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Abstract

Cranial sutures are unique to skull bones and consist of multiple connective tissue cell lineages such as mesenchymal cells, fibroblast-like cells,
and osteogenic cells, in addition to osteoclasts. Mechanical modulation of intramembranous bone growth in the craniofacial suture is not well
understood, especially during postnatal development. This study investigated whether in vivo mechanical forces regulate sutural growth responses
in postnatal rats. Cyclic compressive forces with a peak-to-peak magnitude of 300 mN and 4 Hz were applied to the maxilla in each of 17-, 23-and
32-day-old rats for 20 min/day over 5 consecutive days. Computerized histomorphometric analysis revealed that cyclic loading significantly
increased the average geometric widths of the premaxillomaxillary suture (PMS) to 86 £ 7 um, 99 £ 12 pm, and 149 £ 30 pm, representing 32%,
50%, and 39% increases for P17, P23, and P32 in comparison with age-matched sham controls. For the nasofrontal suture (NFS), cyclic loading
significantly increased the average sutural widths to 88 + 15 pm, 92 + 10 um, and 100 + 14 pm, representing 33%, 24%, and 32% increases for
P17, P23, and P32 relative to age-matched controls. The average PMS cell density upon cyclic loading was 10182 + 132 cells/mm?, 9752 + 661
cells/mm?, and 9521 + 628 cells/mm?, representing 62%, 35%, and 30% increases for P17, P23, and P32 in comparison with age-matched
controls. For the NFS, cyclic loading increased the average cell density to 9884 + 893 cells/mm?, 9818 + 1091 cells/mm?, 9355 + 661 cells/mm?,
representing 44%, 46% and 40% increases at P17, P23, and P32 respectively. Osteoblast-occupied sutural bone surface was significantly greater in
cyclically loaded sutures for P17, P23, and P32 than corresponding controls for both the PMS and NFS. On the other hand, cyclic loading elicited
significantly higher sutural bone surface populated by osteoclast-like cells by P17 and P23 days, but not P32 days, for the PMS. For the NFS,
sutural osteoclast surface was significantly higher upon cyclic loading for P23 and P32 days, but not P17. The present data demonstrate that cyclic
forces are potent stimuli for modulating postnatal sutural development, potentially by stimulating both osteogenesis and osteoclastogenesis. Cyclic
loading may have clinical implications as novel mechanical stimuli for modulating craniofacial growth in patients suffering from craniofacial
anomalies and dentofacial deformities.
© 2005 Elsevier Inc. All rights reserved.
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Introduction

Whereas appendicular bones lengthen by endochondral
ossification of growth plates, most craniofacial bones elongate
by intramembranous bone apposition in craniofacial sutures.
Sutures are unique to skull bones and consist of multiple cell
lineages such as mesenchymal cells, fibroblast-like cells and
osteogenic cells [1-3]. During active growth, sutural osteoblasts
continue to lay down bone matrix, whereas sutural fibroblast-
like cells synthesize non-mineralized matrices with a net result
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of continuous maintenance of the presence of sutures [1—4].
Osteoclasts are increasingly demonstrated to play important
roles in the development of both normal and synostosed cranial
sutures [5—8]. Although the exact lineages of sutural cells are not
fully understood, it is clear that cranial sutures must be patent for
cranial vault bones to lengthen [1-3]. Thus, the geometry of
cranial sutures is a physical parameter of considerable
importance for understanding sutural growth, perhaps analogous
to the importance of the height of growth plate in the longitudinal
growth of appendicular bones. Previously, two amalgam
markers have been implanted across a given location of a
cranial suture to measure sutural width changes over time [9,10].
However, changes in the width of cranial sutures are not linear at
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multiple locations [11,12]. Accordingly, it is desirable to
measure sutural width along multiple locations of the sutural
course so that comprehensive geometric changes in sutural
width can be appreciated. This challenging aspect of sutural
growth, in comparison with rather standardized measurements
of growth plate height, has been tackled with the availability of
computerized histomorphometry by quantifying multiple loca-
tions of sutural width [4,13]. Computerized histomorphometry
has also allowed the quantification of the density of sutural cells
[4]. Cell density represents another important determinant of
sutural growth, given that sutural width changes are likely
related to sutural cell proliferation and matrix synthesis [1-3].
Mechanical stress from functional activities such as
mastication or upon exogenously applied mechanical forces
modulates sutural growth [2,3,38]. Of particular interest is the
observation of bone apposition and increases in sutural width
in the craniofacial sutures under compressive strain [4,14,15].
Although it may seem no surprise to the orthopedic field that
bone structures under compression increase bone apposition
rates, the observed increases in sutural bone apposition in the
craniofacial suture under compression are at variation with the
generally accepted notion in craniofacial orthopedics that
tension induces bone formation, whereas compression induces
bone apposition [2]. Exogenous compressive forces against
the rabbit maxilla in vivo induce compressive strain of the
premaxillomaxillary suture, but tensile strain in the naso-
frontal suture [13,16]. Yet, either exogenously induced sutural
compression or sutural tension applied at 1 Hz for 10 min/day
for 12 days has elicited growth responses in the rabbit
premaxillomaxillary and nasofrontal sutures [4]. Matrix
metalloproteinase genes 1 and 2 are expressed in postnatal

