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Osteoclasts: the biological knife in sutural responses 
to mechanical stimulation

ABSTRACT

Background: It is assumed that transverse force physically opens maxillary sutures and 
induces a tensile stress that directly stimulates bone formation. However, orthopedic/
orthodontic tensile stresses are static, which cannot directly stimulate bone formation. 
We hypothesize that the anabolic response to transverse force is indirect, resulting from 
inflammation-induced osteoclast activation followed by a transition into osteogenesis. 
The purpose of this study was to evaluate the tissue, cellular and molecular responses in 
the sutures during maxillary expansion. 
Materials & Methods: Adult Sprague-Dawley rats where divided into 4 groups: untreated 
Control (C), Sham (S), Experimental (Exp), and Experimental with nonsteroidal anti-in-
flammatory medication (Exp+NSAID). Maxillae were collected 0, 1, 3, 7, 14, and 28 days 
post-expansion for micro-computed tomography, fluorescence and light microscopy, gene 
and protein expression, and immunohistochemistry analysis. 
Results: The Exp group showed early expression of inflammatory cytokines in the 
mid-palatal suture that was followed by osteoclast activation, bone resorption and a tran-
sient decrease in bone density. A significant widening of the suture occurred only after 
osteoclast activation and bone resorption. Bone formation was delayed, occurring after 
the initial catabolic phase. NSAIDs significantly decreased the magnitude of maxillary 
sutural widening and bone formation in response to transverse forces. During the transi-
tion from the catabolic to the anabolic response, expression of communicator molecules 
between osteoclasts and osteoblasts increased significantly. 
Conclusion: We demonstrated that maxillary transverse force stimulated three distinct 
phases in the mid-palatal suture: 1) the Catabolic Phase starts with inflammatory markers 
and osteoclast recruitment and activity, 2) the Transition Phase, where osteoclasts activate 
osteoblast activity, 3) the Anabolic Phase, during which osteoblasts restore the integrity 
of the skeleton. 
INNOVATION: Our findings are novel and support a new theory for sutural response to 
orthopedic forces that emphasizes the importance of osteoclasts in the process and makes  
these cells the possible target of orthopedic treatment: 1) as the ”biological knife” at the 
sutures that allows the separation of maxillae for orthopedic movement, and 2) as the 
trigger for osteoblasts activation and bone regeneration, anytime we need to stimulate 
bone formation especially at the surface of the cortical bone.
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Background

Physiological mechanical loads are osteogenic for long 
bones and the craniofacial skeleton (1-3). Mechanical loading 
directly targets the mechanoreceptors in bone (osteocytes), 
which then stimulate the bone remodeling machinery (osteo-
clasts and osteoblasts) to adapt to the new load demand (4, 5). 
However, orthopedic forces on craniofacial bones (especially 
the maxilla) or orthodontic forces on teeth, are used clinically 
with different expectations. It is believed that application of 
compressive orthodontic or orthopedic forces stimulate bone 
resorption, while application of tensile forces stimulates bone 
formation. This is even more confusing since the nature of 
these orthopedic and orthodontic forces is static, meaning they 
are activated and allowed to dissipate until the next activation. 
Previous studies have demonstrated that direct application of 
static forces on long bones or alveolar bone does not have any 
significant effect on the skeleton (3, 6). How, then, can the 
model of bone resorption and formation due to static orthopedic 
and orthodontic forces be explained?

Comparing clinical examples of mechanical loading of 
weight bearing bones and the craniofacial skeleton shows that 
weight bearing bones load directly while loading craniofacial 
bones is mostly indirect, with an intermediary connective 
tissue between the point of force application and the bone. 
The connective tissue for the upper jaw (maxilla) is sutures 
that connect the maxilla to the rest of the skull. For the teeth, 
the connective tissue is the periodontal ligament (PDL) that 
separates the teeth from alveolar bone.

Recently, we and others (7-10) have shown that applying static 
force to the teeth via orthodontic forces stimulates an inflam-
matory reaction in the PDL that is critical for tooth movement. 
Specifically, the inflammatory response in the PDL activates 
osteoclasts in the PDL and adjacent alveolar bone to resorb 
alveolar bone, thereby allowing the teeth to move. Importantly, 
this biological response to static orthodontic forces is indirect, 
requiring the presence of the PDL. Once the orthodontic forces 
dissipate, bone resorption ceases and bone formation begins to 
maintain the integrity of alveolar bone.

While the static compression-induced inflammatory reaction 
observed in the PDL explains alveolar bone resorption during 
orthodontic treatment, the reasons for bone formation reported 
in the area of tensile force in the PDL or sutures are not clear. 
The widely-held explanation is that tensile force directly stim-
ulates bone formation. But, the facts are that 1) tensile force 
that are applied during craniofacial orthopedic and orthodontic 
treatment are mostly static, 2) application of static tensile force 
in long bones does not cause bone formation (11), and 3) both 
tension and compression forces are osteogenic under conditions 
of high force frequency and acceleration (dynamic load) (6, 12, 
13) . These conflicting data led us to question the accuracy of 
the widely-held belief that there is a direct connection between 
tensile force and osteogenesis.

Since both compression and tension stresses that result 

from static orthodontic forces can traumatize the PDL (14), it 
is possible that bone formation observed in response to tensile 
orthopedic forces is a delayed reaction and not a direct effect 
of these forces on the bone. Therefore, one would expect that 
in response to tensile stresses, similar to compressive stresses, 
the osteoclasts would appear in the area of trauma, and since 
osteoclasts play a role in activating osteoblasts (15), it is possi-
ble that activating osteoclasts is a prerequisite for osteoblast 
activity observed in the area. 

To test our hypothesis, we systematically examined the effect 
of maxillary expansion force on the mid-palatal suture in rats. 
Specifically, we examined the skeletal, cellular and molecular 
changes that occurred during the first 28 days of expansion 
treatment.

Materials and Methods

Animals and Study Design

Growing Sprague-Dawley male rats (n=95, average weight 
60g, 21 days old) were treated according to the protocol 
approved by New York University Institutional Animal Care 
and Use Committee. Rats at this stage are in a growth phase 
and their first and second maxillary molars are fully erupted. 
All animals were housed in polycarbonate cages in a 12-h light/
dark environment at a constant temperature of 23℃ and fed 
a standard pellet diet (expanded pellets; Stepfield, Witham, 
Essex, UK) with tap water ad libitum.

