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gest that the growth of the mandibular fossa and mandibu-
lar condyle of rats was inhibited by the low proliferative ac-
tivity of intermediate zone cells induced by liquid feeding. 
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 Introduction 

 Experimental evidence has confirmed that a liquid or 
powdered diet has an unfavorable effect on the maxillo-
facial growth  [1–6] . In mice or rats, the mandible and 
maxilla tend to be smaller than average  [1, 2] , with low 
mineral apposition in the mandibular ramus  [3] . The 
masticatory muscles of experimental animals fed a soft 
diet are lighter  [4] , and histological observation reveals 
changes in the composition of the muscle fiber types  [4–
6]  and a decrease in the diameters of the type I fibers  [5] .

  As the temporomandibular joint (TMJ) plays a signifi-
cant role in oral function, it is important to establish how 
the growth of the TMJ, and especially the mandibular con-
dyle, is affected by a liquid diet. In earlier reports using 
macroscopic measurements, the mandibular condyles of 
growing rats fed a liquid diet were found to be smaller than 
those fed a solid diet  [7–9] , and this has been recently con-
firmed by Chen et al.  [10]  using micro-computed tomog-
raphy; however, in their study the experimental animals 
were mice. While some researchers reported that the car-
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 Abstract 

  Objective:  The aim of the present study was to clarify the ef-
fects of a liquid diet on the temporomandibular joint (TMJ) 
in growing rats.  Materials and Methods:  Twenty-four male 
Wistar rats were weaned at 21 days and divided into control 
and experimental groups (12 in each group). Control rats 
were fed a solid diet and experimental rats were fed a liquid 
diet from 1 to 8 weeks. After injection with 5-bromo-2′-
deoxyuridine (BrdU), the animals were perfused and the 
heads were removed. Serial coronal sections of the TMJ were 
stained with hematoxylin and eosin, or BrdU immunohisto-
chemistry was done (12 rats in each group). Three dimen-
sions and the thicknesses of the cartilage layers of the TMJ 
were measured, and cell proliferation in the TMJ was exam-
ined.  Results:  After 4 weeks, the height and width of the 
mandibular fossa and the width and length of the mandibu-
lar condyle were smaller in the experimental groups than in 
the control groups. The cartilage layer in these areas was also 
thinner at 4 weeks. The BrdU levels in the intermediate zone 
of the mandibular fossa (at 4 weeks) and the mandibular 
condyle (at 1 and 4 weeks) were lower in the experimental 
groups than in the controls.  Conclusion:  These findings sug-
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tilage layers of the mandibular condyle of liquid-diet ani-
mals were thinner than those of solid-diet animals  [3, 7, 9, 
10] , others observed that they were thicker  [8, 11] . Pirtti-
niemi et al.  [12]  and Chen et al.  [10]  observed that the 
proliferative activity of cells in the intermediate zone in 
the mandibular condyle was low in liquid- or powdered-
diet animals; however, Sato et al.’s  [13]  findings contra-
dicted this observation. These conflicting findings indi-
cate that the influence of a liquid or powdered diet on the 
growth of the mandibular condyle remains a controversial 
topic. In addition, the effects of a liquid diet on the growth 
of the mandibular fossa and articular disk, both important 
components of the TMJ, have not been investigated.

  The aim of the present study was to clarify how the 
growth of the TMJ is affected by a liquid diet by examin-
ing the mandibular fossa, mandibular condyle, and ar-
ticular disk of growing rats fed a liquid diet using histo-
morphometric analysis and immunohistochemistry with 
5-bromo-2′-deoxyuridine (BrdU) as a marker of cell pro-
liferation.