(9]
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cranial sutures both during normal postnatal development and
upon cyclic loading [17-19]. The peak amplitude of cyclic
mechanical strain that elicits sutural anabolic changes is
considerably lower than peak strain used to induce anabolic
changes in appendicular bones [2—4,18-24]. However, most
of the previous work on mechanical modulation of bone
growth in both appendicular and craniofacial skeletons has
been performed in juvenile, skeletally immature animals. The
goal of the present study was to determine whether
exogenous cyclic forces delivered to craniofacial bones in
postnatal rats elicit growth response in cranial sutures.

Material and methods
Animal model

Postnatal Sprague—Dawley rats with 17, 23, and 32 days of age (P17, P23,
and P32) were used. These age groups were selected on the following basis. First,
the rat posterior interfrontal suture is synostosed prior to P32, which likely has
implications in the development of the rest of craniofacial sutures including those
tested in this study. Second, we have previously investigated the expression of
matrix metalloproteinase genes (MMPs) in craniofacial sutures at these age
points [18,19], thus eliciting a continuing interest to investigate the presently
studied morphological features of craniofacial sutures. For each age group, a total
of 14 rats were randomly divided into the control group or mechanical loading
group (N= 7 per group). The premaxillomaxillary suture (PMS) is shown in Fig.
1A and was selected due to its immediate adjacency to masticatory loading. The
nasofrontal suture (NFS) is shown in Fig. 1B and was selected due to its relatively
distant location from the point of masticatory loading.

Mechanical loading

Under general anesthesia by intramuscular injection of a cocktail
containing 90% ketamine (100 mg/ml; Aveco, Ford Dodge, IA) and 10%
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Fig. 1. Rat suture morphology, mechanical loading and quantification of sutural width. (A) Lateroventral view of the rat skull. The premaxillomaxillary suture is
labeled as the red zig-zag line between the premaxilla in which the central incisors anchor, and the rest of the skull bones. Scale bar: 4 mm. (B) The superior view of the
rat skull showing the nasofrontal suture in green and identified within a rectangular box. Scale bar: 4 mm. (C) Representative exogenous cyclic forces at 300 mN and 4
Hz applied to the rat maxilla showing 4 cycles of peak forces per second. The offset in the force chart is due to an initial baseline reading by the force sensor. (D)
Histomorphometric measurements of sutural width by construction of grids over sutural microscopic specimen. The width of the suture at a given location is measured
as the diameter of each of the circles that bisect the sutural width along each of the vertical lines of the grid.
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xylazine (20 mg/ml; Mobay, Shawnee, KS), compressive forces with a peak
magnitude of 300 mN and 4 Hz were programmed with a custom designed
tissue loader [18,19] and delivered on the maxilla in vivo for 20 min/day over
5 consecutive days, leading to 4800 cycles per day (Fig. 1C). The rat in the
cyclic loading group was placed in a supine position in a custom-made device
that provided rigid fixation of the skull. The rat in the control group was
subjected to general anesthesia and other manipulation with the exception of
the application of mechanical loading. After daily experimental manipulation
as described above, the rat recovered and resumed food intake. The rats were
housed in a temperature-controlled room (23-25°C) and fed with standard
amounts of food and water. The present animal protocol was approved by the
institutional Animal Care Committee.