Animals were randomly divided into four groups: Control 
(C), Sham (S), Experimental (Exp), and Experimental with 
nonsteroidal anti-inflammatory drug (Exp + NSAID). The 
Control group animals did not receive any appliance or drug 
treatment. The Experimental group received a calibrated 
custom-designed expansion spring that delivered transverse 
force (100cN) to the first and second molars (Fig. 1). This force 
was selected based on previous studies that demonstrate that 
100cN maximally induces cellular activity in maxillary sutures 
(16). Considering that the rats would have a normal vertical 
chewing force (averaging 54-76 N (17)), this force is not consid-
ered excessive. The appliance was connected to the first molars 
with ligature wires and fixed with composite. The Sham group 

Figure 1: Calibrated springs used to produce transverse forces in the rat maxilla. 
Springs were fabricated from 0.016” stainless steel wires (3M Unitek, Monrovia, 
CA, USA), with two vertical loops used to tie the spring to the maxillary first 
molars using 0.008” stainless steel ligature ties and composite. (A) Photograph 
of springs installed in the rat maxilla. (B) The springs were calibrated using a 
digital force gage to produce 100cN force when expanded from 4mm (left) to 
6mm (right) (VL = vertical loop, SST = stainless steel tie, M1 = first molar, M2 
= second molar, M3= third molar).
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received a similar spring that was not activated and did not 
produce any force. The Experimental + NSAID group received 
a similar active spring as the Experimental group and a daily 
dose of a Diclofinac (5mg/kg) administered intramuscularly 
(IM) with changing injection sites to prevent additional discom-
fort to the animals. Animals were weighed daily to accurately 
calculate the dose of the medication for each animal. 

Bone labeling was performed by means of an intraperitoneal 
injection of calcein (15 mg/kg) on Day 0, xylenol orange (25mg/
kg) on Day 12 and demoxicycline (25 mg/kg) on Day 26. The 
health status and body weight of the rats were evaluated daily, 
and no significant differences were observed among groups. 
Animals were euthanized by CO2 narcosis on Days 0, 1, 3, 
7, 14, and 28. Samples were collected for micro-CT analysis 
(µCT), histology and immunohistochemistry (5 animals per 
time point, per group; total of 25), fluorescence microscopy 
(5 animals per group scarified on Day 28; total of 20), mRNA 
(5 animals per time point, per group; total of 25) and protein 
analysis (5 animals per time point, per group; total of 25).

The sample size was calculated based on the results of our 
previous animal studies (22). Assuming an estimated 50% 
difference in the expression of inflammatory markers in the 
PDL, Type I error was set at 5% and the power of the statis-
tical test was set at 90% (power = 0.9, α=0.1). Based on these 
values, a sample size of 4 animals per group was calculated. We 
decided to increase the sample size to 5 to account for attrition.

Transverse force application

On Day 0, animals from the Sham, Expansion and Expansion 
+ NSAIDs groups were anesthetized with an intraperitoneal 
injection of Ketamine and Xylazine (0.09mL/100g). Anesthesia 
was verified by lack of response to toe-pinch. All groups 
were fitted with custom designed expansion springs. Springs 
were fabricated from 0.016” stainless steel wires (3M Unitek, 
Monrovia, CA, USA), with two vertical loops used to tie the 
spring to the first maxillary molars using a 0.008” stainless 
steel ligature ties. Springs were secured by placing a thin layer 
of composite on the interproximal surfaces of the first molars 
while avoiding the occlusal surface of the teeth (Figs. 1A and 
1B). The springs were calibrated to produce 100cN force (50 cN 
on each side) using a digital force gage. Application of tensile 
forces was carried out for 0-28 Days as noted above. Animals 
and the integrity of the springs were monitored daily under 
inhalation anesthesia (isoflurane–nitrous oxide). If springs were 
dislodged they were reinstalled at this time.

Specimen preparation

µCT, histology and immunohistochemistry analyses. The 
whole skull was dissected and fixed for 72 hours with 4% (w/v) 
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 followed 
by storage in 70% ethanol. µCT analysis was then performed, 
after which all samples were demineralized in 14% ethylene-
diaminetetraacetic acid (EDTA) for 3-4 weeks at 4°C and 
dehydrated in ethanol gradients and xylene prior to embedding 

in paraffin.
Fluorescence microscopy. After fixation in 100% methanol 

for three days at 4°C, samples were placed in acetone for two 
days at room temperature. Specimens were then dehydrated in 
alcohol, cleared in xylene, and embedded in methyl methacry-
late according to the method of Erben (18). 

Micro-CT Analysis

Before decalcification, the whole maxilla was scanned 
by micro-computed tomography (µCT) on a Skyscan1172 
system (Bruker microCT, Kontich, Belgium). The specimens 
were scanned in 70% ETOH at 13.55 µm voxel size, 100 KV, 
0.300o rotation step (192.30o angular range) and a 1910 ms 
exposure. Results were analyzed utilizing NRecon software 
(1.6.9.16 version, Bruker micro-CT, Kontich, Belgium) for 3D 
reconstruction and viewing of images. Superimpositions were 
performed using Amira 6.0.0 software (FEI Houston Inc., 
Hillsboro, OR).

Three measurements were obtained from the µCT images at 
the level of the mid-coronal plane of the maxillary first molar 
(Fig. 2): 1) width of the mid-palatal suture (distance between 
the borders of the suture), 2) width of palate (distance between 
the palatal walls at the level of intersection between palate and 
alveolar), and 3) interdental width (distance between the height 
of contour of the first molars).

The bone volume change in the palate was measured to 
investigate the effects of transverse force on the mid-palatal 
suture and adjacent bone. The region of interest (ROI) for bone 
volume measurements in the palate included the mid-palatal 
suture extending from the first molar to the area between first 
and second molars, from the palatal concavity to the floor of 
the nasal cavity, and 0.5 mm laterally on each side of the suture 
midline (2.5mm x 1mm x 0.5mm).

The second ROI was the inter-radicular bone of the first 
molar. This area was limited by a horizontal plane (parallel 
to the occlusal plane) passing through the alveolar crest, and a 
horizontal plane passing through the apex of the mesio-buccal 
root of the first molar. Anteriorly, the ROI was limited by the 
mesio-buccal root, posteriorly by the disto-buccal and disto-pal-
atal roots, laterally by the inter-buccal and mesio-palatal roots. 

Two examiners completed all µCT quantifications. Both 
intra-observer and inter-observer errors were evaluated. Intra-
observer error was evaluated by individual investigators who 
measured 5 µCT images twice at least 2 weeks apart. Inter-
observer error was evaluated using the same set of 5 µCT 
images measured by a second investigator. The Dahlberg (19) 
formula was applied to estimate the random errors and the 
paired t-test was applied to identify systematic errors according 
to Houston (20). Random error for intra-observer evaluation 
was 0.015 mm and 0.017 mm for the inter-observer evaluation, 
and not statistically significant. Systematic errors were also 
small and not statistically significant (p=0.87 for intra-observer 
and p=0.84 for inter-observer).
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Histology and Immunohistochemistry

Fixed demineralized maxillae were embedded in paraffin, 
and cut into 5 μm occlusal sections, using a Leica Biosystems 
RM2265 Fully Automated Rotary Microtome (Leica Biosystems 
Inc., IL, USA). Some sections were stained with Hematoxylin 
and Eosin (H&E) to view the general cellular and tissue struc-
ture. Consecutive sections were stained with TRAP (tartrate 
resistant acid phosphatase) to identify osteoclasts. Osteoclasts 
were defined as TRAP-positive multinucleated bright red 
cells in the mid-palatal suture or adjacent bone. Sections were 
scanned on a Scan Scope GL series optical microscope (Aperio, 
Bristol, UK) at 20X magnification. Osteoclasts were counted 
in five consecutive sections, in the area from mesial of the 
first molar to mesial of the second molar, including 1 mm of 
surrounding bone, and values were averaged for each rat. Data 
were expressed as the mean number of TRAP–positive cells 
per 1 mm2 area of suture and adjacent alveolar bone. Two 
examiners completed all histological quantifications.