  Materials and Methods 

 Animal Experiment 
 Twenty-four male Wistar rats were weaned at 21 days and di-

vided into control and experimental groups (12 in each group). 
Control rats were fed a solid diet consisting of protein, fat, dietary 
fiber, and minerals. Experimental rats were fed a liquid diet (in a 
bowl) made by mixing one part of a powdered form of the solid 

diet with two parts of water. Drinking water was available ad libi-
tum in both groups. During the experimental period, the rats were 
weighed daily. Animals of both groups were euthanized after 1, 4, 
or 8 weeks, four control rats and four experimental rats at each 
time point. All rats were intraperitoneally injected with BrdU (2.5 
mg/100 g body weight) and perfused with 4% paraformaldehyde 
under general anesthesia with pentobarbital 1 h after BrdU injec-
tion. Whole heads including the TMJ were removed, decalcified in 
10% EDTA (pH 7.4) and embedded in paraffin. The frontal paraf-
fin sections of the TMJ were cut serially at a thickness of 4 μm.

  The experimental protocol was approved by the Laboratory 
Animal Committee of Hokkaido University and complied with the 
Guidelines for the Care and Use of Laboratory Animals of Hok-
kaido University.

  Histomorphometrical Analysis 
 Serial sections were stained with hematoxylin and eosin and used 

for histomorphometrical analysis of the TMJ. The following mea-
surements of the right TMJ were taken under low magnification 
( fig. 1 a): width of the mandibular fossa (FW: length from the most 
lateral point of the mandibular fossa to the medial point of the tem-
poral bone); height of the mandibular fossa (FH: thickness of the 
mandibular fossa at the middle point of the line FW); width of the 
mandibular condyle (CW: maximal mediolateral length of the man-
dibular condyle); height of the mandibular condyle (CH: length 
from the top of the mandibular condyle to the line CW); thickness 
of the articular disk (T: thickness at the thinnest articular disk). The 
length of the mandibular condyle was calculated by multiplying 
4 μm by the number of sections of the mandibular condyle. Under 
medium magnification, the thickness of the cartilage layers of the 
mandibular fossa ( fig. 1 b) and the mandibular condyle ( fig. 1 c) were 
measured. The cartilage layers were classified into three zones: the 
articular zone (AZ), the intermediate zone (IZ), and the hypertro-
phic zone (HZ) according to Blackwood’s classification  [14] .

a

b

c

  Fig. 1.  Histomorphometric measurements 
of the right TMJ.  a  Three-dimensional 
measurements of the TMJ. FW = Width of 
the mandibular fossa; FH = height of the 
mandibular fossa; CW = width of the man-
dibular condyle; CH = height of the man-
dibular condyle; T = thickness of the artic-
ular disk. Bar: 250 μm.  b ,  c  Cartilage layers 
of the mandibular fossa ( b ) and the man-
dibular condyle ( c ). Bar: 50 μm. 
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  BrdU Immunohistochemistry 
 Three sections were chosen from the anterior, central, and 

posterior regions of the TMJ for immunohistochemical examina-
tion. Deparaffinized sections were immersed in 0.4% hydrogen 
peroxide/methanol for endogenous peroxidase blocking. The sec-
tions were then incubated with 0.1% trypsin for 20 min at 37   °   C 
and with 3  N  HCl for 10 min as pretreatment. The pretreated sec-
tions were reacted with an anti-BrdU mouse monoclonal anti-
body (Bu20a; DakoCytomation, Copenhagen, Denmark) for 120 
min, an anti-mouse-rabbit polyclonal antibody (DakoCytoma-
tion) for 60 min, and streptavidin-biotin horseradish peroxidase 
complex (DakoCytomation) for 30 min in turn. The immunore-
action was visualized using 3,3 ′ -diaminobenzidine and the sec-
tions were lightly stained with hematoxylin. Normal mouse serum 

was substituted for the primary antibody in the negative control 
sections.

  The BrdU-positive cells were counted in the IZ of the mandib-
ular fossa, mandibular condyle, and articular disk between both 
ends of each structure in three immunostained sections from each 
animal at a magnification of ×200 under microscope. The labeling 
index was calculated for four control animals and four experimen-
tal animals at each of the three time points.