Tissue harvest and preparation

Following the last episode of mechanical loading on Day 5, the rats were
euthanized by pentobarbital overdose. The premaxillomaxillary and nasofrontal
sutures were dissected en bloc with at least 2 mm of surrounding bone. The
specimens were trimmed, dehydrated and demineralized in 50% formic acid and
20% sodium citrate and embedded in paraffin blocks. Sequential 4-6 pm
sections were cut in the parasagittal plane and stained with hematoxylin and
eosin, and further used for histomorphometric measurements.

Computer-assisted histomorphometry

Quantitative histomorphometric analysis of sutural width and sutural cell
density was performed by using a computerized image-analysis system.
Standardized grids (110 x 110 pm?) were constructed over sutural microscopic
specimens under 10x magnification. The linear geometric width of the suture
was measured by constructing circles that bisected the sutural width along the
vertical grid lines (Fig. 1D). Each circle’s diameter is equal to the width of the
cranial suture at a given location. The total number of nucleated cells present in
the suture, excluding those lining the sutural bone surface and blood vessel cells,
were counted within 6 randomly selected grid blocks, each with a standardized
size of 110 x 110 pm? under 20x magnification. The average osteoblast surface
was measured by calculating the percentage of sutural bone surface resided by
mononucleated, cuboidal cells by computerized histomorphometric analysis.
The average sutural bone interface occupied by osteoclast-like cells, i.e., those
multinucleated cells with at least 3 distinctive nuclei, was also measured by
computerized histomorphometric analysis.
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Statistical analysis

Control and cyclic loading groups were compared with regard to the average
geometric widths, sutural cell density, osteoblast surface and osteoclast surface
at each of P17, P23, and P32 using the Analysis of Variance (ANOVA) with
Bonferroni tests at an alpha level of 0.05.

Results
Cyclic loading

A representative trace of cyclic force applied to the rat
maxilla and recorded with a load cell is demonstrated in Fig. 1C.
Compressive forces, negative in polarity, oscillated at 4 Hz and
peaked at approximately 300 mN, as shown in the representa-
tive 6 s time course. The total cycles of force oscillation were
4800 cycles per day (c.p.d.) over 5 consecutive days.
Application of cyclic loading in the animal model was
uneventful and resulted in consistent loading patterns over
time, as in our previous studies of cyclic loading in both the rat
and rabbit models [4,18,19,25,26].

Suture geometric changes

The complex geometry of the suture was measured by a
histomorphometric approach to construct circles that bisect the
width of the cranial suture at multiple locations defined by grid
blocks, as shown in Fig. 1D. This approach yielded reproducible
data in our previous work on both cranial sutures and cranial
base growth plate [4,25,26]. Representative photomicrographs
of H&E-stained sections of the control PMS are demonstrated in
Figs. 2A—C, whereas corresponding cyclic loading groups of the
PMS are shown in Figs. 2A’—C’. In the control PMS at P17, P23
and P32 (Figs. 2A—C, respectively), the boundary of bone (b)