Fluorescence Microscopy

Samples embedded in methyl methacrylate were trimmed 
and oriented on the Leica 2265 microtome (Leica Biosystems 
Inc., IL, USA), polished using gradients of polishing paper until 
smooth, loaded on to a plastic slide, cut to 100 µm thickness, 
and polished down to 30 µm. Slides were then viewed by fluo-
rescence microscopy and photographed (Nikon Microscopy, 
NIS-Elements software, Tokyo, Japan).

RT-PCR Analysis

For gene expression studies, 5 animals from each group 
were euthanized by CO2 narcosis at Days 0, 1, 3,7, 14, and 
28. The palatal bone extending 0.5 mm from each side of the 
mid-palatal suture was dissected and frozen in liquid nitrogen. 
The alveolar bone surrounding the molars was also dissected 
and frozen for PDL studies. Total mRNA was isolated using 
TRIZOL reagent (Life Technologies, New York, NY, USA), 
and mRNA clean-up was performed with an RNeasy Mini Kit 
(Qiagen Sciences, Valencia, CA, USA) as described previously 
(21). All equipment and tools were cleaned with RNaseZap 
(Sigma, St. Louis, MO, USA). Twenty-nine inflammatory 
cytokines and cytokine receptor genes, osteoclast markers, 
osteoblast markers, and bone simulating factor, were analyzed 
with primers specific for rat genes, with a QuantiTect SYBR 
Green RT-PCR kit (both Qiagen, Valencia, CA, USA) on a DNA 
Engine Optican 2 System (MJ Research, Waltham, MA, USA). 
Each mRNA specimen was tested 3 times. Relative levels of 
mRNA were calculated and normalized to the level of GAPDH 
and acidic ribosomal protein mRNA.

Protein Analysis

Protein levels of inflammatory markers were measured by 
enzyme-linked immunosorbent assay (ELISA). Five palatal 
bones extending 0.5 mm from each side of the mid-palatal 
suture were dissected, frozen in liquid nitrogen and pulverized. 

The alveolar bone surrounding the molars was also dissected 
and treated the same way for PDL studies as described previ-
ously (Teixeira et al., 2010). Lysates were prepared and total 
protein quantitated using a BCA protein assay kit (Pierce, 
Rockford, IL). Concentration of interleukin (IL)-1β (Thermo, 
Rockford, IL), tumor necrosis factor alpha (TNF-α) (Thermo, 
Rockford, IL), CCL5 (Abnova, Walnut, CA), CCL2 (Abcam, 
Cambridge, MA), and RANKL (MyBioSource, San Diego, CA) 
were determined by ELISA. Data were analyzed in comparison 
to standard curves specific to each inflammatory marker. 

Statistical Analysis

After confirming normal distribution of samples by the 
Shapiro-Wilk test, group comparisons were assessed by anal-
ysis of variance (ANOVA). Pairwise multiple comparison 
analysis was performed with Tukey’s post-hoc test. In some 
experiments a paired t-test was used to compare the two groups. 
Two-tailed p-values were calculated; p < 0.05 was set as the 
level of statistical significance.

Results

Increase in mid-palatal and circum-maxillary suture 
widths in response to transverse forces

Applying transverse forces to the maxilla through a 
tooth-anchored expander is routinely used in Orthodontics. To 
understand the morphological changes observed in the mid-pal-
atal and circum-maxillary sutures in response to transverse 
forces, we measured the width of the sutures, the palate and 
the dental width in three-dimensional images obtained by µCT 
(Fig. 2 A). One would expect that if the effect of transverse 
forces is purely physical, there should be a linear relationship 
between the magnitude of suture widening and the increase in 
palatal and dental widening. We found a significant increase 
in the mid-palatal suture width at Days 3, 7, 14 and 28 in the 
Experimental group compared to the Sham group (p<0.05) 
(Figs. 2B and 2C). After Day 14, the mid-palatal suture demon-
strated a tendency to return to its original width, as shown by 
a significant decrease in width on Day 28.

Surprisingly, the dental and palatal widths in the 
Experimental group were only significantly increased on Day 
14 (0.89mm and 0.54mm increase, respectively) and Day 28 
(1.26mm and 0.92mm, respectively) (p<0.05) compared to the 
Sham group. At both time points, the amount of dental change 
was higher than the skeletal change (p<0.05) (Fig. 2B). While 
the skeletal and dental changes were minimum at Days 1, 3 and 
7 (p>0.05), the increase in width of the suture at Days 3 and 7 
was statistically significant, which demonstrates that sutural 
opening occurs ahead of skeletal and dental changes and they 
do not follow a linear relationship.

Applying transverse forces on the maxillary teeth not only 
increased the width of the mid-palatal suture but simulta-
neously affected the surrounding sutures, specifically the 
zygomaticotemporal, zygomaticomaxillary, frontomaxillary 
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Figure 2: Changes in sutural, palatal and dental widths over time. (A) Palatal width, dental width and mid-palatal suture widths were measured using µCT 3D reconstructed 
images and sections at the level of the mid-coronal plane of the maxillary first molar. Red line shows the width of the mid-palatal suture (distance between the borders 
of the suture), Green line shows the width of palate (distance between the palatal walls at the level of intersection between the palate and alveolar walls), and Blue line 
shows the dental width (distance between height of contour of first molars). (B) Sutural, palatal and dental widths were measured over time in the Experimental and 
Sham maxillae. Data expressed as the mean ± SD of distances in mm. Each number represents the average of 5 samples. (* Experimental width significantly different 
from Sham, p<0.05). (C) Coronal (through the mid-coronal sections of the maxillary first molars) and occlusal (from oral cavity) µCT images of the mid-palatal suture 
opening at different time points.

and transverse sutures (Figs. 3A and 3B). Similar to the changes 
observed in the mid-palatal suture, the width of these sutures 
in the Experimental animals on Days 3, 7, and 14 showed a 
statistically significant increase, with a peak increase at Day 
7 (p<0.05) (Fig. 3C). Interestingly, the final increase in palatal 
width (0.92 mm) correlated closer with the maximum width of 
the zygomaticomaxillary (0.52 on each side) and zygomatico-
temporal sutures (0.51 mm on each side) than with the width of 
the transverse (1.4mm), frontomaxillary (1.1 mm) or mid-palatal 
(1.2 mm) sutures.

Cellular changes in the mid-palatal suture: increases in 
osteoclast number and activity following expansion

To correlate the morphological changes we observed in the 
mid-palatal suture following expansion with cellular changes, 
we investigated the presence of osteoclasts by TRAP staining. 
Compared to the Sham group, the Experimental group devel-
oped a noticeable change in the suture’s cellular organization 
on Days 7 and 14, which correlated with the greatest sutural 
widening observed in Figs. 2B and 2C. We observed an increase 
in the number of TRAP-positive osteoclasts, especially at Days 

3, 7 and 14, in the mid-palatal suture and adjacent bone (Fig. 
4A). For quantitative analysis, osteoclasts were counted in 
5 consecutive sections in the area including the mid-palatal 
suture and surrounding bone. The number of osteoclasts in the 
Experimental group was significantly higher on Days 3,7 and 
14 compared to the Sham group (p < 0.05) (Fig. 4B).

