geometry [4, 7]. Patients undergoing this operation are usually under 12 months of age [7,
8]. The procedure often lasts between four and five hours, requires blood transfusions, and
several days in the hospital, including time in the intensive care unit. Historically, surgical
intervention for the treatment of craniosynostosis involved the removal of only the fused
suture; however, this approach has been abandoned because the results were temporary. In
many cases the bone reformed including synostosis of the pathologically fused suture.
This rapid re-growth is called re-synostosis and occurs in up to 40% of patients who undergo
cranial vault reconstruction [9, 10]. Re-synostosis typically requires additional surgical
intervention to reconstruct the skull in an attempt to restore a normal cranial vault and/or
relieve the increase in intracranial pressure. While the complications from primary cranial
vault surgery are relatively low, subsequent procedures to treat re-synostosis are associated
with a high (~13%) incidence of life-threatening complications, which include encephalitis,
meningitis, dural tears, intracranial hemorrhages, and cerebrospinal fluid leaks [5, 6, 11, 12].
Patients under six months of age and who have certain syndromic forms of craniosynostosis
are at elevated risk for re-synostosis [5, 6].
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In order to better understand the mechanisms responsible for this rapid re-synostosis, it is
necessary to have clinically relevant animal models that exhibit this rapid bone growth.
Rabbits displaying craniosynostosis have been used to study suture re-fusion because of
their size advantage and because the craniosynostosis is naturally occurring, but
unfortunately they are not commercially available [13-16]. There is a growing number of
genetically engineered strains that display craniosynostosis [17-19], providing an
opportunity to investigate mechanisms that contribute to rapid bone growth in the cranium
following suturectomy. However, many instances of craniosynostosis are non-syndromic,
indicating the need to develop an animal model that exhibits differences in bone
regeneration in the cranium as a function of age and location of the defect in a manner
comparable to children.
Mice are an attractive option because of the wealth of information related to cranial growth
and development in this species. Previous studies used defects placed over the posterior
frontal suture in adult mice as a model for re-synostosis; however, these defects did not
completely heal [19].One possibility for this is that age dependent differences in signaling
via the dura alter both suture development and re-healing of calvarial defects [13, 20-25].
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The overall goal of this study was to determine if healing of cranial defects is age and
location dependent. To do this, we developed a pediatric murine model of rapid resynostosis. Our hypothesis was that a defect over the posterior frontal suture in a weanling
21-day-old mouse will undergo rapid re-synostosis, whereas it will fail to do so in older
mice. Moreover, defects not associated with the cranial suture will fail to heal with bone in
weanling mice. Two time points were selected based on our previous work showing that at
weaning (21 days post-natal), the posterior frontal suture in C57Bl/6J mice had fused but not
mineralized whereas in adolescent mice (50 days post-natal) the posterior frontal suture has
completed fusion and mineralization, but these mice have not reached sexual maturity [26].
Defect healing was assessed using image processing algorithms developed and validated
previously [27]. Gene expression associated with defect healing was examined using realtime PCR.