P23

Fig. 2. Representative photomicrographs of the control and cyclically loaded rat premaxillomaxillary sutures (PMS) at 17, 23, and 32 days of postnatal life. The PMS at
each of P17 (A), P23 (B), and P32 (C) is highly interdigitated with islands of bone (b) interfacing with suture (s). The interface between suture and bone is traced in
green to assist visual identification. In comparison with relatively uniform sutural widths associated with control specimens (A—C), cyclic loading apparently increased
the sutural width for P17 (A’), P23 (B’), and P32 (C’) relative to corresponding controls. The sutural width upon cyclic loading appears to be more variable. These
qualitative impressions are confirmed by quantitative sutural width measurements in Fig. 4A.
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and suture (s) was readily identified. The zig-zag course of the
PMS was evident (Figs. 2A—C). In the cyclic loading group at
each of P17, P23 and P32 (Figs. 2A’-C’), although the
boundary between suture and bone remained evident, the
geometric width of the sutures qualitatively increased, in
comparison with corresponding controls (Figs. 2A—C). Com-
puterized histomorphometric analysis revealed that the average
sutural widths of the control PMS at P17, P23, and P32 were
65+ 7 um, 66 = 8 um, and 107 + 14 pm (Fig. 4A). Upon cyclic
loading, the average PMS widths increased to 86 + 7 um,
99 + 12 um, and 149 + 30 um, representing statistically
significant increases by 32%, 50%, and 39% for P17, P23, and
P32, respectively (Fig. 4A).

Similar morphological and morphometric changes were
identified in the NFS, although certain interesting character-
istics of the NFS differed from those of the PMS. In the
control NFS at each of P17, P23, and P32, the zig-zag course
of the suture was identified as regular strips of interfacing
suture (s) and bone (b) (Figs. 3A—C). In comparison, the
regular course of the NFS was altered by cyclic loading,
especially in the P17 and P23 samples (Figs. 3A’ and B’).
The qualitative increases in the sutural width of the NFS upon
cyclic loading (Figs. 3A’—C’) were substantiated by signif-
icantly higher average sutural width in association with cyclic
loading at P17, P23 and P32 than corresponding controls
(Fig. 4B). The average geometric width of the NFS was
66 £ 5 um, 74 £ 4 pm, and 74 = 7 um for P17, P23 and P32,
respectively (Fig. 4B). In the cyclic loading group, the
average NFS widths increased significantly to 88 + 15 pum,
92 £ 10 pm, and 100 = 14 pum for P17, P23, and P32,
representing 33%, 24% and 32% increases relative to age-
matched controls (Fig. 4B). In both the control and cyclically
loaded PMS and NFS specimens, the boundary between
suture and bone was evident (Figs. 2 and 3). There was a lack
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of microcracks or microfracture in response to cyclic loading
by qualitative observations.

Sutural cell count, osteoblast surface and osteoclast surface

The number of cells present in each suture, excluding blood
vessel cells and osteogenic lineage cells lining sutural bone
surface, was counted in randomly selected, standardized grids.
The average suture cell density of the control PMS was
6281 + 1058, 7240 + 529, and 7339 =+ 66 cells/mm?> for P17,
P23, and P32, respectively (Fig. 4C). Upon cyclic loading, the
average sutural cell density of the PMS increased to
10182 + 132, 9752 + 661, and 9521 + 628 cells/mm? for P17,
P23, and P32, respectively (P < 0.01) (Fig. 4C). These
quantitative increases in cell density of the PMS are further
evidenced by photomicrographic images of the control PMS
(Figs. 5A—C), in comparison with increased cell density upon
cyclic loading (Figs. 5A’—C’). Similarly, the average cell
density of the NFS upon cyclic loading at 9884 + 893,
9818 + 1091, and 9355 + 661 cells/mm? for P17, P23, and P32,
respectively, was significantly higher than the average sutural
cell density of the corresponding control NFS at 6876 + 66,
6744 + 264, and 6678 £ 397 cells/mm?* (P < 0.01) (Fig. 4D).
These quantitative increases in cell density of the PMS are
further evidenced by photomicrographic images of the control
NFS (Figs. 6A—C), in comparison with increased cell density of
the NFS upon cyclic loading (Figs. 6A’—C’). In many instances,
such as those demonstrated in Figs. 5 and 6, cyclic loading
apparently was associated with more rounded shape of sutural
cells, especially at P17 and P23 (Figs. 5A’, B’ and 6A’, B’) in
comparison with the spindle shape of sutural cells in the control
groups at P17 and P23 (Figs. 5A, B and 6A, B).