To further evaluate the activity of osteoclasts in the mid-pal-
atal suture, expression of the osteoclast markers RANK, OPG 
(osteoprotegerin), RANKL, and CtsK (Cathepsin K) was eval-
uated at different time points (Fig. 4C). RANK expression was 
significantly higher on Days 3, 7 and 14 (2.6-, 3.4- and 2.8-fold, 
respectively) (p<0.05), but no differences were observed on 
Days 1 and 28 (p>0.05). OPG expression was significantly 
higher on Days 3, 7, and 14 (2.4-, 3.7- and 4.5-fold, respectively) 
in the Experimental group compared to the Sham group. No 
difference in OPG expression was observed on Days 1 and 28 
(p<0.05). RANKL expression was significantly higher (p<0.05) 
on Days 1, 3, 7, and 14 (2.6-, 4.8-, 5.4-, 3.9-fold, respectively) 
in the Experimental group compared to the Sham group. CtsK 
expression at Days 1, 3, 7, and 14 (2.3-, 3.4-, 6.2-, and 5.1-fold, 
respectively) increased significantly (p<0.05) in the mid-palatal 
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suture of Experimental animals compared to Sham animals.
To quantify the effect of osteoclast activation, bone density 

was measured in the palate (Fig. 4D). As expected, the increase 
in number and activity of osteoclast at the mid-palatal suture 
and surrounding bone resulted in a significant decreased in the 
BV/TV in the palate of Experimental animals when compared 
to Sham animals from Days 3-28 (p<0.05).

Increased and sustained expression of inflammatory 
markers in both the mid-palatal suture and PDL correlate 
with osteoclast activity 

Having demonstrated that transverse force produced cellu-
lar changes in the mid-palatal suture, including an increase in 
osteoclast number and activation, we hypothesized that the 

local environment in the mid-palatal suture immediately after 
force application would promote osteoclastogenesis through 
inflammatory mediators, similar to the PDL after orthodon-
tic force application. Expression of 29 inflammatory markers 
that were previously shown to increase in PDL in response to 
Orthodontic forces (22) were measured in both the mid-pal-
atal suture and PDL 24 hours after application of transverse 
orthopedic forces to the rat maxilla. We included the PDL in 
these experiments for two reasons: 1) as an established model 
of tissue response to force application and 2) to determine if 
the inflammatory responses in the PDL and mid-palatal suture 
are similar following transverse force application. 

Comparing Sham and Experimental groups, we found 
that expression of all 29 inflammatory markers significantly 
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in paraffin section of both Experimental and Sham maxillae to identify active osteoclasts in the area. Light microphotographs show TRAP-positive osteoclasts in the 
mid-palatal suture and surrounding bone at different time points. All images were collected at the suture area between the first and second molars. Osteoclasts are 
stained as multi-nucleated red cells (black arrows, magnification 10X). (B) Mean numbers of osteoclasts at different time points, in the area of the mid-palatal suture 
and adjacent bone. Each value represents the mean ± SD of five animals. (* Significantly different from Sham, p<0.05). C) Change in expression of osteoclast markers 
(RANKL, RANK, OPG and CtsK) in the mid-palatal suture of the Experimental and Sham groups at different time points during application of transverse forces was 
measured by RT-PCR. Data presented as mean “fold” change in expression in comparison to Sham expression. Each number represents the average of 5 samples. (* 
Significantly different from Sham at the same time point, p<0.05). (D) Bone density was quantified using µCT data in the area of the mid-palatal suture and surrounding 
palatal bone. Data shown as mean ± SD of BV/TV percentage (bone volume/ tissue volume). (* Significantly different from Sham at same time point, p<0.05).
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increased (p<0.05) in both the PDL and mid-palatal suture 24 
hours after transverse force application (Figs. 5A, 5B and 5C). 
In the PDL of the Experimental group chemokines increased 
3.3- to 6.7-fold, cytokines increased 3.1- to 5.6-fold and cyto-
kine receptors increased 3.6- to 5.6-fold compared to the Sham 
group. In the mid-palatal suture of the Experimental group, 
chemokines increased 2.2- to 6.3-fold, cytokines increased 
2.2- to 4-fold, and inflammatory marker receptors increased 
2.7- to 4.2-fold compared to the Sham group. No significant 
differences were observed between Sham and Control (no appli-
ance) groups for expression of inflammatory markers in either 
the PDL or the mid-palatal suture (p>0.05) (data not shown).

Interestingly, we also observed significant differences in 
expression levels of a subset of inflammatory markers in the 
PDL and mid-palatal suture. Importantly, the differences were 
consistently higher in the PDL compared to the mid-palatal 
suture. The chemokines CCL2 and CCL5, the cytokines IL-1β 
IL-11, Itgβ2 and TNF-α, and the cytokine receptors IL-1r2, 
Tnfrsf1β, CCR, CCR6 and CCR7 were significantly higher in 

the PDL compared to the mid-palatal suture in the Experimental 
group (p<0.05). 

To determine if the effect of transverse forces on inflamma-
tory marker expression was transient or sustained, the levels 
of the cytokines IL-1β and TNF-α and chemokines CCL-2 and 
CCL-5 in the mid-palatal suture and PDL were followed for 28 
days after application of transverse force (Fig. 5D). In general, 
time course of the expression of all 4 cytokines and chemo-
kines differed in the mid-palatal suture and PDL. Levels of 
each cytokine and chemokine peaked twice in the mid-palatal 
suture, once on Day 1 and again on Day 14. This contrasts 
with the expression pattern in the PDL, where each cytokine 
and chemokine peaked only on Day 1. While 3 of the 4 genes 
retuned to baseline in both the mid-palatal suture and PDL 
by Day 28, IL-1β remained significantly elevated in the PDL 
throughout the time course.

The cytokines and chemokines we assayed have an import-
ant role in osteoclast recruitment and activation in the PDL 
in response to orthodontic forces (22, 23). To further confirm 
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Figure 5: Increased and sustained expression of inflammatory markers in both the mid-palatal suture and PDL correlate with osteoclast activity. Expression of chemo-
kines (A), cytokines (B), and their receptors (C) in the mid-palatal suture and PDL of the Sham and Experimental groups was measure by RT-PCR 24 hours after force 
application. Data are expressed as the Experimental mean “fold” change ± SD in gene expression compared to the Sham group. Each number represents the average of 
5 samples. All 29 genes were significantly different between Experimental and Sham at both locations. (* Significantly different between suture and PDL in experimental 
group, p <0.05). (D) Mean concentration of IL-1β, TNF-α, CCL2, CCL5 in mid-palatal suture and PDL at different time points was evaluated by ELISA. Data expressed as 
the mean ± SD of concentration in picograms per 100 mg of tissue. Each number represents the average of 5 samples. (* Significantly different from Sham; # significantly 
different between Experimental suture and Experimental PDL, p<0.05). (E) Mean concentration of RANKL in the mid-palatal suture and PDL of Sham and Experimental 
groups at different time points was evaluated by ELISA. Data expressed as the mean ± SD of concentration in picograms per 100 mg of tissue. Each number represents 
the average of 5 samples. (*Significantly different from Sham, p<0.05). 
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Figure 6: Anti-inflammatory medication blocks the catabolic effect of transverse forces. (A) µCT images of representative maxillae from Sham, Experimental, and 
Experimental + NSAIDs groups after 14 days of force application. (B) H&E and TRAP staining of histological sections taken from the mid-palatal suture in the area of 
contact between the first and second molars in Sham, Experimental and Experimental + NSAIDs groups after 7 and 14 days of transverse force application. Osteoclasts 
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NSAID was measured by RT- PCR at Days 3 and 7. Data are expressed as mean ± SD “fold-change” in expression in comparison to Sham. Each value represents the 
average of 5 samples. (* Significantly different from Sham group, p<0.05).