METHODS
Surgical Model
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Under the approval of the Georgia Tech IACUC, male C57Bl/6J mice were used for all
surgeries (Jackson Labs, Bar Harbor, ME). All mice were housed in a light and temperature
controlled environment with ad libitum access to food and water. At the time of surgery all
mice were either 21 days old (weanling) or 50 days old (adolescent). Weanling mice were
shipped with natural birth mothers and were weaned at the time of surgery. Mice were
anesthetized to a surgical plane with isoflurane for all surgical procedures and preparation.
Hair was removed from the top of the skull starting between the eyes and moving posterior 2
cm with depilatory cream (Nair, Churchill & Dwight, Princeton, NJ). The skin was washed
with water taking care to ensure no cream or water came in contact with the animals’ eyes.
The skin was disinfected with three alternating washes of chlorehexidine and isopropanol.
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A 1 cm midline incision was made beginning 5 mm posterior to the eyes. The skin and
periosteum were elevated from the skull using blunt dissection. Under 28x magnification,
the interfrontal ridge, the posterior frontal suture, and the bregma were identified (Figure
1A). Using these landmarks as a reference, a custom made template was placed above the
posterior frontal suture and served as a size reference during the creation of the defect. The
template contained a central 1.5 by 2.5 mm region, and centering notches that served as a
reference for the appropriate defect size throughout surgery. All defects were created using a
piezoelectric bone cutting instrument, ensuring that the underlying dura was not damaged
(Piezotome, Saltec Acteon, Merignac, France). Piezoelectric instruments cut only through
hard tissue by using very high frequency, low amplitude displacement vibrations [28]. This
allows for a very controlled cut through bone, while minimizing the damage to the
underlying dura. This is of particular concern as damaging the dura can impair the healing of
the overlying bone.
For mice in the posterior frontal defect group, the suture was completely removed and the
template was referenced to ensure the correct defect size during the procedure (Figures 1AB). The defect was centered over the posterior frontal suture, posterior to the interfrontal
ridge, and anterior to the bregma (Figure 1B). Care was taken to not damage the highly
vascularized interfrontal ridge as damage to this structure leads to exsanguination.
Intraoperative and μCT images illustrate the ability to accurately create a defect with the
appropriate dimensions and location of the defect, while maintaining the integrity of the
underlying dura (Figures 1C-D). Any mice with a dural tear were withdrawn from the study
and euthanized prior to recovering from anesthesia. The skin was closed with 5-0 silk
sutures and the mice were allowed to recover from anesthesia. Post-operative (post-op)
analgesia was provided via sub-cutaneous injection of buprenorphine (0.03-0.06 mg/kg)
every 8-12 hours for the first 72 hours post-op. Mice were given access to ground,
Bone. Author manuscript; available in PMC 2014 March 01.
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moistened food for the first 24 hours after surgery to encourage food consumption and
weight gain. Any mice displaying age adjusted weight loss greater than 10% or signs of
distress were withdrawn from the study and euthanized.
Analysis of Bone Formation
Post-natal day 21 male mice were used to establish the time-course of posterior frontal
defect healing in weanling animals. Following surgery, five mice per day were randomized
for euthanasia on the following post-operative days: 1, 2, 3, 4, 5, 7, 14, and 21 days.
Immediately following euthanasia the skull was dissected from soft tissues, imaged using
μCT, and snap frozen in liquid nitrogen for further analysis by real-time PCR or histology.
The approximate region of the posterior frontal defect was identified by moving 4.5 mm
posterior from the posterior most molars. The samples were imaged within a 21 mm sample
holder using μCT (isotropic voxels 21 μm in size, an energy of 55 kVp [Viva CT 40, Scanco
Medical, Bruttisellen, Switzerland]). The exact location of the defect was identified with the
aid of 3D reconstructions created using a global threshold. These images were then
converted to 2.5 mm by 3.5 mm DICOM images for analysis.