The sutural bone surface resided by mononucleated, cuboidal
cells in the control PMS, excluding flat, mononucleated bone

P23 P32

Fig. 3. Representative photomicrographs of the control and cyclically loaded rat nasofrontal sutures (NFS) at 17, 23, and 32 days of postnatal life. The NFS at each of
P17 (A), P23 (B), and P32 (C) is highly interdigitated with islands of bone (b) interfacing with suture (s). The interface between suture and bone is traced in green color
to assist visual identification. In comparison with relatively uniform sutural widths associated with control specimens (A—C), cyclic loading apparently increased the
sutural width for P17 (A’), P23 (B’), and P32 (C’) relative to corresponding controls. The sutural width upon cyclic loading appears to be more variable. These
qualitative impressions are confirmed by quantitative sutural width measurements in Fig. 4B.
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Fig. 4. Quantification of histomorphometric data at 17, 23 and 32 postnatal days (P17, P23, and P32) of the control (open bars) and cyclic loading (solid bars) groups.
(A) The average width of the rat premaxillomaxillary sutures (PMS) upon cyclic loading is significantly higher than corresponding controls at each of P1, P23 and P32.
(B) The average width of the rat nasofrontal sutures (NFS) at each of P17, P23 and P32 upon cyclic loading is significantly higher than corresponding controls. (C) The
average cell density of the PMS at each of P17, P23 and P32 upon cyclic loading is significantly higher than corresponding controls. (D) The average cell density of the
NFS at each of P17, P23 and P32 is significantly higher than corresponding controls. (E) The average sutural bone surface resided by mononucleated, cuboidal
osteoblast-like cells (Ob) of the PMS at each of P17, P23 and P32 is significantly higher than corresponding controls. (F) The average sutural bone surface resided by
multinucleated osteoclast-like cells (Oc) of the PMS at each of P17 and P23 upon cyclic loading is significantly higher than corresponding controls, but not P32. (G)
The average sutural bone surface resided by osteoblast-like cells of the NFS at each of P17, P23 and P32 upon cyclic loading is significantly higher than corresponding
controls. (H) The average sutural bone surface resided by osteoclast-like cells of the NFS at each of P23 and P32 upon cyclic loading is significantly higher than
corresponding controls, but not P17. Ob: osteoblasts; Oc: osteoclasts; N = 6—7 per group. *P < 0.05; **P < 0.01.
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Fig. 5. Cell density of representative photomicrographs of the control and cyclically loaded rat premaxillomaxillary sutures (PMS) at 17, 23, and 32 days of postnatal
life. Cells in suture mesenchyme were counted, with exclusion of osteogenic lineage cells lining the sutural bone surface and blood vessel cells. Representative sutural
cells are identified with blue circles. The postnatal PMS at each of P17 (A), P23 (B), and P32 (C) has abundant fibroblast-like cells. In comparison, cell density
apparently has increased upon cyclic loading for P17 (A’), P23 (B’), and P32 (C’) relative to corresponding controls. In some cases, sutural cells apparently become

more cuboidal, as opposed to the spindle-like shape in controls.

lining cells, was 10.97 £ 2.04%, 1591 + 5.57%, and
10.54 + 4.68% for P17, P23, and P32, respectively (Fig. 4E).
Cyclic loading increased the average osteoblast surface of the
PMS to 20.76 + 5.8%, 33.90 + 6.17%, and 24.55 + 4.68% for
P17, P23, and P32, respectively (Fig. 4E). In contrast, the
average sutural surface occupied by multinucleated osteoclasts

Control

Loaded

of the control PMS was 6.34 + 0.67%, 8.16 + 1.45%, and
6.43 + 0.77% for P17, P23, and P32, respectively (Fig. 4F).
Upon cyclic loading, the average sutural osteoclast surface of the
PMS was 11.37 £0.95%, 11.21 + 1.45%, and 8.19 + 0.77% for
P17, P23, and P32, respectively (Fig. 4E). For the NFS, the
average sutural osteoblast surface for P17, P23, and P32 of the

P23 ) P32

Fig. 6. Cell density of representative photomicrographs of the control and cyclically loaded rat nasofrontal sutures (NFS) at 17, 23, and 32 days of postnatal life. Cells
in suture mesenchyme were counted, with exclusion of osteogenic lineage cells lining the sutural bone surface and blood vessel cells. Representative sutural cells are
identified with blue circles. The postnatal PMS at each of P17 (A), P23 (B), and P32 (C) has abundant fibroblast-like cells. In comparison, cell density apparently has
increased upon cyclic loading for P17 (A”), P23 (B’), and P32 (C’) relative to corresponding controls. In some cases, sutural cells apparently become more cuboidal, as

opposed to the spindle-like shape in controls.