TABLE 1: Morphological changes in the maxillary palatal, dental and sutural widths in response to application of transverse forces in the absence (Exp) and presence (Exp 
+ NSAID) of anti-inflammatory medication. Data shown as mean + SEM of 5 samples (* Significantly different from Sham; # Significantly different from Exp +NSAID)

Days

0 1 3 7 14 28

Palatal Width

Sham 1.89±0.15 1.89±0.15 1.99±0.17 2.06±0.16 2.33±0.15 2.73±0.17

Exp 1.92±0.22 2.08±0.24 2.22±0.24 2.87±0.28*# 3.65±0.36*#

Exp + NSAID 1.91±0.23 2.03±0.23 2.12±0.24 2.31±0.27 2.91±0.25

Dental Width

Sham 3.12±0.16 3.12±0.21 3.84±0.22 4.24±0.24 4.3±0.22 4.42±0.24

Exp 3.18±0.22 3.97±0.25 4.43±0.39 5.19±0.42*# 5.68±0.51*#

Exp + NSAID 3.15±0.22 3.89±0.24 4.28±0.25 4.27±0.47 4.69±0.44

Sutural Width

Sham 0.08±0.02 0.08±0.02 0.10±0.03 0.11±0.04 0.1±0.03 0.1±0.03

Exp 0.11±0.02 0.53±0.04* 1.2±0.03* 0.64±0.02*# 0.29±0.04*#

Exp + NSAID 0.07±0.04 0.11±0.04 0.12±0.03 0.12±0.04 0.11±0.04
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that the elevation of these cytokines correlated with osteoclas-
togenesis in both the suture and PDL, ELISA was performed 
for the osteoclast marker RANKL from protein extracts from 
the mid-palatal suture and PDL and surrounding alveolar 
bone, at different time points (Fig. 5E). RANKL protein in 
the mid-palatal suture was significantly higher at Days 1, 3, 
7 and 14 (p<0.05) in the Experimental group compared to the 
Sham group (2.1-, 3.4-, 3.1-, 2.8-fold, respectively); however, 
no difference was observed at Day 28. Similarly, RANKL 
protein level increased in the PDL of the Experimental groups 
compared to the Sham group on Days 1, 3, 7 and 14 (3.5-, 5.6-, 
5.4- and 3.8-fold, respectively) (p<0.05), while no difference 
was observed on Day 28 (p>0.05).

Inflammation and osteoclast activation were prerequisites 
for skeletal changes in response to transverse forces

To evaluate how inhibiting inflammation and osteoclast 
activity with NSAIDs affects the skeletal response to transverse 
forces, µCT images of Sham, Experimental and Experimental 
+ NSAID groups were evaluated. Daily records of weight and 
general health of the animals confirmed that NSAID treatment 
did not cause any systemic effect during the 28 days of the study 
(data not shown). Measurements of µCT images of maxillae 
from Sham, Experimental and Experimental +NSAID groups 
demonstrated no increase in either palatal and dental expan-
sion after applying transverse forces in the presence of NSAID 
(Fig. 6A and Table 1). Differences in palatal and dental widths 
between Experimental and Experimental + NSAID groups 
were statistically significant (p<0.05) (Table 1). 
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Figure 7: Osteoclasts activity is a pre-requisite for osteoblast activity in the mid-palatal suture in response to transverse forces. (A) Change in expression of osteogenic 
markers (collagen I, ALP, Osteopontin and osteocalcin) in the mid-palatal suture at different time points by RT-PCR. Data are expressed as mean ± SD “fold-change” in 
expression in comparison to Sham. Each value represents the average of 5 samples. (* Significantly different from Sham group, p<0.05). (B) Change in expression of 
ALP, Osteopontin and Osteocalcin in the mid-palatal suture in the presence or absence of anti-inflammatory medication was measure by RT-PCR at Day 14.  Data are 
expressed as the mean ± SD “fold-change” in expression compared to Sham. Each value represents the average of 5 samples. (* Significantly different from Experimental 
+ NSAID group and from the Sham group, p <0.05). (C) Mean activity of ALP during 28 days was measure spectrophotometrically. Transverse forces were able to increase 
ALP in Experimental group. Each value represents the average of 5 samples. (* Significantly different from Sham group, p<0.05). (D) Bone density was quantified using 
µCT data in the inter-radicular area of the first maxillary molar at Day 28. Data shown as mean± SD of BV/TV percentage (bone volume/ tissue volume) (* Significantly 
different from Sham group, p<0.05). (E) Fluorescence microscopy images of mid-palatal suture after 28 days of expansion. Bone labeling was performed by Calcein on 
days 0 (Green), Xylenol Orange at day 12 (Orange) and Demoxicycline at day 26 (Yellow). Experimental group maxilla demonstrates significant bone formation activity 
around the suture evidenced by increase fluorescence, which was reduced in animals that received anti-inflammatory medication (Experimental +NSAIDs).
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To further evaluate how anti-inflammatory medication 
affects osteoclast number in the mid-palatal suture, H&E and 
TRAP staining were performed in sections from the mid-pal-
atal suture of Sham, Experimental and Experimental + NSAID 
groups (Fig. 6B). On Days 7 and 14, transverse forces in the 
Experimental group resulted in suture widening and marked 
resorption of the suture’s bony borders. TRAP staining in 
the Experimental group revealed a significant increase in the 
number of osteoclasts at both Day 7 and Day 14. However, in the 
Experimental + NSAID group, no widening or bone resorption 
was observed. TRAP staining in the Experimental + NSAID 
group was significantly reduced on Days 7 and 14. To further 
confirm the reduction in osteoclastic activity in the suture, the 
expression of RANKL and Cathepsin K (CtsK) was measured 
in the suture seven days after applying transverse forces (Fig. 
6C). Anti-inflammatory medication decreased RANKL expres-
sion significantly from 4.7-fold in the Experimental group 
to 1.4-fold in the Experimental + NSAID group (p<0.05). 
Similarly, CtsK expression decreased significantly from 5.8- 
to 1.6-fold in response to the medication (p<0.05).

To verify that NSAID treatment affected osteoclast forma-
tion and skeletal changes through inhibition of inflammatory 
markers, expression of prominent inflammatory markers 
CCL2 and IL-1β were measured in the mid-palatal suture of 
different groups three days after applying transverse forces 
(Fig. 6D). Expression of CCL2 in the Experimental group 

Bone formation at the mid-palatal suture was a delayed 
reaction to transverse forces and required osteoclast 
activation.

