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Abstract 

Objective: This study was performed to investigate how the palatine aponeurosis, 

medial pterygoid process (MPP) of the sphenoid bone, and tensor veli palatini (TVP) 

muscle form the pulley: muscle–tendon–bone complex. 

Design: Mice at embryonic day (ED) 14–17 were used as sample in this study. Azan 

staining was performed to observe the morphology, and immunohistochemical staining 

of desmin was performed to closely observe the development of the myotendinous 

junction. To confirm the bone formation process, immunohistochemical staining of type 
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II collagen (col II), tartrate-resistant acid phosphatase (TRAP), and alkaline phosphatase 

(ALP) staining were performed. Furthermore, to objectively evaluate bone formation, 

the major axis and width of the MPP were measured, and osteoclasts that appeared in 

the MPP were counted.  

Results: At ED 14 and 14.5, ALP showed a reaction throughout the MPP. The col II-

positive area expanded until ED 16.5, but it was markedly reduced at ED 17. The TVP 

initially contacted with the palatine aponeurosis at ED 16.5. The major axis and width 

of the MPP and the number of TRAP-positive osteoclasts were significantly increased 

as the TVP and palatine aponeurosis joined. 

Conclusions: Therefore, in addition to the tissue units: muscle, tendon, and bone, the 

interaction in organogenesis promotes rapid growth of the pulley: muscle–tendon–bone 

complex. 

Key words: Growth/Development, Cartilage, Muscle biology, Morphogenesis, 

Histochemistry, Cleft palate. 

 

 

Introduction 

 Cleft palate is one of the most frequent congenital anomalies in the maxillofacial 

region. Many studies on palatal fusion in the embryonic period have been conducted to 

clarify its cause, but most of these studies focused on the hard palate fusion process, and 

only a little progress has been made in studies of soft palate fusion (Yu et al., 2005; Liu 

et al., 2008; Welsh & O’Brien, 2009; Fuch et al., 2010). A delay in functional recovery 

of the soft palate after surgical closure of the palate has been often reported (Dong et 

al., 2012; Hardin-Jones, Brown, Van Demark, & Morris, 1993, Khosla, Mabry, & 
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Castiglione, 2008; Krause, Tharp, Morris, 1976; Marsh, Grames, & Holtman. 1988; 

Moore, Lawrence, Ptak, & Trier, 1988; Van Demark & Hardin, 1985; Van der Sloot, 

2003;), and studies on the muscles constituting the soft palate and development of the 

palatine aponeurosis have been attracting attention (Zhang, Yoshimura, Hatta, & Otani, 

1999; Oka et al., 2012). These studies clarified that, in addition to the cranial neural 

crest (CNC) and cranial paraxial mesoderm (CPM), ectoderm-derived cells form the 

soft palate (Oka et al., 2012; Grimaldi, Parada, & Chai, 2015). 

 CNC cells migrate from the dorsal side of the neural tube to the pharyngeal arch 

present on the ventral side. Formation of most of the bone, cartilage, tendon, and nerve 

constituting the face by these cells after migration has also been reported. CNC cells 

that migrated to the soft palatal region mainly differentiate into the palatine aponeurosis 

and pterygoid process of the sphenoid bone (Chai, & Maxson, 2006). Oka et al. (2012) 

reported that periostin activated through transforming Growth Factor-β (TGF-β) is 

essential for the differentiation of CNC cells into the palatine aponeurosis. It is also 

considered that the palatine aponeurosis develops from type I collagen-expressing 

undifferentiated cells (Oka et al., 2012). However, studies on the developmental 

mechanism of the pterygoid process are less than those of the palatine aponeurosis. 

Although morphological studies were occasionally reported, no molecular biological 

study has been performed (Fawcett, 1910; Vinkka, 1982). We previously observed the 

time-course developmental process of the pterygoid process and clarified that the timing 

of development is different between the medial and lateral pterygoid processes (LPPs) 

