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STRUCTURED ABSTRACT

Objective—To determine if Pyk2-deficiency increases midpalatal suture bone mass and 

preserves sutural integrity after maxillary expansion.

Setting and Sample—Thirty-six male Pyk2 knockout (KO) and control (WT) mice at 6-weeks 

of age.

Materials and Methods—Mice received nickel-titanium spring expanders delivering 0g (no 

intervention control), 10g or 20g force for 14 days. High-resolution micro-CT was used to 

determine bone volume/tissue volume (BV/TV), sutural width and intermolar width. Effects on 

osteoclasts, chondrocytes and suture morphology were determined by histomorphometry.

Results—Pyk2-KO controls (0g) had 7% higher BV/TV compared with WT controls. Expanded 

Pyk2-KO maxillae also exhibited 12% (10g) and 18% (20g) higher BV/TV than WT mice. 

Although bone loss following expansion occurred in both genotypes, BV/TV was decreased to a 

greater extent in WT maxillae (−10% at 10g; −22% at 20g) compared with Pyk2-KO maxillae 

(−11% only at 20g) (p<0.001). Expanded WT maxillae also showed a greater increase in sutural 

width, intermolar width and fibrous connective tissue width compared with expanded Pyk2-KO 

maxillae. Moreover, osteoclast number was increased 77% (10g) and 132% (20g) in expanded WT 

maxillae, but remained unchanged in expanded Pyk2-KO, compared to their respective controls. 

Cartilage area and chondrocyte number were increased to the same extent in expanded WT and 

Pyk2-KO sutures.
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Conclusions—These findings suggest that midpalatal suture expansion increases osteoclast 

formation in WT but not Pyk2-KO mice, leading to higher BV/TV in expanded Pyk2-KO 

maxillae. These studies suggest Pyk2-targeted strategies may be beneficial to increase bone 

density and preserve sutural integrity during maxillary expansion.
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INTRODUCTION

Rapid maxillary expansion (RME) increases the transverse dimension of the mid-face and 

corrects posterior cross-bite to relieve dental crowding in patients with a narrow maxillary 

dental arch.1,2 This technique uses an expander to separate the midpalatal suture, induce 

new bone deposition at the suture-bone margins and widen the maxillary arch. A limitation 

is that the rate of RME often exceeds the rate of bone formation within the suture. The 

prolonged suture gap leads to a high potential of treatment relapse because the connective 

tissues between the separated bones tend to pull the maxillary bones back into their original 

positions if insufficient or immature bone occupies the suture gap.3 To minimize the 

potential for relapse, a long retention period of 3 to 6 months is recommended to allow 

sufficient time for the restoration of bone mineral density (BMD) within the expanded 

suture.4,5 To shorten the retention period, and obtain ideal RME treatment effects in 

patients with constricted maxillary arches, additional strategies are required to increase bone 

formation in the suture.1,2,4,5

Bone formation is known to be more active in the midpalatal suture after application of 

an expansion force, compared with sutures without any intervention.6–8 Previous reports 

have shown that bone morphogenic protein 2 (BMP-2) can promote bone formation 

in the expanded suture and decrease the relapse ratio.9,10 Further, targeting osteoclasts 

with the bisphosphonate, etidronate, was shown to reduce suture relapse in rat sagittal 

sutures combined with mechanical retention.11 However, current therapies are associated 

with negative health sequelae. For example, BMP-2 expression is associated with suture 

fusion12,13 and heterotopic bone formation14, while bisphosphonates are linked with 

osteonecrosis of the jaw.15 Therefore, to increase bone formation and reduce sutural relapse 

following RME, new approaches targeting the molecules involved in suture remodeling are 

needed.

The tyrosine kinase Pyk2 is important for the actions of both osteoclasts16–19 and 

osteoblasts.20–22 In Pyk2 genetic knockout (Pyk2-KO) mice, osteoclast activity is 

inhibited19 while osteoblast activity is increased,22 leading to significantly elevated bone 

mass, trabecular number and trabecular thickness, compared to wild-type (WT) mice.19,22 

Further, genetic deletion or inhibition of Pyk2 impedes osteoclast actin ring formation and 

bone resorption.16–18 Moreover, Pyk2 inhibition increased bone mass in ovariectomized 

rats22 and prevented glucocorticoid-induced bone loss in mice,23 largely due to anti-

osteoclastic effects.
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Based on the role of Pyk2 in regulating bone mass,19,22 we hypothesized that Pyk2-

deficiency may increase bone mineral density in the midpalatal suture after RME and 

preserve sutural integrity. In the current study, we analyzed the effects of Pyk2-deficiency 

on morphological and histological changes in midpalatal sutures after 14-day maxillary 

expansion in mice.