  Statistical Analysis 
 The data for body weight, histomorphometry, and BrdU label-

ing index were statistically analyzed with the Mann-Whitney U 
test for comparisons between control and experimental groups. p 
values <0.05 were considered statistically significant.
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  Fig. 2.   a–l  Histomorphometry of the TMJ. Black bars = Control groups; white bars = experimental groups (significant difference at 
 *  p < 0.05). 
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  Results 

 General Condition of Rats 
 The body weights of all rats increased throughout the 

experimental period, and all of them remained in good 
condition with no symptoms of diarrhea. There was no 
significant difference in body weight between the solid-
diet (control) groups and the liquid-diet (experimental) 
groups during the entire experimental period (not 
shown).

  Histomorphometry 
 Histomorphometry revealed that the mandibular fos-

sa and the mandibular condyle in the experimental 
groups were smaller than in the control groups. There 
were significant differences in the width at 8 weeks and 
in the height at 4 and 8 weeks of the mandibular fossa, 
and in the width at 4 and 8 weeks and in the length at 8 
weeks of the mandibular condyle ( fig. 2 a–e). No signifi-
cant difference was identified in the thickness of the ar-
ticular disk between the two groups at any time point 
( fig. 2 f).

  Although the cartilage layers of the mandibular fossa 
and the mandibular condyle in the liquid-diet rats were 
histologically similar to those in the solid-diet rats at 1 
week, several cartilage layers in the liquid-diet rats were 
thinner than in the solid-diet rats at 4 and 8 weeks 
( fig.  3 a–d). Significant differences between the two 
groups were observed in the AZ at 4 and 8 weeks, in the 
IZ at 8 weeks, and in the HZ at 4 weeks in the mandibu-
lar fossa, and in the AZ at 4 and 8 weeks, in the IZ and in 
the HZ at 4 weeks in the mandibular condyle ( fig. 2 g–l).

  BrdU Immunohistochemistry 
 The BrdU-labeled cells were observed mainly in the IZ 

of the mandibular fossa and the mandibular condyle, and 
sparsely in the AZ and HZ ( fig. 3 e–h). There were more 
BrdU-positive cells in the control groups than in the ex-
perimental groups ( fig. 3 e–h). In the negative control sec-
tions, no immune-positive cells were observed. Statistical 
analysis showed that the labeling index of BrdU of IZ in 
the mandibular fossa in the experimental groups was sig-
nificantly different (p = 0.025) from that in the control 
groups at 4 weeks ( fig. 4 a). In the mandibular condyle, 
there were significant differences (p = 0.025) between the 
experimental and control groups at 1 and 4 weeks ( fig. 4 b). 
In the articular disk, the labeling indices of BrdU were low 
and no significant differences were identified between the 
experimental and control groups at any time point 
( fig. 4 c).

  Discussion 

 In these studies, the body weights of rats increased 
throughout the experimental period (not shown), but the 
size of the TMJ did not increase in the last 4 weeks similar 
to the report of Kiliaridis et al.  [15] . The authors exam-
ined the craniofacial morphology of growing rats, thereby 
indicating that the growth of the TMJ was accomplished 
earlier than the growth of the whole body.

  In this study, cell proliferation decreased in the IZ of 
both the mandibular fossa and the mandibular condyle of 
liquid-diet rats at 4 weeks. Mechanical stress has been 
shown to increase the proliferative activity of cells in the 
IZ in vitro  [16–18] ; therefore, we hypothesize that no or 
extremely low masticatory stimulus provided by a liquid 
diet caused the decrease in cell proliferation in the IZ in 
this study. Our data are consistent with those of Pirttini-
emi et al.  [12] , who observed the TMJ of rats fed a pow-
dered diet for 48 h only after weaning, but not with those 
of Sato et al.  [13] , who used a powdered diet for 4 weeks 
after weaning. The difference between the study of Sato 
et al. and our study could be the different counting meth-
ods used. In our study, the number of immune-positive 
cells and total number of cells were counted to calculate 
the labeling indices, while Sato et al. counted only im-
mune-positive cells. As another possibility, the difference 
of biomarkers used in two studies could not be complete-
ly ruled out because the phase of the cell cycle identified 
by BrdU is different from proliferating cell nuclear anti-
gen used by Muskhelishvili et al.  [19] .