(Yamamoto et al., 2016). We also clarified that the medial pterygoid process (MPP) is 

formed by the combination of the enchondral and membranous ossifications, whereas 

the lateral pterygoid process (LPP) is formed by enchondral ossification alone.  
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 For the formation of the secondary palate, not only CNC but also CPM-derived 

cells are essential. CPM cells migrate from the hindbrain to the pharyngeal arch and 

express muscle differentiation-specific genes [muscle regulatory factors (MRFs)] in the 

pharyngeal arch (Noden, 1983; Hacker & Guthrie, 1998). MRFs include MyoD (Davis, 

Weintraub, & Lassar, 1987), Myf-5 (Braun, Buschhausen-Denker, Bober, Tannich, & 

Arnold, 1989), Myogenin (Wright, Sassoon, & Lin, 1989), and MRF4 (Rhodes & 

Konieczny, 1989), and muscle formation starts through expression of these. The tensor 

veli palatini (TVP), levator veli palatine(LVP), palatoglossal, palatopharyngeal, and 

uvular muscles constituting the soft palate are considered to be derived from CPM (Oka 

et al., 2012; Grimaldi, Parada, & Chai, 2015). Of these, the TVP is derived from the 

first pharyngeal arch, and its differentiation is the earliest among the palatal muscles 

(Grimaldi, Parada, & Chai, 2015). In the early developmental stage, the TVP is located 

immediately on the medial side of the medial pterygoid muscle, and it moves toward the 

medial side with fusion of the soft palate (Kobayashi et al., 2015). The MPP 

subsequently develops, and the tendon of the TVP medially bends at the outer edge of 

the pterygoid hamulus, thus forming the pulley (Katori et al., 2011). The pulley: 

muscle–tendon–bone complex is an important structure giving tension to the palatine 

aponeurosis. However, the formation process of the pulley present in the soft palate 

from the early developmental stage has not been observed in any study.  

The present study was performed to investigate how CNC cell-derived palatine 

aponeurosis, MPP of the sphenoid bone, and CPM-derived TVP form the pulley: 

muscle–tendon–bone complex. 
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Materials and Methods 

 ICR mice at embryonic day (ED) 14, 14.5, 15.5, 16.5, and 17 were used in this 

study. Tests were conducted following the Guidelines for Animal Experiments at Tokyo 

Dental College (No. 280101). A female mouse was housed with a male overnight, and 

the noon of the day when the vaginal plug was observed was designated as ED 0.5. 

Fetal tissues were then fixed in 4% phosphate-buffered paraformaldehyde. Specimens 

were decalcified using 10% EDTA for 2 days at room temperature. Paraffin blocks were 

prepared using standard methods, and a series of 5- to 10-μm tissue sections were cut 

using a sliding microtome. Frontal sections were prepared and then stained with AZAN 

to enable morphological observation. 

 

Immunohistochemical analysis 

 To analyze the expression of protein in the samples, immunolocalization of desmin 

and type II collagen (col II) was investigated. The slides for col II were incubated and 

digested with testicular hyaluronidase (Sigma chemicals, ST Louis, MO, USA), 25 

mg/ml in PBS, for 1 h at 37°C. After several additional washings in PBS, both sections 

the slides for col II and desmin were incubated in 3% hydrogen peroxide with methanol 

for 30 min. The sections were then subjected to several additional washings in PBS and 

then incubated in 3% bovine serum albumin for 1 h to block nonspecific binding. 

Subsequently, the sections were treated with primary antibody against desmin (dilution, 

1:1000; Abcam, Cambridge, UK) or col II (dilution, 1:500; Abcam, Cambridge, UK) 

and were incubated for 1 h at 37°C in a moisture chamber. Secondary antibody was then 

applied using ABC staining kit (Funakoshi, Tokyo, Japan) at room temperature. Next, 

after several more washings in PBS, the sections were treated with impact DAB 
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(Funakoshi, Tokyo, Japan) to detect any reaction and then inspected after 

counterstaining with hematoxylin. 

 

Tartrate-resistant acid phosphatase staining 

 To identify osteoclast-like cells, some sections were stained using a TRAP-staining 

kit (Primary Cell, Hokkaido, Japan) according to the manufacturer’s instructions. 

Briefly, sections were deparaffinized using xylene and alcohol and were rinsed in 

running distilled water for 5 min, after which 50-ml staining solution (3-mg tartaric acid 

per 50-ml tartaric acid buffer solution, pH 5.0) was dropped on each section. The 

sections were incubated at 37°C for 45 min, until osteoclasts were bright red, and were 

rinsed in PBS. The sections were then counterstained with hematoxylin for 1 min. 