MATERIALS AND METHODS

Animals

Pyk2-KO mice were originally provided by Pfizer (Groton, CT, USA)21,22 and have been 

maintained on a C57BL/6 background in our colony. Mice were bred as heterozygotes to 

generate experimental and wild-type (WT) littermates. All animal protocols were approved 

by the Institutional Animal Care and Use Committee in compliance National Institutes of 

Health guide on the care and use of laboratory animals. Experimental mice were housed in 

cages with up to 4 mice, and fed with the same ground meal diet 5001 and transgenic dough 

diet bacon flavor (Bioserv S3472) with Dietgel boost gel (Clear H20) and water at libitum. 

Husbandry conditions included 12 h light/dark cycles at controlled temperatures.

Suture expansion model

Custom manufactured nickel-titanium (NiTi) springs were used for midpalatal suture 

expansion (G&H Orthodontics, Franklin, IN). Spring expanders of 0.008” and 0.010” NiTi 

wire were designed to deliver 10g and 20g force, respectively. The forces exerted by the 

compressed/activated springs were confirmed using a Lutron FG-5000 digital force gauge 

(Taipei, Taiwan) and shown to deliver 10±1g force (10g) and 20±2g force (20g).

Thirty-six male 6-week Pyk2-KO and WT mice, each weighing 22–25 grams, were 

randomly assigned into 3 treatment groups: 0g (no expander), 10g or 20g expansion force. 

We used 6 mice per group/genotype each for micro-CT and histomorphometry, which was 

based on our sample size calculation, predicting 80% power to detect a difference of 3% 

in the ratio of bone volume to tissue volume, assuming two-sided tests each conducted at 

a 5% significance level and assuming the within-group standard deviation is 1.7%. The 

spring expander ends were inserted between the first and second molars underneath the 

proximal contact points. The appliances were bonded bilaterally on the maxillary molars 

with light cured composite resin (Transbond, 3M Unitek, CA) (Figure 1). During the 14-

day expansion period, the springs were generally well tolerated and no long-term adverse 

systemic reactions were observed.

Micro-computed tomography

Intact maxillae were scanned using high-resolution micro-CT at a resolution of 8 μm pixel 

size, using 59kV/167μA and rotation angle of 180° with a rotation step of 0.45° analyzed 

using high-resolution micro-CT (Skyscan 1172, Kontich, Belgium).24 Projection images 

were reconstructed using the NRecon software. Morphometric 3D analyses were performed 

by selecting the palatal bone regions to obtain the bone volume fraction. The region of 

interest (ROI) consisted of the midpalatal suture bony edges, as well as their bilateral 

extensions for 200 μm on each side with anterior and posterior boundaries at the notches of 
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the palatal process. The sutural width was the distance between the two bony edges of the 

midpalatal suture, while the intermolar width was the distance between the canals of palatal 

roots of the first molars.

Specimen Histomorphometry

Serial 5μm paraffin-embedded sections of decalcified maxillae were prepared in the 

coronal plane. Hematoxylin and Eosin staining (H&E) was used to compare changes in 

suture morphology. Multinucleated osteoclasts were detected by expression of Tartrate 

Resistant Acid Phosphatase (TRAP). Osteoclasts in the ROI, as previously defined in the 

coronal plane of the micro-CT images were identified based on TRAP+ staining. The 

ratio of osteoclast surface (Oc.S) relative to the bone surface (BS) was calculated using 

Bioquant Osteo software (Nashville, TN) as previously reported25 and following published 

guidelines.26 Hypertrophic chondrocytes, stained with Alcian blue, were distinguished 

morphologically by their enlarged cell size and distinct nucleus. The cartilage area was 

defined as the metachromatic regions on Alcian blue stained sections. The width, height 

and area of the fibrous suture region in the midpalatal suture were measured by tracing the 

interface of chondrocytes and fibrous suture. The width was defined as the gap between 

chondrocytes on parallel bone fronts. The height was the distance between chondrocytes on 

the nasal and oral sides. The fibrous suture area was the entire fibrous region surrounded 

by chondrocytes. All images were observed under an inverted microscope (Leica DMI 

4000B, Leica microsystems) and analyzed with ImageProPlus software (Media Cybernetics, 

Bethesda, MD).