Since we demonstrated that transverse force triggered 
osteoclast activity in the circum-maxillary sutures, we next 
investigated whether the osteogenic activity was also affected. 
We examined the time course of expression of the osteogenic 
markers Col1a1, ALP, osteopontin and osteonectin at Days 1, 3, 
7, 14, and 28 after applying transverse force (Fig. 7A). Col1a1 
and ALP levels increased significantly in the Experimental 
group at Day 3 (3.3- and 2.4-fold, respectively), peaked at 
Day 7 (11.4- and 4.3-fold, respectively) and stayed elevated 
at Days 14 (9.8- and 4.2-fold, respectively) and 28 (4.8- and 
2.4-fold, respectively), compared to the Sham group (p<0.05). 
Osteopontin increased significantly at Days 7, 14 and 28 (3.2-, 
3.8- and 2.7-fold, respectively) compared to the Sham group 
(p<0.05), while osteocalcin levels peaked at Day 14 with a 
significant increase (3.4-fold) compared to the Sham group 
and stayed elevated until Day 28 (3.1-fold increase) (p<0.05) 
(Fig. 7A).

When we examined the expression of osteoblasts markers 
14 days after expansion in the presence of low dose anti-in-
flammatory medication, a sharp decrease in expression levels 
was observed. Expression of osteogenic markers ALP, osteo-
pontin, and osteocalcin in the Experimental + NSAID group 
was significantly lower (1.9-, 1.4-, and 1.2-fold, respectively) 
compared to the Experimental group, but was not significantly 
different than the levels in the Sham group (p<0.05) (Fig. 7B).

To investigate if the low doses of NSAID used in this 
study directly affect the osteoblast activity, levels of ALP 
were measured in the Sham, Experimental, Experimental + 
NSAIDs, and a Sham group that received NSAIDs but no 
transverse forces (Fig. 7C). No change in baseline ALP level 
was observed between the Sham and Sham + NSAID groups, 
while the Experimental group showed a statistically signifi-
cantly higher level of ALP on Days 7, 14 and 28, with peak ALP 
levels at Day 7 (p<0.05). There was no statistical difference 
in ALP activity between Experimental + NSAID and Sham 
groups, which demonstrates that this low NSAID dose did not 
have a systemic effect on the baseline activity of osteoblasts. 
Furthermore, when we evaluated bone density in the inter-ra-
dicular area of the first maxillary molar at Day 28 (Fig. 7D), we 
found a significant decreased in the BV/TV in the Experimental 
animals compared to Sham animals (p<0.05). No statistical 
difference between Experimental + NSAID, Sham + NSAID, 
and Sham groups was observed, which demonstrates the drug 
also did not have any significant effect on osteoblasts activity 
in response to functional forces.

To further evaluate the effect of anti-inflammatory medi-
cation on overall bone formation during 28 days of palatal 
expansion, bone activity around the mid-palatal suture was 
compared between the Sham, Experimental and Experimental 
+ NSAID groups using fluorescent dye uptake and fluorescence 
microscopy. While the Sham group showed only basal activity 

Figure 8: Expression of transitional molecules activated during sutural response to 
transverse forces. Gene expression of BMP-6, TGF-β and Wnt10b in the mid-pala-
tal suture was measured by RT-PCR from Day 3 to Day 28. Data expressed as the 
mean ± SD “fold” change in comparison to Sham group. Each value represents 
the average of 5 samples (* significantly different from Sham group, p<0.05).
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increased 3.6-fold compared to the Sham group. However, 
this increase was blocked with NSAID administration (1.3-fold 
increase compared to the Sham group). IL-1β expression in the 
Experimental group increased 3.2-fold compared to the Sham 
group. As with CCL2, the same force in the presence of medi-
cation (Experimental + NSAID) did not stimulate expression 
of IL-1β in the suture (1.1-fold change compared to the Sham 
group) (Fig. 6D). The decrease in IL-1β and CCL2 expression 
in response to NSAID was statistically significant (p<0.05).

NNI VATION

11https://doi.org/10.30771/2018.3

https://doi.org/10.3077/2018.2


in one month, the Experimental group demonstrated a signifi-
cant increase in bone formation revealed by green, orange, and 
yellow fluorescence. The Experimental + NSAID group did not 
show an increase in fluorescence activity (Fig. 7E). Based on 
these results, it is clear that a possible direct effect of NSAIDs 
on osteoblasts cannot explain the significant decrease in osteo-
blast activity in the sutures in response to transverse forces. 

Stimulating bone formation helped to transition from the 
catabolic phase to the anabolic phase.

To further study the relation between osteoclasts and osteo-
blasts, we investigated the expression of different molecules that 
may be released in the expansion area, directly or indirectly, in 
response to osteoclast activity. It has been suggested (24-26) 
that osteoclasts may activate osteoblasts through activation 
of TGF-β, BMP6, WNT10b and SP1. Therefore, the change 
in expression of these markers in the mid-palatal suture was 
studied at Days 1, 3, 7, 14, and 28 after the start of transverse 
force application and were compared to the Sham group (Fig. 
8). TGF-β expression was highest at Days 3 and 7 and returned 
to baseline by Day 28. BMP6 peaked at Day 1 and dropped 
throughout the remainder of the study. WNT10b levels steadily 
increased until they peaked at Day 14 and dropped to baseline 
by Day 28. SP1 levels peaked at Day 3 and returned to baseline 
on Days 7-28. All of these increases were statistically signifi-
cant compared to the Sham group (p<0.05).

Discussion

Sutural opening in response to transverse forces is a 
biological phenomenon

Application of transverse force to the maxilla have been 
traditionally advocated for orthopedic correction in patients 
with maxillary constriction (27, 28). There are two general 
assumptions behind these treatments: 1) heavy forces separate 
the two hemi-maxillae creating tensile stress in the mid-pal-
atal suture, and 2) tensile stress has direct osteogenic effect 
on the mid-palatal suture (29-33). Based on the first assump-
tion, opening of the mid-palatal suture has been considered to 
result directly from hemi-maxillae displacement in response 
to transverse forces, making expansion a physical, rather than 
a cellular, phenomenon. This concept is so predominant in 
Orthodontics that the majority of research in this field has 
focused on stress and strain distribution using dry skulls or 
finite element analysis (34, 35). These studies try to predict 
maxillary movement in response to transverse forces based 
on the distribution of stresses (36). However, if a biological 
response is not only a part of the process, but it is the main part 
of the skeletal response to transverse forces, then these predic-
tions misrepresent the clinical reality, which could explain the 
conflicting results between these in vitro studies and clinical 
studies (37-39). 