 

Alkaline phosphatase staining 

 The fetuses were perpendicularly embedded in OCT compound and then 

immediately fast-frozen in isopentane cooled in liquid nitrogen. The specimens were 

then made into frozen blocks and stored at -80°C. The frozen samples prepared were 

sliced using a Leica CM 3000 cryostat (Leica Microsystems, Wetzlar, Germany) at 5 

µm thickness, and some sections were stained using an ALP-staining kit (Primary Cell, 

Hokkaido, Japan) according to the manufacturer’s instructions. Briefly, sections were 

rinsed in running distilled water for 5 min, after which 50-ml staining solution was 

dropped on each section. The sections were incubated at room temperature for 15 min, 

until ALP was bright dark blue, and they were then rinsed in PBS. 

 

Measurement of width and major axis of the MPP and number of osteoclasts in the 
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MPP 

 Five fetuses at each embryonic stage were used, thus resulting in a total of 25 

specimens, for the measurement of width and major axis of the MPP and the number of 

osteoclasts in the MPP. The width and major axis of the MPP were measured in Azan-

stained sections (Fig. 4A). Sections in which the LPP, MPP, TVP, and posterior surface 

of the mandibular condyle could be simultaneously observed were selected. BY using 

IMAGE-PRO®PLUS (Media Cybernetics, Inc., USA), a straight line was drawn on the 

undersurface of the body of the sphenoid bone (black line) and regarded as the reference 

plane. A straight line parallel to the vertical line against the reference plane was drawn 

from “the top to the bottom of MPP” and regarded as the major axis (yellow line). The 

width was also measured in the same section. A straight line parallel to the reference 

plane was drawn from “the scaphoid fossa of the pterygoid process to the innermost 

point of MPP” and regarded as the width (green line). Osteoclasts were counted in 

TRAP-stained sections. MPP-containing serial sections with 50- to 100-μm thickness 

were carefully observed by avoiding to repeatedly count the same cells. The distances 

and the number of cells were measured using IMAGE-PRO®PLUS (Media 

Cybernetics, Inc., USA). Statistical analysis was performed using paired Student’s t test. 

Differences at p < 0.05 were considered statistically significant. 

 

 

Results 

Morphological observation of the soft palate  

 At ED 14 (Fig. 1a), the soft palate was not fused, and the bilateral palatal shelves 

were horizontally positioned in the upper tongue region. The future MPP was observed 
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as mesenchymal cell condensation, and the TVP was located lateral to it. 

Undifferentiated cell condensation (the future LPP) was observed laterally to the body 

of the sphenoid bone. However, no palatine aponeurosis was observed. 

 At ED 14.5 (Fig. 1b), the bilateral palatal shelves contacted at the midline but were 

not completely fused. The TVP extended toward the medial side with extension of the 

palatal shelf. Osteo-like tissue was observed in the future MPP. Cartilage (the LPP) was 

detected laterally to the future medial pterygoid palate. No palatine aponeurosis was 

observed similar to that at ED 14.  

 The palatal shelves initially fused at ED 15.5 (Fig. 1c). At the midline of the soft 

palate, immature mesenchymal cell aggregates (palatine aponeurosis in the future) 

appeared. In the MPP, the basal region was calcified, and the hypertrophic cartilage 

appeared in the central region. In addition, the TVP extended to a site more medial than 

the MPP. 

 The palatine aponeurosis contacted with the TVP at ED 16.5 (Fig. 1d). Bone collars 

appeared on the outer and inner surfaces of the MPP, and the number of hypertrophic 

cartilages increased in the central region of the MPP.  

 The palatine aponeurosis was more clearly observed at ED 17 (Fig. 

1e).Hypertrophic cartilages in the central region disappeared in the MPP, and early-

stage diaphysis with abundant blood components was formed. Chondrocytes were 

observed only in the lower part of the MPP.  

 

Joining process of the tensor veli palatini muscle and palatine aponeurosis  

 At ED 14 and 14.5, desmin was expressed at the future myotendinous junctions 

(MTJs) of the TVP (Fig. 2 a, b, f, g). At ED 15.5, desmin was expressed all over the 
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muscle fibers of the TVP, and it was accumulated at future MTJs of the muscle (Fig. 2 

c, h). At ED 16.5, the TVP markedly grew in its size and initially contacted with the 

palatine aponeurosis. The palatine aponeurosis invaginated into the TVP (Fig. 2 d, i, n), 

and intense accumulation of desmin was noted all over the muscle fibers (Fig. 2 d). 