Statistical analysis

The Statistic Package for Social Science v22 (SPSS Inc., Chicago, IL, USA) was used 

for statistical analyses. All specimens were blinded to the examiner. The same calibrated 

examiner repeated the micro-CT and histomorphometric measurements within one month 

for the reliability analysis. The repeatability coefficients were calculated using the analysis 

of variance. The coefficients were found to be very close to 1.00. Two-way analysis of 

variance (ANOVA) was used to evaluate the treatment effects. Post-hoc Tukey pair-wise 

comparisons were used for differences between Pyk2-KO and WT mice groups. Statistical 

significance was set at p<0.05. Statistically significance between force groups within 

a genotype are indicated by matching lower case letters, while asterisks (*) indicate 

significance between genotypes.

RESULTS

Bone density is preserved in expanded Pyk2-KO midpalatal sutures

Compared to WT mice, Pyk2-KO mice exhibited 7% higher BV/TV in the midpalatal 

suture at baseline (0g control) (p<0.02), and showed a significantly higher BV/TV after the 

14-day expansion period with both the 10g (12%) (p<0.02) and 20g (18.2%) force expanders 

(p<0.0001) (Figure 1). Both WT and Pyk2-KO mice exhibited some degree of bone loss 

in the midpalatal suture following expansion. However, expanded WT maxillae showed a 

greater decline in BV/TV in both the 10g (−10%) (p<0.02) and 20g (−22%) groups, relative 
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to 0g (p<0.01). In comparison, Pyk2-KO sutural BV/TV was reduced only in the 20g group 

(−11%), compared to the 0g group (p<0.001).

Reduced sutural and intermolar width in expanded Pyk2-KO sutures

The hard palate of mice consists of a midpalatal suture between the first and second molars, 

a transverse palatine suture, and an interpalatine suture at the posterior end.27 Our micro-CT 

studies confirmed robust broadening of the WT and Pyk2-KO midpalatal sutures, with 

other sutures appearing largely unaffected (Figure 2). In the un-expanded WT and Pyk2-

KO control mice, no difference in sutural width was observed. However, both genotypes 

showed an increase in suture width after expansion. Compared to WT mice, Pyk2-KO mice 

showed a smaller increase in sutural width following 10g and 20g expansion (Figure 1C). 

Specifically, sutural width of WT maxillae was increased 4.3-fold (10g) and 5.4-fold (20g), 

whereas sutural width of Pyk2-KO mice was increased 3.3-fold (10g) and 4.7-fold (20g) 

(p<0.001), compared to genotype-matched controls.

Consistent with these findings, Pyk2-KO intermolar widths were increased 14% (10g) and 

19% (20g), whereas WT intermolar widths were increased 20% (10g) and 22% (20g), 

compared to genotype-matched controls (p<0.001). There was no difference in intermolar 

width between the 10g or 20g forces in either genotype (Figure 1D). Overall, a more blunted 

expansion response and higher BV/TV was observed in Pyk2-KO maxillae, compared to 

WT maxillae.

Pyk2-KO do not show an increase in osteoclasts following expansion

Histomorphometry was used to examine the cellular mechanism of sutural expansion. 

Multinucleated TRAP-positive osteoclasts were identified by histomorphometry in the 

sutures of both Pyk2-KO and WT mice (Figure 2). No significant difference in Oc.S/BS 

was observed between Pyk2-KO and WT mice at baseline (0g). Following expansion, WT 

maxillae exhibited a 77% (10g) and 132% (20g) increase in Oc.S/BS (p<0.02), compared 

to 0g. In contrast, Pyk2-KO mice showed no significant change in Oc.S/BS in either 

the 10g or 20g groups, compared to 0g. When comparing the genotype effects between 

forces, expanded Pyk2 maxillae exhibited lower Oc.S/BS at 10g (−31%) and 20g (−22%), 

compared with WT mice. These findings suggest the spring expanders induced osteoclast 

formation in WT, but not Pyk2-KO maxillae, leading to higher BV/TV in Pyk2-KO maxillae 

following expansion.