NIH-PA Author Manuscript

The extent of bone regeneration in the defect was quantified using our novel image
processing algorithms previously validated with serial histology [27]. Briefly, the algorithm
uses a combination of global threshold and the active contour snake algorithm to segment
the heterogeneous bone from the μCT images. Slight modifications to the algorithm allowed
for segmentation of multiple bones in an image, as compared to the original algorithm that
was limited to two bones. Segmentation boundaries identified by the algorithm were then
used to quantify the average defect width, the average thickness of the bones of the defect,
the volume of bone in the defect, and the defect mineral content. The defect mineral content
was used as an indicator of bone mineralization and was calculated by converting pixel
intensities to that of a known hydroxyapatite standard, giving a density value of each pixel
relative to hydroxyapatite. The bone volume and mineral content contained within the defect
were normalized to the amount of bone found in an intact suture at the time of surgery (21
days post-natal) and a fully mineralized suture (50 days post-natal). All evaluations were
performed by a blinded reviewer.
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Representative calvaria from the weanling posterior frontal suture defect group on post-op
days 5 and 14 were fixed in 10% neutral buffered formalin and decalcified using 12%
EDTA, changing the solution every 2-3 days. Complete decalcification was verified using
plain x-ray (Faxitron X-ray, Lincolnshire, IL) before and after decalcification. The samples
were trimmed, dehydrated using ethanol, and then embedded in paraffin. After establishing
the location of the defect with histology, 7 μm thick sections were made and stained with
either haematoxylin and eosin (H&E) or Safranin-O with a fast green counter stain. The
specimens were imaged at 10X and 60X magnification with a Leica DMLB microscope
(Leica Microsystems, Bannockburn, IL).
To investigate whether rapid healing of the craniotomy defect was age and location specific,
we created identically sized defects over the posterior frontal suture in weanling (21 days
post-natal) mice, a posterior frontal suture defect in adolescent (50 days post-natal) mice, a
defect lateral to the posterior frontal suture in weanling (21 days post-natal) mice, and a
defect lateral to the posterior frontal suture in adolescent (50 days post-natal) mice. The
lateral defects were identical in size to the posterior frontal defects and were placed 1 mm
lateral to the posterior frontal suture. They were centered between the interfrontal ridge and
the coronal sutures, taking care not to damage either structure. The side of the defect (left or
right side) was randomized between mice. All mice were given the same post-operative care
as described above and five mice in each group were randomized for euthanasia on postoperative days 2, 5, and 14. The skulls were immediately imaged with μCT and snap frozen.
Bone. Author manuscript; available in PMC 2014 March 01.
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The extent of defect healing was quantified using the same image processing algorithms
described above.
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Analysis of Gene Expression
Real-time PCR was performed to assess expression of genes associated with rapid defect
healing in the posterior frontal defect in weanling mice. At each time point, a 1.5 mm by 2.5
mm region of tissue at the defect site was removed under 4x magnification. The exact
location of the defect was verified by comparing the appearance of the skull under
magnification to 3D renderings of the μCT scans. The dura was meticulously dissected from
the defect bone and the tissues were ground using a mortar and pestle. RNA was extracted
from the defect tissue, purified, and quantified from the defect tissue as described previously
[29]. A cDNA library was made using a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) with 500 ng starting mRNA. The samples were diluted 1:20 in sterile
nuclease free water. The starting quantity of the samples was calculated based on a 1:3
serially diluted standard pooled from samples of each time point. The starting quantity of all
mRNAs was normalized by the housekeeping gene GAPDH.
Statistical Analysis
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The Gaussian distributions of the real-time PCR and μCT results were first verified using
the Kolmogorov-Smirnov normality test. Statistical significance was determined using a 1
way ANOVA and the significance among groups was determined by a multiple comparison
test with Bonferroni’s modification where appropriate (GraphPad Prism, GraphPad
Software, La Jolla, CA). Statistical significance for the normalized comparison to the intact
suture was using the Mann Whitney U-test test. A p<0.05 was considered to be significant.
All results are represented as the mean ± the standard error of the mean. The sample size
(n=5) for all experiments was determined by a prospective power analysis based on the
variance of pilot surgeries.