728 K. Vij, JJ. Mao / Bone 38 (2006) 722-730

control group was 10.32 + 1.80%, 14.05 + 3.79%, and
9.80 + 2.17% for P17, P23, and P32, respectively (Fig. 4G).
Cyclic loading increased the average NFS osteoblast surface to
16.09 +3.33%, 18.83 + 5.1%, and 30.41 + 7.65% for P17, P23,
and P32, respectively (Fig. 4G). In comparison, the average NFS
osteoclast surface for P17, P23 and P32 was 5.45 £+ 0.67%,
6.83 + 0.84%, and 5.82 + 1.64% for P17, P23, and P32,
respectively (Fig. 4H). Cyclic loading increased the average
NFS sutural osteoclast surface to 6.34 + 0.81 9.45 + 0.88, and
7.13 £ 0.69%, respectively (Fig. 4H). Statistical comparison
revealed that osteoblast-occupied sutural surface was signifi-
cantly greater in cyclically loaded sutures at P17, P23, and P32
than corresponding controls for both the PMS and NFS sutures
(Figs. 4E and G). However, cyclic loading elicited significantly
higher sutural bone surface populated by osteoclast-like cells for
P17 and P23, but not P32, for the PMS (Fig. 4F). For the NFS,
sutural osteoclast surface was significantly higher upon cyclic
loading for P23 and P32 days, but not P17 (Fig. 4H).

Discussion

The present data suggest that a short dose of cyclic loading
with a peak-to-peak magnitude of 300 mN is capable of
modulating cellular and morphological growth responses of
cranial sutures at the postnatal stage. The present data, derived
from a postnatal rat model, are consistent with our previous
findings of mechanical modulation of sutural growth based on
the juvenile rabbit model [4,13]. The present experimental
paradigm utilizes cyclic loading at 4 Hz, in comparison with 1
Hz in [4], but with a reduced force magnitude at 300 mN from 5
N as in [4]. The present observation of elevated sutural growth
responses by cyclic forces at a higher frequency (4 Hz), in
comparison with our previous work, appears to suggest that
sutural cells are responsive to a multitude of force frequencies. In
the present study, both sutural width and sutural cell density are
significantly higher upon cyclic loading than controls
corresponding controls.

Suture growth is characterized by several parallel events
such as increases in sutural width, sutural cell density and
sutural osteogenesis [1-3]. Each event is complex and
accounted for by interactions between multiple cell lineages
such as mesenchymal cells, fibroblast-like cells and osteogenic
cells among other cell types [1,2]. Increases in sutural width
upon mechanical loading may be analogous to increases in
growth plate height of the cranial base [25,26], and has been
observed in our previous work in juvenile rabbits upon the
application of brief doses of mechanical forces at 0.25 Hz and 1
Hz [4,13]. The present increases in sutural width are of even
greater magnitude, likely accounted for by several factors such
as the higher force frequency at 4 Hz, and perhaps rapid
craniofacial growth potential in the neonatal age [18,27].
Increases in sutural width may have resulted from increased
fibrogenesis in suture mesenchyme among other factors [4].
Alternatively, it is conceivable that both sutural fibrogenesis and
osteogenesis are enhanced by cyclic loading, but sutural
fibrogenesis is increased to a greater extent, with a net result
of increased sutural width. In two parallel studies, cyclic loading

at 4 Hz upregulates metalloproteinase-1 and/or-2 genes in
several cranial and facial sutures of postnatal rats [18,19],
suggesting the potential involvement of MMP-coded protei-
nases such as collagenase in sutural modeling and/or remodel-
ing. Another direct evidence for sutural remodeling and/or
remodeling is the presently observed increases in the sutural
bone surface resided by multinucleated osteoclast-like cells.
Although osteoclast-mediated bone resorption may seem to be
contradictory to the net result of rapid sutural growth in the
postnatal age, it is perhaps necessary for sutures to change
morphological characteristics.