Expanded Pyk2-KO maxillae had reduced midpalatal fibrous connective tissue

H&E staining of expanded Pyk2-KO and WT maxillae revealed a layer of fibrous connective 

tissue between the front edges of their midpalatal suture (Figure 4). Spindle-shaped 

fibroblasts and fibrous tissue were also identified in the suture gap. In addition, a layer 

of chondrocytes arranged parallel to the expanded suture was observed. The horizontal width 

of the fibrous connective tissue was similar between non-expanded WT and Pyk2-KO mice. 

Following expansion, WT sutures were significantly wider than Pyk2-KO sutures at both 

the 10g and 20g forces (p<0.0001). The fibrous tissue width was increased 8-fold (10g) 

and 10-fold (20g) in WT sutures, whereas Pyk2-KO sutures showed an increase of only 

6-fold (10g) and 8-fold (20g), compared to their respective 0g controls. Within a genotype, 
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no differences between the 10g and 20g force groups were observed. The fibrous tissue 

area in the middle of the suture was also significantly higher in WT mice, compared to 

Pyk2-KO mice in the 10g group, but no change in fibrous tissue height was observed in 

either genotype.

Pyk2-deficiency did not affect secondary cartilage formation

Given the expanded sutures showed elevated fibrous tissue width, we also examined 

chondrocyte activity by performing Alcian blue staining (Figure 5). Although a thin layer 

of chondrocytes and cartilage covering the midpalatal suture edges were observed in control 

WT and Pyk2-KO groups, cartilage area and chondrocyte number were similar between 

genotypes. After expansion, the pre-existing chondrocytes and cartilage were separated 

laterally (arrows), and numerous new chondrocytes appeared in the midpalatal suture 

(arrow heads). Compared to their respective controls, the cartilage area and the number 

of hypertrophic chondrocytes were similarly increased 4-fold (10g) and 5-fold (20g) in both 

WT and Pyk2-KO maxillae (p<0.0001). No difference was observed between 10g and 20g 

force groups within a genotype. These data suggest Pyk2 does not play an observable role in 

secondary chondrogenesis following mechanical suture expansion.

DISCUSSION

The clinical goal of RME is to widen the maxilla transversally, without disturbing the 

integrity of the midpalatal suture.28–30 A significant decrease in BMD will weaken the 

suture and will require additional post-expansion (retention) time to allow the suture to 

recover its original bone density levels. Therefore, higher bone mass in the midpalatal 

suture is likely to have beneficial effects in reducing the retention period, and preventing 

relapse following expansion. Given that the Pyk2 is known to be associated with bone 

remodeling,19,22 we examined if Pyk2-deficiency affects midpalatal suture bone mass and 

sutural integrity after maxillary expansion.

Compared to WT mice, Pyk2-KO mice showed elevated bone density in the control (0g) 

group without intervention. As expected for a relatively short treatment period (14-days), 

sutural expansion was accompanied by bone loss in WT mice, which was more pronounced 

in the 20g force group compared to 10g. However, in Pyk2-KO mice, bone loss was only 

observed in the 20g force group, and was overall less than that of WTs. Indeed, Pyk2-KO 

mice exhibited higher overall bone mass before and after suture expansion, compared with 

WT mice (Figure 1).

Although Pyk2-KO mice had higher baseline bone density than WT mice, it did not lead 

to synostosis or an unsuccessful attempt at expansion. This is important because the higher 

baseline BMD of Pyk2-KO sutures might have led to more resistance to the expansion 

forces. In addition, the higher force (20g) expander was correlated with greater sutural 

opening but lower bone density in both genotypes, suggesting that lower force expanders 

may initially produce a more stable suture than higher force expanders, which is consistent 

with published literature.8
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To examine the cellular mechanism of preserved bone density in Pyk2-KO mice, we 

performed histomorphometric analyses. It is known that the sutural gap between the two 

halves of the expanded maxilla initially fills with fibrous connective tissue.6 As expected, 

after the 14-day expansion period, we observed dense fibrous connective tissue in the suture 

gap of both WT and Pyk2-KO mice, consistent with published reports.6 However, the 

distance was greater in WT mice, compared to Pyk2-KO mice at both force groups. The 

increase in fibrous tissue area was also found to be correlated with increases in suture width 

and intermolar width, both of which were higher in WT mice compared to Pyk2-KO mice.