RESULTS
Provided there were no intraoperative complications during the creation of the defect, all
mice tolerated the surgical procedure well. A 5% intraoperative mortality rate occurred from
complications with anesthesia or from aspiration of the irrigation solution. One mouse out of
the over 100 included in this study was euthanized due to dural tear, and one was withdrawn
because to failure to gain weight.
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The analysis of the μCT images using our image processing algorithms showed that the
weanling posterior frontal defects healed rapidly in a biphasic manner. The width of the
defect remained constant for the first two days post-op at approximately 1.2 mm and, then
decreased to approximately 0.4 mm for the remainder of the time points (Figure 2A). The
defect mineral content and bone volume remained constant through post-op day 7 and then
increased to levels seen in an intact suture (Figures 2B-C). Both parameters more than
doubled between days 7 to 14. Similarly, the average thickness of the defect remained
constant at approximately 0.1 mm until post-op day 7, where it increased to over 0.3 mm on
post-op days 14 and 21.
Normalizing the bone volume in the defect to the starting bone volume in an intact suture of
a 21 day old mouse, showed that from days 1 to 5 post-op there was significantly less bone
in the defect, no difference on post-op day 7, and significantly more bone in the defect on
post-op days 14 and 21 (Figure 3A). Furthermore, the increase on days 14 and 21 was more
than double the volume of bone in an intact suture at the time of surgery. Normalizing the
mineral content in the defect to the intact post-natal day 21 suture showed identical trends
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and significance (Figure 3B). Comparing the volume of bone in the defect to a fully
developed suture (50 days post-natal) showed statistically less bone on days 1 through 7
post-op, but there was no difference on days 14 and 21 post-op (Figure 3C). Mineral content
in the defect was normalized in the same manner to the day 50 intact suture and showed the
same significance that was seen with bone volume (Figure 3D).
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After establishing the timing of bone healing in the weanling posterior frontal suture defect,
the effects of age and location on defect healing were assessed on days 2, 5, and 14 post-op.
Analysis of the distance between the bones in the defect showed a decrease in the distances
between the bones of the suture only for the defects created over the posterior frontal suture.
In weanling mice, the defect width of the posterior frontal defect was 1.3 mm on day 2 postop and then decreased sharply to approximately 0.4 mm on days 5 and 14 post-op (Figure
4A). Bone volume increased on post-op day 14 to over 0.6 mm3 (Figure 4B). In adolescent
mice, the average defect width was approximately 1.3 mm on days 2 and 5 post-op, then
decreased to less than 0.3 mm by 14 days post-op (Figure 4C). Despite the decrease in
width, there were no changes in bone volume. Less than 0.1 mm3 of bone was present in the
defect at all-time points examined (Figure 4D). The distance between bones in the lateral
defects remained over 1.3 mm in the weanling mice through day 7. By day 14, this had
decreased to 0.7 (Figure 4E). Bone increased on day 14 post-op (Figure 4F). In the
adolescent lateral defects, there were no changes in the defect distance and all distances
were approximately 1.3 mm (Figures 4G), and there were no changes in bone volume
(Figure 4H).
Both the 2D and 3D images from the weanling posterior frontal defect show that by 14 days
post-op the defect was nearly completely bridged with mineralized tissue (Figure 5A-B).
The bone in the defect displayed a very thick trabecular pattern that was not seen with the
normally intact suture (Figure 5A). No bone bridging was observed in the lateral defect, but
the edges of the bone thickened substantially by 14 days post-op, as seen in the 2D μCT
