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ABSTRACT

The objective was to examine the effects of a lateral functional shift of the rat mandible and the effects of a shift release on 
the condylar cartilage during the growth period. Fifty 5-week-old male Wistar rats were initially divided into three groups: shift, 
recovery, and control. At 5 weeks of age, each animal in the shift and recovery groups received an appliance designed to 
produce a lateral functional shift of the mandible to the left side. For the recovery group, the appliance was removed after 2 
weeks. For the shift group, the appliance was used for 4 weeks. Total cartilage thickness, 5-bromo-2′-deoxyuridine–labeling 
index, and toluidine blue and tartrate-resistant acid phosphatase–positive cell number in the condylar cartilage at 1, 2, 3, and 
4 weeks were compared with those in age-matched controls that had no appliances. In the shift group at 2 weeks, the 
cartilage thickness and labeling index increased in the central region on the contralateral side, whereas these decreased in 
the lateral region on the ipsilateral side. However, in the recovery group, 1 to 2 weeks after appliance removal, the cartilage 
thickness and labeling index in both investigated regions became similar to the control groups. These results emphasize the 
importance of early treatment to normalize occlusion and create appropriate conditions for normal occlusal development.
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Unilateral posterior crossbite is one of the most frequent malocclusions in the deciduous and early mixed dentitions, with a reported 
incidence of 7% to 23%.1–3 In the early stages, such crossbites are associated with a lateral functional shift of the mandible in 
approximately 80% of the cases.4,5 A few studies have demonstrated that a functional shift is rarely detected with a unilateral crossbite. 
This may be an indication of adaptive remodeling changes of the temporomandibular joint (TMJ) with age, leading to development of 
skeletal asymmetry.6,7 Early treatment for such patients by eliminating the functional factors is therefore advisable. It has been clinically 
reported that early intervention can correct the skeletal deformity, achieving symmetrical growth of jaw bones.8,9 

The growth and development of the condyle is thought to be associated with heredity, hormones, environment, and metabolism.10 There 
have been various studies in which malocclusion was experimentally induced and its influence on the condyle was histopathologically 
examined.
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Some histological studies have evaluated the effect of lateral forced bite on the condylar growth and on the mandible in rats after 
appliance usage.11 Lateral deviations of the mandible alter muscles attached to the mandible and induce maxillary deformity. Another 
study reported that a long-term functional shift affects the structure of the mandible and condyle, based on evaluation using micro-CT.12 
Moreover, an investigation of rat condylar cartilage in the parasagittal plane indicated that a lateral functional shift of the mandible to the left 
side resulted in an increased thickness by proliferation of prechondroblastic cells on the right side, while causing a growth decrease on the 
left side.13 Although some studies have elucidated the mechanism of a lateral functional shift of the rat mandible, there is no report of a 
frontal observation of condylar cartilage changes after appliance removal, allowing recovery of the cartilage tissues.

In this study, we examined for 4 weeks, by means of histochemical and immunohistochemical techniques, the effects of a lateral 
functional shift of the rat mandible and the effects of a shift release on the condylar cartilage during the growth period. 
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Five-week-old, male Wistar rats were used in this study. All animals had access to powder form fodder (Rodent Diet CE-2; Japan Clea 
Inc, Shizuoka, Japan) and drinking water ad libitum. All procedures followed the guidelines of the Tokyo Medical and Dental University for 
Animal Research. The experimental protocols were approved by the local ethics committee.

Experimental model and tissue preparations

Fifty rats were initially divided into three groups: a shift group of 20 rats, a recovery group of 10 rats, and a control group of 20 rats. At 5 
weeks of age, each animal in the shift and recovery groups received an appliance designed to produce a 2-mm lateral functional shift of the 
mandible to the left side (Figure 1 ). For the recovery group, the appliance was removed after 2 weeks to allow for TMJ recovery. The 
animals in the control group received no appliances. An appliance made of band material (0.180 × 0.005 inch; Rocky Mountain, Denver, 
Colo) was attached to the maxillary incisor using light-curing composite resin (Clearfil Liner Bond 2; Kuraray Co, Ltd, Okayama, Japan) 
under deep anesthesia. The left mandibular condyle was designated the ipsilateral side, whereas the right one was designated the 
contralateral side.

Five animals in each of the shift and control groups were sacrificed at four time points (1, 2, 3, and 4 weeks). All animals in the recovery 
group had the appliances removed after 2 weeks, and five animals were sacrificed at each point 1 week and 2 weeks after appliance 
removal. The experimental time schedule and protocols are summarized in Figure 2 .

All the animals were deeply anesthetized with diethyl ether and an intraperitoneal injection of chloral hydrate (400 mg/kg body wt) and 
perfused transcardially with 4% paraformaldehyde (EM, TAAB, Berkshire, England) in 0.1 M phosphate buffer (pH 7.4). Both TMJs were 
removed and further immersed in the same fixative for 12 hours at 4°C, decalcified in 4% ethylene diamine tetraacetic acid solution (pH 
7.4) for 5 weeks at 4°C, and embedded in paraffin by conventional methods. Then, 5-μm-thick serial frontal sections of the condyle were 
cut (RM2155, LEICA Co Ltd, Nussloch, Germany) to include the surrounding tissues. For histologic and histochemical examinations, the 
sections were stained with toluidine blue and tartrate-resistant acid phosphatase (TRAP), and observed with a light microscope.