We were surprised by our findings that physical displace-
ment of the hemi-maxillae was not the first event in response 

to transverse forces. Instead, suture widening occurred before 
skeletal changes. Our experiments demonstrate that while 
there was an immediate skeletal and dental displacement in 
response to continuous transvers forces, these movements 
were minuscule and halted quickly. In fact, the first signifi-
cant increase in palatal and dental width did not occur until 
a few days after maximum sutural widening. In addition, the 
magnitude of increase in the mid-palatal suture width was 
not linearly related to the magnitude of skeletal displacement, 
which argues that sutural opening cannot be explained solely 
by physical displacement of hemi-maxillae. These conflicting 
results contradict the general understanding that expansion is 
an immediate response to applied force and suture widening is 
the direct result of skeletal displacement. Our histological stud-
ies confirmed these findings by demonstrating the appearance 
of TRAP+ osteoclasts in sutures in the early days of transverse 
forces application, which coincided with suture opening ahead 
of skeletal changes as seen in the µCT images. Correlated to the 
increase in osteoclast activity, BV/TV in the bone surrounding 
the mid-palatal suture significantly decreased. From this aspect, 
maxillary expansion is very similar to tooth movement, where 
movement does not occur until osteoclasts have been activated 
ahead of movement to resorb the bone in the path of movement. 

In support of our conclusion that a catabolic phase is an 
important part of skeletal changes in response to tensile forces, 
our results demonstrate that application of anti-inflammatory 
medication significantly decreased the skeletal changes in 
response to transverse forces, emphasizing the requirement 
for osteoclasts in the skeletal changes. If these changes were 
just a physical phenomenon, one would not expect the exposure 
to anti-inflammatory medication to significantly affect skeletal 
changes. 

Our findings are also in agreement with previous observa-
tions that incremental application of high-magnitude transverse 
forces in a dry skull (where there is no biological reaction) 
rapidly causes stress points to appear at points where the 
maxilla abuts adjacent bones. If the transverse force is contin-
uously applied, these stress points do not disappear and, may 
ultimately cause fractures (40). On the other hand, stresses 
generated in vivo in response to incremental forces dissipate 
gradually (if there is enough time between force application) 
(31) and prevent further damage to adjacent bones. Indeed, the 
rapid delivery of high-magnitude transverse force that bypasses 
this biological prerequisite for expansion can cause fracture of 
adjacent skeletal structure (41), presenting a significant danger 
to the patient. These studies emphasize the vital role of the 
biological reaction in response to transverse forces not only 
as a necessary step before physical maxillary expansion, but 
also as a natural safety mechanism to prevent stress build up 
around vital organs.

Catabolic response in the suture is independent of the 
type of stress applied to the suture

What was surprising about our data was that the catabolic 
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effects were stimulated in response to transverse forces. The 
fact that transverse force (tensile stress) stimulated resorption 
argues against the current belief that only compressive forces 
(compressive stress) are catabolic (42). The immediate catabolic 
response was not only observed in the mid-palatal suture, but 
in all circum-maxillary sutures. This is very interesting since 
it has been shown that different types of stresses appear in 
the circum-maxillary sutures in response to transverse forces 
(35, 36, 43). The fact that in all of these sutures, the catabolic 
reaction was the immediate response, suggests that the micro-
trauma induced by different types of stress is the main factor 
in stimulating a catabolic reaction. 

This general increase in width of the circum-maxillary 
sutures ahead of large mid-palatal transverse changes may 
provide the required mobility for the hemi-maxillae and space 
for subsequent transverse movement. The increase in the 
mid-palatal suture width mostly followed the width increases 
in the zygomaticomaxillary, zygomaticotemporal, and fron-
tomaxillary sutures, which are all directly in the path of the 
forces generated by maxillary expansion. One would expect 
that in the absence of this widening, the skeletal changes will 
be impossible, as was observed in animals that were exposed 
to anti-inflammatory medication. Based on these observations, 
our data support the conclusion that the zygomatic bone - not 
the mid-palatal suture - is the main resistance against maxillary 
opening (44). This can also explain why previous studies did 
not report any facilitated expansion in cleft patients, where the 
mid-palatal suture is completely or partially missing (45-47). 

Inflammatory markers and osteoclast activators are medi-
ators of transverse force response in the maxilla

Since osteoclastogenesis is largely regulated by inflamma-
tory markers, we investigated whether transverse maxillary 
forces increase osteoclasts through activation of inflammatory 
markers. Many of the inflammatory cytokines, chemokines 
and their receptors significantly increased in the mid-palatal 
suture 24 hours after transverse force application. Our data 
further shows that expression of inflammatory markers in the 
suture coincide with increased expression of osteoclast markers 
such as RANK and RANKL (48-50), which signal the start 
of catabolic changes at the suture. The fact that blocking the 
inflammatory markers with anti-inflammatory medication 
inhibited expression of osteoclast activators strongly supports 
the role of inflammation in osteoclastogenesis and initiation of 
bone resorption, in agreement with previous reports (51-54).

Since the appliance used in our experimental model was 
tooth-borne, transverse forces not only stimulated inflamma-
tory reactions in the sutures but also in the PDL. Interestingly, 
the profile of inflammatory markers was similar in the suture 
and PDL, which emphasizes that the inflammatory response is 
largely a general response to trauma and is not tissue-specific. 
This traumatizing effect and subsequent inflammatory reaction 
can explain the pain and discomfort the patient experiences in 
the surrounding sutures if excessive force is applied. 

In our experimental model, two differences in the inflam-
matory marker profiles of the mid-palatal suture and the PDL 
appeared. First, the PDL showed a stronger inflammatory 
reaction compared to the suture. One can argue that based on 
anatomical variations between the suture and the PDL, it is 
easier to induce an inflammatory reaction, and reach the satura-
tion point for inflammation, in the PDL than in the suture (22). 
Compared to the mid-palatal suture, the PDL is much thinner 
than the suture and has a relatively richer blood supply that 
will allow for a more rapid inflammatory response compared 
to the suture. Second, when we assayed four inflammatory 
markers over the course of the experiment, each demonstrated 
two peaks of activation in the suture but only one peak in the 
PDL. The exact mechanism for this response is unknown. It 
is possible that the first peak in both the suture and PDL can 
be related to the immediate micro-trauma induced by forces, 
while the second peak in the mid-palatal suture may result 
from additional stress arising from the complex skeletal move-
ments following the circum-maxillary sutural widening. We did 
observe that the second peak of inflammatory markers appeared 
to coincide with the skeletal movement, which may expose the 
mid-palatal suture to further micro-trauma for a second time. 
Further research into this phenomenon is required.

Based on these data, the additional increase in the dental 
width compared to skeletal width can be due to the additive 
effect of tooth movement in the alveolar bone (as expression of 
inflammatory makers in the PDL suggest) plus the displacement 
of the hemi-maxillae that carry the teeth buccally. In addition, 
dental tipping and alveolar bending due to the distance between 
the point of force application on the teeth and their center of 
resistance should not be ignored as contributors to the dental 
expansion we measured (55, 56).