image (Figures 5C-D). The adolescent posterior frontal defect showed a discontinuous thin
shell of bone bridging the defect on post-op day 14 (Figure 5F). Examination of the 2D μCT
images revealed that this bridge of bone formed along the endocranial surface of the defect,
but lacked the thick trabecular structure that was seen with the weanling defect (Figure 5E).
The adolescent lateral defect did not show any bridging or an increase in bone volume
(Figures 5G-H).
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Analysis using real-time PCR showed distinct expression profiles for genes related to both
osteoblastic and chondrogenic differentiation. Expression of transforming growth factor beta
2 (Tgfb2) was biphasic with peaks on days 2 and 14 post-op (Figure 6A). mRNAs for the
extracellular matrix protein dentin matrix protein 1 (Dmp1) were increased on post-op days
3 and 4, corresponding to the time of the early bridging of the weanling defect (Figure 6B).
There was a peak in expression for the early marker of chondrogenic expression, SRY-box
containing gene 9 (Sox9) on post-op day 3 (Figure 6C). This was followed by an increase in
expression of mRNAs for the chondrocyte extracellular matrix proteins: genes collagen 2
(Col2), collagen X (ColX), and cartilage oligomeric matrix protein (Comp). These mRNAs
displayed peaks in expression during post-op days 4 and 5 (Figure 6D-F).
While mutations in genes related to bone morphogenic proteins (BMP) are not associated
with any of the known mutations in craniosynostosis, mRNA for these proteins were
elevated during with the rapid re-synostosis seen in the weanling posterior frontal defect.
Bmp2 mRNAs remained constant until sharply increasing in expression on post-op day 7
and then gradually decreased for the remaining time points (Figure 6G). Bmp4 mRNAs
were not expressed until day 3 and peaked on post-op days 5 and 7 (Figure 6H). Similar to
what was seen with Tgfb2, Bmp6 expression was maximal on post-op day 2 and with a
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second peak on day 14 (Figure 6I). Bmp7 expression was maximal on post-op day 2 with a
second peak on day 4 (Figure 6J). mRNAs for the late marker of osteoblast differentiation,
osteocalcin (Ocn), were present as early as day 2, but were at low levels until day 14 (Figure
6K). There was a 10 fold increase on post-day 14 that was maintained on day 21. Vitamin D
receptor (Vdr) mRNAs were also present in the tissue at low levels through day 7 (Figure
6L). On day 14, expression increased 4 fold and on day 21, mRNAs doubled over the day 14
levels.
mRNAs for BMP inhibitors were differentially expressed. Sclerostin (Sost) mRNAs were
present in the tissue at very levels through day 14, doubling on post-op day 21 (Figure 6M).
Gremlin1 (Grem1) was expressed on days 4, 5, and 7 only, with peak levels on day 5
(Figure 6N). In contrast, mRNAs for Bmp3 were decreased on post-op days 5 and 7 (Figure
6O). Noggin (Nog) mRNAs were increased 4 fold on days 14 and 21 compared to day 7
(Figure 6P).
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Cartilage was present in the healing defects at 5 days post-op. Staining with haematoxylin
and eosin revealed a poorly organized but highly cellularized tissue within the defect at 5
days post-op (Figure 7A). By 14 days post-op, well-organized bone completely bridging the
defect was observed (Figure 7B). The bone in and adjacent to the defect was thicker and
more trabeculated than what is typically seen with an intact suture, as seen in the 2D μCT
images (Figure 5A). This thickening of the bone lateral to the defect was not seen on the 5
day post-op sections. Staining the 5 day post-op sections with Safranin-O showed the
presence of small localized areas that stained red, indicating the presence of negatively
charged glycosaminoglycans (Figure 7D-F). By 14 days post-op no red staining was
observed, indicating fully mature bone throughout the section (Figure 7D).