Sutural cell density increases as a result of cyclic loading in
all 3 age groups of P17, P23, and P32. The present cell count
excludes blood vessel cells and cells aligning the sutural bone
surface, i.e., both osteoblasts and bone lining cells. Thus, the
presently observed increases in sutural cell density suggests that
cells in suture mesenchyme, likely including mesenchymal cells
and fibroblast-like cells, increase their proliferation rates and/or
decrease their apoptotic rates upon the application mechanical
stress. The apoptosis rate of sutural fibroblasts is significantly
higher in the synostosed rat posterior interfrontal suture than the
patent sagittal suture [28]. However, little is known whether
mechanical stress alters the apoptosis rate of sutural cells.
Apoptosis markers and mitotic cell labeling are necessary, for
example by using bromodeoxyuridine (BrdU), to differentiate
between increasing proliferation and decreasing apoptotic rate.
Cranial sutures contain two distinct cell populations: cells
producing un-mineralized type I collagen in the center of the
suture, and cells producing to-be-mineralized type I collagen
that becomes sutural bone. Whereas the latter clearly is the
osteoblast lineage which has been excluded from the present cell
density counting, the precise nature of the former, i.e., cells
producing type I collagen in the center of the suture without
subsequent mineralization, is somewhat uncertain. Some believe
that the majority of the cells residing in the center of the suture
are mesenchymal cells [29]. Accordingly, the tissue in the center
of the suture is referred to as ‘suture mesenchyme’, especially
among developmental biologists e.g. [7,29]. Since type I
collagen is the most abundant collagen phenotype in cranial
and facial sutures [14,30—33], cranial sutures must contain cells
that produce type I collagen fibrils, which then aggregate into
collagen fibers in the extracellular matrix without subsequent
mineralization. Although in all likelihood, sutures contain
mesenchymal cells, the progenitor status of mesenchymal cells
nullifies the possibility that their main function is to synthesize a
substantial amount of type I collagen fibrils [34]. Due to this
general constraint of a lack of characterization of different
lineages of sutural cells, the present data of sutural cell density
should be interpreted with the caution that all cell lineages in
suture mesenchyme, excluding blood vessel cells and sutural
osteogenic lineage cells, are represented. Another important
issue is whether the increases in cell density is temporary or have
impact on bone apposition and/or remodeling. In [37], we
observed parallel increases in BV/TV and the number of
osteoblasts that line the endocortical bone surface. However,
whether this represents a direct cause—effect relationship
warrants additional investigations.
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Within the constraint of the present approaches, the present
data of sutural width and sutural cell density in neonatal rats
provide the needed baseline information of the development
and mechanical modulation of early postnatal craniofacial
sutures. Despite recent report of sutural development in
growing animals [3,4], the present data are valuable in the
understanding of sutural development in the early postnatal
stage that is characterized by rapid cell lineage changes and
matrix synthesis. The present neonatal age likely represents
more active sutural growth stage than the growing animals in
[4]. This study may also have potential implications in
formulating new concepts in devising innovative orthodontics
and craniofacial orthopedic appliances in consideration that
only static forces have been employed in the correction of
craniofacial disfigurations [35,36]. Although certain perturba-
tion is superimposed to static forces applied in orthodontic
tooth movement and distraction osteogenesis from functional
activities such as mastication and respiration, these perturba-
tions are unlikely in the same magnitude and frequency of the
cyclic forces applied in this study. The present data
demonstrate that cyclic forces are potent stimuli for
modulating sutural growth in neonatal rats. Combined
analysis with our previous data in the juvenile rabbit model
demonstrates that sutural cells retain the capacity to respond
to mechanical stress during active physical growth.
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