Molecular and cellular transitions drive the skeletal 
response to tensile force from the catabolic phase to the 
anabolic phase

As we discussed earlier it has been assumed that tensile 
stress directly stimulates bone formation. But, is that true? 
One would expect that if osteogenesis was the direct result of 
tensile stress it should start immediately upon force application. 
To our surprise, markers of the anabolic (osteogenic) phase 
were not detected until the middle of the catabolic phase, which 
was activated immediately after force application. Based on 
this observation one would wonder if the catabolic phase is a 
prerequisite for the anabolic phase. Our results demonstrate 
that in the presence of anti-inflammatory medication, when the 
catabolic effect was decreased significantly, the expression of 
osteogenic markers was also significantly reduced. Moreover, 
bone formation detected with immunofluorescence was signifi-
cantly blocked by NSAID treatment. One could argue that the 
decrease in bone formation activity was due to the direct effect 
of anti-inflammatory medication on osteoblasts. Research in 
this area is not clear. While some reported inhibitory effects of 
high dose anti-inflammatory medication on osteoblasts, others 
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have shown that low dose of anti-inflammatory medication, 
similar to what was used in our experiments, does not affect 
osteoblast activity (57-59). Our data confirmed that there were 
no changes in the basal or functional activity of osteoblasts in 
animals exposed to anti-inflammatory medication. On the other 
hand, a decrease in osteoclasts number and activity induced by 
transverse forces in the presence of low dose anti-inflammatory 
medication coincided with a decrease in osteoblast activity, 
which suggests a possible role for osteoclasts in the activation 
of osteoblasts, in agreement with previous studies (24-26).

The final piece of evidence to support our conclusion that 
the inflammation-dependent catabolic phase must precede the 
anabolic phase in the biological response to tensile stress is the 
temporal profile of genes that drive the transition of the bone 
remodeling machinery from the catabolic to the anabolic phase. 

It has been shown that osteoclasts may activate osteoblasts by 
the release of diffusible paracrine factors such as sphingosine 
1-phosphate (S1P), BMP6 and Wnt10b (24). Our experiments 
show the presence of TGF-β, S1P, Wnt10b, BMP6 at the suture 
at the time points coinciding with the transition phase marked 
by an increase in osteoblastic markers and a decrease in osteo-
clastic markers. It should be emphasize that there are at least 
two other modes of osteoclast-osteoblast communication that 
were not investigated in this study: 1) direct contact between 
these two cells allowing membrane-bound ligands and recep-
tors to interact and initiate intercellular signaling, and 2) during 
bone resorption, osteoclasts may liberate molecules deposited 
in bone matrix such as TGF-β or IGF-1 which attract and 
activate osteoblasts (24-26). Further research in this area is 
necessary. Therefore, we conclude that the current model of 
tensile force directly and immediately triggering an osteogenic 
response is over-simplified and misleading. 

Figure 9: Model of events in sutures in response to orthopedic transverse tensile 
forces. As an initial response to tensile forces, a robust and sustained inflam-
matory response (markers: IL1-β, TNF-α, CCL-2, CCL-5) recruits osteoclasts 
precursors into the area of mid-palatal suture and adjacent bone. As a result of 
osteoclast activity (markers: RANK and RANKL, CtsK, TRAP) and bone resorption, 
there is a significant reduction in the bone density in the area and the suture 
width is visibly increased.  After this initial stage of overt catabolism in both 
tensile and compressive sutures, there is a transition marked by stimulation 
of bone formation via coupling factors including diffusible factors, membrane 
bound molecules and factors embedded in bone matrix (markers: TGF-β, BMP6, 
WNT10b and SP1). During this period and only after the catabolic stage, does 
the palatal and dental widths significantly increase, and physical expansion finally 
occurs. This transition period results in osteoblast stimulation and is followed 
by a strong anabolic phase (markers: Coll I, ALP, OC, OP) that ensures that the 
resorbed bone is replaced with new bone, re-establishing the integrity of the 
suture in the framework of the new skeletal dimensions.

Osteoclastogenesis 

Bone resorption

Osteoblast activity

  Bone formation
Transition

Suture widening Palatal expansion Suture recovery

CCL2, CCL5, IL1β TNFα , 
CtsK, RANK, RANKL, TRAP

TGFβ, BMP6, 
WNT10β, SP1 Coll I , ALP, OC, OP 

Inflammation

,

Clinical implications of sutural biological response to 
transverse forces: Osteoclasts as a precision biological 
knife

The overall understanding that sutural opening is a cellu-
lar reaction rather than a strictly physical phenomenon has 
a significant impact on clinical decision making regarding 
the magnitude of transverse forces and rate of force applica-
tion for patients with maxillary constriction. If, as we have 
previously believed, separating the hemi-maxillae is a purely 
physical phenomenon, while tooth movement is a physiological 
phenomenon, then high forces to overcome sutural resistance 
is justified, especially in adults. A faster rate of force delivery 
would achieve skeletal changes before the more time-consum-
ing biological pathways needed for dental changes occur. On the 
other hand, our data showing that the separation of hemi-max-
illae is also a biological phenomenon suggests that the optimum 
force should be defined based on the optimum biological 
response, making the use of high forces not only unnecessary 
but contraindicated as this is known to cause severe damage 
to the skull (60). Indeed, if the rate of expansion depends on 
the rate of osteoclast activity, application of higher forces does 
not increase the rate, but mostly causes accumulation of stress 
and bending of structures. This hypothesis can explain why 
previous studies did not show significant differences in the 
magnitude of expansion between heavy and light forces (41).

Armed with this new understanding of the biological compo-
nent of maxillary expansion, we can now view the biological 
response in the suture as a biological knife that will allow clini-
cians to precisely control maxillary orthopedic movements. 
In general, the catabolic phase of expansion will define the 
magnitude of skeletal changes. In addition, if osteoclasts play 
a significant role in activating osteoblasts, perhaps our treat-
ment should maximize osteoclast activity in the early phase of 
expansion for improved osteogenic response. Therefore, from a 
biological standpoint, the clinician should consider osteoclasts 
the main target of orthopedic treatment.

Conclusion

We have proven our hypothesis that applying tensile force 
to the mid-palatal suture stimulates the release of inflamma-
tory markers resulting in osteoclast recruitment and activation, 
causing widening of the suture. This response is then followed 
by skeletal and dental widening of the palate and osteoblast 
activation that re-establishes the bone integrity at the suture. 
This response is a biological response that mimics the well-
known biological response of orthodontic force on the PDL 
during tooth movement.

Based on our result, the target of orthopedic treatment by 
application of static forces is not the bone but the suture. In this 
regard, any type of stress on the suture can induce microtrauma 
that will produce a mild inflammatory reaction, which in turn 
activates osteoclasts in the suture. Activating osteoclasts is a 
necessary step for the activation of osteoblasts that follows. 
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Based on these results, orthopedic treatment in the craniofacial 
area has two consecutive phases, a catabolic phase defined by 
sutural opening, and a delayed anabolic phase that reestab-
lishes the sutural width (Fig. 9). The catabolic phase defines 
the magnitude of the maxillary movement and, therefore, 
should be optimized to achieve maximum orthopedic correc-
tion, while the anabolic phase contributes to the stability and 
integrity of the skeleton after maxillary displacement. The goal 
of orthopedic research therefore, should be to determine the 
optimized force regiment that maximizes a catabolic response 
during movement and anabolic response during retention. The 
optimized force regimen for these two phases is not the same, 
warranting future research.

INNOVATION

Our findings are novel and support a new theory for the 
sutural response to orthopedic forces, which emphasizes the 
importance of osteoclasts in the process and makes these cells 
the possible target of orthopedic treatment: 1) as the ”biological 
knife” at the sutures that  allows the separation of hemi-maxil-
lae for orthopedic movement, and 2) as the trigger for osteoblast 
activation and bone regeneration when we need to stimulate 
bone formation, especially at the surface of the cortical bone.
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