DISCUSSION
This study demonstrates that rapid regeneration of bone in an immature cranium is both age
and location specific. Complete healing was observed only in weanling mice and only when
the defect was located over the posterior frontal suture. These defects healed via a biphasic
process in which they were first bridged with a discontinuous shell of bone on the
endocranial surface of the skull, followed by a robust mineralization of the defect by two
weeks following surgery. This is similar to fusion of the normal posterior frontal suture,
which also first closes along the endocranial surface of the suture and is followed later by a
mineralization phase [26].
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On post-op day 14 there was a complex, trabeculated network of mineralized tissue in the
defect. This very complex trabecular network is not typically seen in the normal
mineralization of the murine posterior frontal suture [30]. Normal sutures typically have
fewer large bridges of bone spanning the endocranial to ectocranial surfaces of the suture
which, increase in thickness as the animal ages.
Real-time PCR and histology also support the biphasic changes in defect healing, indicated
by μCT. Following the endocranial defect bridging on post-op day 3, there was an increase
in the cartilage associated transcription factor, Sox9. This was then followed by an increase
in mRNAs for proteins that are associated with cartilage extracellular matrix. The presence
of this extracellular matrix was visible on sections stained with Safranin-O. The matrix was
not as well organized as what is typically seen with cartilage in the growth plate or articular
cartilage, but there were localized regions that stained positive for glycosaminoglycans. The
presence of cartilage in healing of non-suture associated calvarial defects has been
previously reported [31, 32].
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The production of cartilage associated genes was followed by an increase in Bmp4 then
Bmp2 expression, both of which are known to promote the transition from a chondrocyte to
a mature osteoblast phenotype. The peak in expression of Bmps on post-op days 4 to 7 was
followed by an increase in expression of the late marker of osteoblast differentiation, Ocn,
on post-op days 14 and 21. This expression profile of Ocn was nearly identical to the
changes in total defect mineral content and bone volume seen with μCT. Both the SafraninO and H&E sections of the 14 day post-op weanling defects showed organized bone by 14
days post-op, further supporting the changes in defect healing seen by μCT and real-time
PCR.
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Comparing the healing of the weanling posterior frontal defect to the adolescent and lateral
defects demonstrates that the rapid regeneration of bone within the defect is both age and
location specific. The adolescent posterior frontal suture defect was the only other defect to
bridge with a thin discontinuous shell of bone, as seen using 2D μCT images at 14 post-op
days. This bridged in an endocranial to exocranial manner, which is consistent with what is
seen in normal suture development and fusion, suggesting a critical role of the dura in the
regeneration of cranial defects. Unlike the posterior frontal weanling defect, the defects in
the older adolescent mice displayed no significant increase in bone volume or defect
mineralization by 14 days post-op. Furthermore, by 7 day post-op, the weanling posterior
frontal defect contained as much bone in the defect as an intact suture at the time of surgery.
By 14 days post-op, the amount of bone in the defect doubled compared to pre-operative
levels. Additionally the defects contained as much bone as a fully developed 50 day old
posterior frontal suture, even though the mice were two weeks younger. These data suggest
that performing traditional craniotomies in mice actually accelerates the formation of bone
in the region of the suture. The increase in bone volume seen was specific to both weanling
groups and reflects what is seen clinically; children who are less than six months of age are
at greater risk of post-operative re-synostosis [11, 12]. It is important to note that even
though these mice were not genetically engineered to have craniosynostosis, they did still
exhibit the robust post-operative bone growth. Creating the identical defect in a 21-day-old
mouse model of Saethre-Chotzen syndrome showed impaired regeneration compared to
their wild type littermates, most likely due to stress shielding of the PF suture region or from
a more mature bone present in the PF suture at the time of surgery [33].
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The defects lateral to the posterior frontal suture did not display any bone bridging by 14
days post-op. There were no changes in the percentage of the bone in the suture or defect
distance until 14 days post-op in the weanling lateral defect. Even though there was a small
decrease in these measurements, the 2D and 3D μCT images clearly demonstrate that there
was no bridging of the defect seen with the defects over the posterior frontal suture.
Additionally, by 14 days post-op there was an increase in both bone volume and mineral
content. Examination of the 2D μCT images shows an increase in bone volume at the edges
of the defect, but there was not complete bridging of the defect. In contrast, there were no
changes in any of the algorithm measurements for the adolescent lateral defects. This
indicates that this defect did not undergo any bridging or mineralization.
As with all animal models, the differences in size between an animal and human can pose
significant challenges, especially in the case of weanling mice. At the time of surgery the
mice were eating mostly solid food, but it is expected that there was some unavoidable stress
that the weanling groups experienced as a result of being weaned and single-housed
following surgery. However, it would be expected that the additional stress experienced by
the weanling animals would result in a reduction in bone regeneration and not the very
robust regeneration seen in the weanling mice [34]. Although our model accurately
replicates what is seen clinically with re-synostosis, the size of the animals at the time of
surgery and the location of the defect make this a technically challenging model. While our
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surgical procedure can reliably and safely create the cranial defects, small variations in
defect size necessitate using randomized groups and blinded reviewers. The discontinuity
and heterogeneity seen with the both the weanling and adolescent defects further
complicates analysis of the regenerating bone. While non-serial histology provides
extremely detailed morphology of the bone, the discontinuity of the bone in the defect
healing limits the validity of making generalizations from a limited number of sections. This
same limitation has been reported in literature examining normal cranial suture fusion [35].
While it is possible to achieve complete analysis of the cranial defect using serial histology,
this is prohibitively time and resource intensive for use in high throughput applications. The
combination of μCT and our imaging algorithms are well suited for examining the
discontinuous bone regeneration as they allow for rapid nondestructive quantification of the
bone regeneration and concomitant mineralization.