Immunohistochemistry

The activity of the cells in the proliferate zone of the condylar cartilage was evaluated in recently divided cells by immunohistochemical 
reactivity of 5-bromo-2′-deoxyuridine (BrdU).13–15 The rats were injected intraperitoneally with BrdU (10 mg/kg body wt) 1 to 2 hours before 
fixation. The recently divided cells were detected using Monoclonal Anti-BrdU (Anti-Bromodeoxyuridine formalin grade, Roche Diagnostics, 
Inc, Indianapolis, Ind) according to the manufacturer's instructions, and the immunoreactive sites were observed using a liquid DAB 
substrate kit (Zymed, San Francisco, Calif).

Histomorphometry and statistical analysis

The sections were photographed with a digital camera (Nikon DXm1200, Kanagawa, Japan). A horizontal line was drawn through the 
most prominent lateral and medial points of the condylar head. From the middle point of the line, the upper portion of the condylar head 
was divided into three regions of 60° each: the lateral, central, and medial regions (Figure 3 ). We evaluated the lateral region of the 
ipsilateral side and the central region of the contralateral side, where the most drastic changes in cell dynamics was observed by the three 
methods mentioned below.

The total thickness of the cartilage stained with toluidine blue was measured. The number of TRAP-positive, multinucleated 
chondroclasts, which were discriminated from osteoclasts, was counted. The number of BrdU-positive cells per square millimeter in the 
entire proliferative layer of the condylar cartilage was counted and reported. The ratio of the number of BrdU-labeled cells to the area of the 
layer was obtained and designated the labeling index (number of labeled cells per area in mm2). In both inspected regions, all 
measurements were performed using Image-Pro Plus Software (version 4.1; Media Cybernetics, Silver Spring, Ga). 

To evaluate the differences among the groups at each week, a statistical analysis was performed by Schiff's post hoc test using Stat 



View 5.0J software (SAS Institute, Cary, NC). The significance level was set at P = .05.
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Cartilage thickness

In the control group, the total cartilage thickness gradually decreased over the experimental period in the condylar lateral and central 
regions (Figure 3 ). In the shift group, the total cartilage thickness of the lateral region on the ipsilateral side significantly decreased after 
2 weeks of appliance usage (Figures 4 through 6 ). However, the total cartilage thickness of the central region on the contralateral side 
doubled compared with the control group at 2 weeks but decreased at 3 and 4 weeks. On the other hand, after appliance removal, the total 
cartilage thicknesses in both investigated regions had no significant difference between the recovery and control groups at week 4. 

BrdU labeling

In the control group, at 2 weeks, the labeling index of both investigated regions increased but gradually decreased at 3 and 4 weeks 
(Figure 7 ). In the shift group, the labeling index of the lateral region on the ipsilateral side increased at 1 week but significantly 
decreased, approximately 50%, at 2 weeks. Moreover, it gradually decreased at 3 and 4 weeks. Conversely, the labeling index of the 
central region on the contralateral side showed the highest increase, approximately 25% more than in the controls at 2 weeks, and then, it 
became similar to the control group at 3 weeks. In the recovery group, the labeling index of the lateral region on the ipsilateral side after 2 
weeks of appliance removal significantly increased compared with the shift group, but at 4 weeks it showed no significant difference from 
the control group. The labeling index of the central region on the contralateral side showed no disparities with the shift group. 

TRAP-positive cell number 

In the control group, the TRAP-positive cell number in both investigated regions increased for the first 2 weeks but reduced at weeks 3 
and 4 (Figure 8 ). In the shift group, the TRAP-positive cell number in the lateral region on the ipsilateral side increased until 3 weeks. 
On the other hand, the TRAP-positive cell number of the central region on the contralateral side was significantly reduced, relative to the 
control group, during the same time period. In the recovery group, the TRAP-positive cell number of both investigated regions showed the 
same pattern as the control group two weeks after appliance removal.
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Numerous appliances have been developed to induce malocclusion affecting rat condylar cartilage.16,17 In this study, we developed an 
appliance that can be placed for a long period of time (4 weeks) but also can be removed easily to allow tissue recovery. There are almost 
no morphological changes of the condylar cartilage if the extent of the shift is one mm. On the other hand, a long-term experiment cannot 
be performed if the shift is 3 mm or more because of nutritional problems. After considering these points, we established the extent of the 
shift as 2 mm, as shown in Figure 1 . During the experimental period, no significant body weight differences were observed among the 
groups.

The results of this study show that lateral functional shift of the mandible affects the condylar cartilage during the growth period. This 
finding of augmented total cartilage thickness of the central region on the contralateral side can be correlated with numerous reports of 
proliferation in the posterior region of condylar cartilage in response to protrusion of the rat mandible.18,19 On the other hand, the reduced 
total cartilage thickness of the lateral region on the ipsilateral side can be correlated with the reduction in the posterior region of condylar 
cartilage, in response to retrusion of rat mandible.15,20 Considering our findings that total cartilage thickness of the recovery group in both 
investigated regions recovered to the same amount as the control group at 4 weeks, it can be suggested that early clinical intervention of 
functional shift of the mandible can minimize potential development of skeletal asymmetry.