Our data suggest that the genotype differences in bone density after expansion was due 

to an increase in osteoclast number in WT mice, but not Pyk2-KO mice. The reduced 

osteoclast activity on bone surfaces suggests Pyk2-KO mice may be more-protected from 

bone loss during sutural remodeling. This is consistent with our previous report showing that 

Pyk2-deficient mice have reduced osteoclast activity19 as well as other studies showing 

that the Pyk2 chemical inhibitor protects against bone loss in ovariectomized rats.22 

Further, although we did not investigate root resorption, which is sometimes associated 

with RME,31,32 the current study and published studies16–18,33–35 demonstrate that Pyk2-

deficiency reduces osteoclast activity, arguing against significant root resorption due to 

higher resistance in boney structures in Pyk2-KO mice.

In mice treated with bisphosphonates, midpalatal expansion not only decreased bone 

resorption as expected, but also decreased bone formation and led to disorganized sutural 

architecture.36 One limitation is that our study did not include a retention period to evaluate 

formation, although overall sutural architecture after expansion was found to be similar to 

WT sutures. Based on their higher bone density, combined with studies showing that Pyk2 

also regulates osteoblast activity37,38 and bone formation,21,22 expanded Pyk2-KO sutures 

may have higher bone formation and improved suture stability, compared to WT mice, 

although this remains to be confirmed experimentally.

CONCLUSION

Midpalatal suture expansion in Pyk2-KO mice resulted in increased BMD, with reduced 

suture width and intermolar width, which was likely due to reduced osteoclast activity. 

These findings support the potential for Pyk2-targeted strategies to increase bone density 

during maxillary expansion and other craniofacial applications.
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FIGURE 1. 
Micro-CT analysis of expanded and control maxillae. A, C) Intraoral view of a maxilla 

without expander (0g) or with the NiTi expander bonded to first and second molars. B, 

D) Representative images of the occlusal view of reconstructed skulls after 14 days in 

control or expanded maxillae. Insets are higher magnification micro-CT images. E) Graph 

showing percentage (%) BV/TV of WT and Pyk2-KO maxillae treated with the 10g and 

20g expanders, or controls. Error bars indicate mean ± standard deviation (SD). Statistically 

significant differences between force groups in WT mice (lower case letters) or between 

force groups in Pyk2-KO mice (upper case letters) are indicated. Asterisks (*) indicate 

significance between genotypes for the same force group (p<0.05).
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FIGURE 2. 
Suture width and intermolar width before and after expansion. A-B) Representative images 

of the transverse plane of a control or expanded Pyk2-KO maxilla showing the region of 

interest used for BV/TV measurements (green boxes) (see Figure 1), suture width (between 

solid yellow lines) and intermolar width (dashed blue line). C-D) Analysis of suture width 

and intermolar width in WT and Pyk2-KO mice with 0g, 10g and 20g expanders for 

14-days. The mean ± SD is shown.
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FIGURE 3. 
Osteoclast number in control and expanded sutures. Histological staining for TRAP-positive 

osteoclasts (red) in WT and Pyk2-KO maxillae used to determine Oc.S/BS. Osteoclasts were 

concentrated in the bone marrow around sutures after expansion. Scale bars indicate 100 μm. 

The mean ± SD is shown.
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FIGURE 4. 
H&E stained serial sections of midpalatal sutures. The open arrowhead indicates the 

periosteum; closed arrowhead points to chondrocytes; arrows indicate bone formation along 

the edges of the palatal bone. The dotted line defines the fibrous tissue area surrounded by 

chondrocytes. Changes in fibrous tissue width, height and area are also shown in the graphs. 

Scale bars indicate 100 μm. The mean ± SD is shown.
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FIGURE 5. 
Alcian blue-stained cartilage and chondrocytes in the midpalatal suture. A) Yellow arrows 

indicate hypertrophic chondrocytes. B) Quantification of cartilage area between genotypes 

among forces levels. C) Quantification of hypertrophic chondrocytes in control and 

expanded mice. Scale bars indicate 100 μm. The mean ± SD is shown.
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