CONCLUSION
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The results clearly demonstrate that rapid regeneration of bone occurs when a defect is
placed over the posterior frontal suture of a weanling, 21 day old animal. To our knowledge
this is the first animal model that replicates the rapid re-synostosis seen in very young
children who undergo cranial vault reconstruction. Bridging of defects did not occur in nonsuture associated regions, despite their being identical in size, and of the same embryonic
origin. This difference in bone regeneration that was specific to the posterior frontal suture
accurately models the rapid re-synostosis that is seen with cranial vault reconstruction to
treat children with craniosynostosis. This model has tremendous potential to improve the
understanding of the mechanisms responsible for re-synostosis in children.
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Highlights
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•

We developed a pediatric mouse model of re-synostosis

•

Infant defect heals in rapid bi-phasic process

•

Defect healing is age and location specific

•

Healing occurs via endochondral ossification
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Figure 1.

Images for the weanling posterior frontal defect. 3D μCT rendering of mouse skull showing
approximate locations of images and μCT scans (red box) (A). Intraoperative images under
30X magnification prior to surgery showing the interfrontal ridge (white arrow), coronal
suture (green arrow), and posterior frontal suture (yellow bracket). The template with
centering notches was used as a reference throughout the procedure (B). The defect created
after removing the posterior frontal suture, showing intact dura in the defect (C). 3D μCT
rendering of defect immediately after surgery (D).
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Figure 2.

Quantification of weanling posterior frontal defect healing from μCT images. Results from
algorithm analysis of μCT scans of defect. There was a decrease in the distance between the
bones of the posterior frontal defect after post-op day 3 (A). The total mineral content and
bone volume in the defect remained constant for post-op days 1-7 before increasing on days
14 and 21 (B, C). The average thickness of the bone in the defect showed no changes until
an increase on post-op days 14 and 21 (D). P<0.01 vs # = 1 day, % = 2 day, $ = 14 day, & =
21 day.
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Figure 3.

Normalized bone volume and mass of weanling posterior frontal defect to an intact posterior
frontal suture. Results are from algorithm analysis of μCT scans of defect and intact suture.
The bone volume and mineral content of the defects was less than an intact 21 day old suture
for post-op days 1-5 doubled by days 14 and 21 (A-B). Normalizing the bone volume and
mass to the fully developed 50 day old posterior frontal suture showed no significant
differences in either measure by days 14 or 21 post-op (C-D). * = P<0.05 vs intact suture.
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Figure 4.
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The age and location dependence on defect healing. Results are from algorithm analysis of
μCT scans. The weanling posterior frontal defect was 1.3 mm wide on post-op day 2 then
decreased on post-op days 5 and 14 (A). The increase in the volume of bone in the weanling
posterior frontal defect occurred on 14 days post-op (B). The adolescent posterior frontal
defect width showed no changes until decreasing on post-op day 14 (C). There was no
change in volume of bone in the adolescent posterior frontal defect (D). There was a
decrease in the width of the weanling lateral defect from post-op days 2 and 5 to 14 (E).
There was a small increase in the volume of bone in the adolescent lateral defect on post-op
day 14 (F). There were no changes in the bone volume of the adolescent lateral defect for
any of the time points studied (G). There were no changes in the defect distance for the
adolescent lateral defect (H). P<0.05 vs * = day 2, $ = day 5.
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Figure 5.