  In this study, the AZ, IZ, and HZ of both the mandibu-
lar fossa and the mandibular condyle of liquid-diet rats 
were thinner than those of the solid-diet rats at 4 and 8 
weeks. The AZ consists of fibrous connective tissue cover-
ing the cartilage surface of the TMJ, and is considered to 
have a protective function  [14, 20] . This protective func-
tion would not be necessary because of the weak mastica-
tory stress caused by long-term feeding with a liquid diet 
in this study. The cells in the IZ proliferate mitotically and 
then differentiate into chondroblasts and chondrocytes in 
turn  [14] , and the growth of the IZ and HZ depends on the 
proliferative activity of cells in the IZ  [14] . Thus, the thin 
IZ and HZ in the liquid-diet rats in this study could be ex-
plained by the decrease in cell proliferation in the IZ. This 
supposition is consistent with the finding that the interme-
diate and hypertrophic zones became thinner following 
the decrease in cell proliferation in the intermediate zone.

  The present study confirmed previous reports that a 
liquid diet is linked with a smaller mandibular condyle 
not only in rats or mice  [7–10, 21, 22]  but also in rabbits 
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  Fig. 3.  Histology ( a–d ) and BrdU immuno-
histochemistry ( e–h ).  a  Mandibular fossa, 
control groups at 4 weeks.  b  Mandibular 
fossa, experimental groups at 4 weeks. 
 c  Mandibular condyle, control groups at 8 
weeks.  d  Mandibular condyle, experimen-
tal groups at 8 weeks. HZ of the mandibular 
fossa is observed clearly in the control sam-
ple ( a ), but is barely visible in the experi-
mental sample ( b ) at 4 weeks. AZ (arrows), 
IZ, and HZ of the mandibular condyle in 
the control sample ( c ) are thicker than in 
the experimental sample ( d ) at 8 weeks. 
 e  Mandibular fossa, control groups at 4 
weeks.  f  Mandibular fossa, experimental 
groups at 4 weeks.  g  Mandibular condyle, 
control groups at 1 week.  h  Mandibular 
condyle, experimental groups at 1 week. 
More BrdU-labeled cells (arrows) are iden-
tified in the control ( e ,  g ) than in the ex-
perimental sample ( f ,  h ). Bars = 50 μm.   
  Fig. 4.  BrdU-labeling indices.  a  IZ of the 
mandibular fossa.  b  IZ of the mandibular 
condyle.  c  Articular disk. Black bars = Con-
trol groups; white bars = experimental 
groups (significant difference at                                *  p < 0.05). 
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 [23] . The HZ in the mandibular fossa and the mandibular 
condyle is known to be replaced by bone  [14] . This sug-
gests that the inhibition of cartilage formation results in 
a small TMJ in liquid-diet rats. Taking these findings and 
the immunohistochemical findings of the present study 
into account, we suggest that liquid-diet feeding inhibits 
cell proliferation in the IZ, which in turn leads to inhib-
ited cartilage growth and underdevelopment of the TMJ. 
However, this finding may not be applicable to humans 
because rats and mice have specialized TMJ and mastica-
tory mechanics  [24] .

  There was no difference in the thickness or cell prolif-
eration of the articular disk between liquid-diet rats and 
solid-diet rats in this study, demonstrating that liquid-
diet feeding does not affect the growth of the articular 

disk. However, Magara et al.  [25]  reported that in the TMJ 
of rats wearing an appliance exerting continuous com-
pressive force on the TMJ, collagen fibers decrease in 
number and then recover after removal of the appliance. 
This suggests that the articular disk could be affected by 
strong masticatory loads, but not by weak loads.

  Conclusion 

 The present study showed that growth of the mandib-
ular fossa and mandibular condyle of rats was inhibited 
by the reduced proliferative activity of cells in the IZ in-
duced by liquid-diet feeding, but no effects were observed 
in the articular disk.
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