Proliferating cells in the perichondrium of the mandibular condyle are progenitor cells of mesenchymal origin, which later differentiate into 
chondroblasts and hypertrophy to become chondrocytes. After mineralization, the cartilage is replaced by bone via erosion. The balance in 
timing between the cell proliferation from the surface of the condyle and the erosion of the marrow is surmised to maintain the cartilage 
thickness of the condyle.21 

Evaluation of cell dynamics with time in condylar cartilage was achieved by immunohistochemical reactivity of BrdU to detect cell 
proliferation and by the use of TRAP to stain osteoclasts. Given that the molecular basis of the condylar response is being actively 
investigated,22,23 BrdUrd-labeled cells, ie, the S phase cells, were clearly visible with well-preserved cytological detail.13–15 The fact that 
the BrdU-labeling index of the central region on the contralateral side significantly increased at 1 and 2 weeks implies that extension on 
one side can be accounted for by the proliferation of the cartilage thickness in the region. In contrast, in the lateral region of the ipsilateral 
side, the BrdU-labeling index decreased and, also, the total cartilage thickness reduced at 2 weeks. This indicates that the compression 
force increased in the referred region. The increase of the TRAP-positive cell number in the lateral region on the ipsilateral side at 1 and 2 
weeks supports the view that bone resorption accelerates to adapt to sudden environmental changes.24 



Many investigations have indicated that skeletal growth and development are modulated by mechanical forces, particularly in bones 
formed by endochondral ossification from secondary cartilages.25,26 Condylar cartilage is important for condylar growth and plays an 
important role as a part of the TMJ. It is known that compressive, shearing, and other complex functional forces are exerted on the 
mandibular condyle during mastication. Compressive loading on the mandibular condyle has been shown to reduce the thickness of 
cartilage in vitro27 and in vivo,28 when loading is applied for more than 1 week. These findings are compatible with our results in the lateral 
region of the ipsilateral side, a region which is believed to have received excessive compressive loading.

Clinical reports demonstrate that children with unilateral functional crossbite exhibit mandibular skeletal asymmetries.6,7 The 
asymmetry is expressed not only in the skeletal pattern but also in the functional pattern, including muscular activity and mandibular 
movement.29 Moreover, patients with lateral deviation can have displaced disk and morphological changes of the condyle in the shifted 
side.30 Early treatment for such patients, by eliminating the functional factors, is therefore advisable. 
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● Functional shift of rat mandible during the growth period changes the morphology of the condylar cartilage in the lateral region on 
the ipsilateral side and in the central region on the contralateral side.

● After appliance removal, the cartilage layer gradually became similar to the control group.

● These results emphasize the importance of early treatment to normalize occlusion and create appropriate conditions for normal 
occlusal development.
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FIGURE 1. Five-week-old rat with an appliance in frontal view, designed to produce shift to the left side  

Click on thumbnail for full-sized image. 

FIGURE 2. Summary of experimental time schedules and protocols. Animals in the shift and control groups were sacrificed at 1, 2, 3, or 
4 weeks. Animals in the recovery group had their appliances removed after 2 weeks and then were sacrificed at 1 week or 2 weeks after 
appliance removal 

Click on thumbnail for full-sized image. 

FIGURE 3. Frontal section of the mandibular condyle. The upper portion of the condylar head was divided into three regions of 60° each: 
the lateral, central, and medial regions 

Click on thumbnail for full-sized image. 

FIGURE 4. Frontal section of the condylar cartilage at 2 weeks stained with toluidine blue. Compared with the control group (a) total 
cartilage thickness in the shift group increased in the central region of the contralateral side (b) and decreased in the lateral region of the 
ipsilateral side (c). Bar = 200 μm 

Click on thumbnail for full-sized image. 

FIGURE 5. Photomicrographs of mandibular condylar sections stained with toluidine blue. The upper view is the lateral region of the 
ipsilateral side and the lower view is the central region of the contralateral side. (a, b, c, d), at 2 weeks; (e, f, g, h, i, j), at 4 weeks. (a, b, e, 
f), in the control group; (c, d, g, h), in the shift group; (i, j), in the recovery group. Bar = 50 μm 
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FIGURE 6. Total cartilage thickness of the central region on the contralateral side (left graph) and of the lateral region on the ipsilateral 
side (right graph) (P < .05, n = 4) 
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FIGURE 7. 5-bromo-2′-deoxyuridine–labeling index (number of labeled cells per area in mm2). The left graph is the labeling index of the 
central region on the contralateral side. The right graph is the lateral region on the ipsilateral side (P < .05, n = 4). 
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FIGURE 8. The number of toluidine blue and tartrate-resistant acid phosphatase–-positive cell was counted. The left graph is the number 
in the central region of the contralateral side, and the right graph is the number in the lateral region of the ipsilateral side (P < .05, n = 4)  
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