Representative 2D and 3D μCT images for the age and location defects on day 14 post-op.
The weanling posterior frontal defect shows complete bridging and an increase in the
thickness of the bones (A-B). The weanling lateral defect shows an increase in the thickness
of the edges of the bones in the defect but no bridging (C-D). Adolescent posterior frontal
defect shows thin discontinuous bridging along the endocranial surface of the defect, but no
increase in the thickness of the bone in the defect (E-F). The adolescent lateral defect shows
no increase in the thickness or bridging of bone in the defects (G-H).
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Figure 6.

Real-time PCR analysis of genes associated with defect healing for Tgfb2 (A), Dmp1 (B),
Sox9 (C), Col II (D), Co lX (E), Comp (F), Bmp2 (G), Bmp4 (H), Bmp6 (I), Bmp7 (J), Ocn
(K), Vdr (L), Sost (M), Grem1 (N), Bmp3 (O), Nog (P). p<0.05 vs # = day 2, $ = day 3, % =
day 4, ^ = day 5, & = day 7, * = day 14.
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Figure 7.

Representative histology for weanling posterior frontal defect. H&E staining for post-op day
5 (A) and 14 (B) at 10X magnification. Safranin -O staining for post-op day 5 (C) and 14
(D) at 10X magnification. H&E (E) and Safranin -O (F) staining of 5 days post-op showing
more organized tissue along the endocranial surface of the defects at 60X magnification.

NIH-PA Author Manuscript
Bone. Author manuscript; available in PMC 2014 March 01.

Hermann et al.

Page 20

Gene Name

Gene Abbreviation

Forward

Reverse
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Bone morphogenic protein 2

Bmp2

TGGGTTTGTGGTGGAAGTG

TCGTTTGTGGAGCGGATG

Bone morphogenic protein 3

Bmp3

TATACGCCAACGATGCTG

CTTCTTCCTCCTCTCAACC

Bone morphogenic protein 4

Bmp4

TGGTTCTCCGTCCCTGATG

CGCTCCGAATGGCACTAC

Bone morphogenic protein 6

Bmp6

ACGAACAACAGCACAGCGAAG

AAGGCACCAGCGGGAGATG

Bone morphogenic protein 7

Bmp7

CCACAGCAAACGCCTAAG

CGATTACTCCTCAAAGACTCAG

Cartilage oligomeric matrix protein

Comp

GCGACGACGACATAGATG

GTCTTGGTCACTATCACAGG

Collagen X

CoIX

TTCTGCTGCTAATGTTCTTGAC

CCTTTACTCTTTATGGCGTATGG

Gremlinl

Greml

AGAGAGCCACACCCAAAC

TGAAGCAGAGTAACAGGAAG

Nog

GCCAGCACTATCTACACATCC

CAGCAGCGTCTCGTTCAG

Osteocalcin

Ocn

GTCTGTTCACTACCTTATTGC

TCTCTCTGCTCACTCTGA

Sclerostin

Sost

GTCGTCGTGCTGTCCTCTG

ATTGTGGGTGGTGCTGTGG

SRY-box containing gene 9

Sox9

CCACCAGTATCAGCGAGGAG

CCAAACAGGCAGGGAGATTC

Transforming growth factor beta 2

Tgfb2

GAGCGGAGCGACGAGGAG

TGTAGAAAGTGGGCGGGATGG

AATAAGCAGAGGAGGTGGTTC

GGGTGGGTGTGAGTAATGG

Noggin

Vitamin D receptor

Vdr
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Dentin matrix protein 1

Dmpl

Collagen 2

Col2

Pre Designed
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