During this period, the synovial bursa first appeared between the TVP and the MPP 

(Fig. 2 d). At ED 17, the palatine aponeurosis deeply invaginated into the TVP (Fig. 2 e, 

j, o). 

 

Development and growth process in the medial pterygoid process  

 At ED 14, no col II was observed in the MPP (Fig. 3A a). However, ALP showed a 

strong reaction throughout the MPP (Fig. 3A f). At ED 14.5, col II was initially detected 

in the upper part of the MPP (Fig. 3A b). At ED 14.5, ALP activity became intense in 

the upper part and weakened in the lower part (Fig. 3A g). At ED 15.5, col II was 

expressed around the hypertrophic cartilage of the MPP (Fig. 3A c). ALP showed a 

strong reaction in the nuclei of mesenchymal cells, bone collar, and hypertrophic 

cartilage in the lower part of the MPP (Fig. 3A h). At ED 16.5, many hypertrophic 

cartilages were present in the MPP. Accordingly, col II was expressed widely in the 

MPP (Fig. 3A d). ALP showed a strong reaction around the bone collar, and a slight 

reaction was also noted in the calcified basal region of the MPP and the nucleus of 

hypertrophic cells (Fig. 3A i). At ED 17, hypertrophic cartilage was observed only in the 

lower part of the MPP. Accordingly, col II expression was localized in the lower part of 

the MPP (Fig. 3A e). ALP showed a strong reaction around the diaphysis formed in the 

MPP and in the lower part of the MPP (Fig. 3A j). 
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Osteoclasts in the medial pterygoid process  

At ED 14 and 14.5, TRAP-positive osteoclasts were also absent (Fig. 3A k, l). At ED 

15.5, TRAP-positive osteoclasts initially appeared on the inside of the MPP (Fig. 3A 

m). At ED 16.5, osteoclasts were localized in the central region of the MPP (Fig. 3A n, 

o). Osteoclasts were uninucleated at ED 15.5 and were multinucleated at ED 16.5 and 

17 (Fig. 3A m-q). Osteoclasts were widely distributed to phagocytose hypertrophic 

cartilage in the diaphysis of the MPP. The number of osteoclasts significantly increased 

from ED 15.5 to 16.5 and from ED 16.5 to 17 (Fig. 3B). 

  

Major axis and width of the MPP and number of osteoclasts  

 It was visually evident that the size of the MPP significantly increased from ED 

15.5 to 17 (Fig. 4B). The major axis of the MPP did not change from ED 14 to 15.5, but 

it significantly increased from ED 15.5 to 16.5 and from ED 16.5 to 17 (Fig. 4C). The 

width slowly increased from ED 14 to 15.5 and significantly increased from ED 15.5 to 

16.5 and from ED 16.5 to 17 (Fig. 4D).  

 

 

Discussion 

This study was performed to investigate the formation of the pulley: muscle–

tendon–bone complex in the soft palate. Our results provided sufficient evidence to 

indicate that the major axis and width of the MPP and the number of TRAP-positive 

osteoclasts were significantly increased as the TVP and palatine aponeurosis joined (Fig. 

5). 

Oka et al. (2012) reported that palatine aponeurosis formation started at ED 16.5 in 
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mice. They also clarified that type I collagen and periostin accumulated at the midline of 

the soft palate at ED 14.5 of mice immediately before palatal fusion. Our study clarified 

that the palatine aponeurosis develops at the midline of the palate at ED 15.5 immediately 

after the palatal fusion, and the palatine aponeurosis subsequently extends toward the 

MTJ of the TVP. Summarizing the findings of our study and those reported by Oka et al. 

(2012), it is assumed that the primordium of the palatine aponeurosis is present at the 

apex of the palatal shelf before palatal fusion, and the palatine aponeurosis extends 

outward from the midline after the fusion. 

 Pluripotent cells, Scleraxis (Scx)+/SRY-box containing 9 (Sox9)+ progenitor pool, 

have recently been attracting attention. To form cartilage–tendon and cartilage–ligament 

joints, pluripotent cells present in the Scx+/Sox9+ progenitor pool differentiate into 

chondrocytes, tendon cells, and ligament cells (Sugimoto et al., 2013). It is also known 

that TGFβ and BMP4b are involved in the differentiation of cells present in the 

Scx+/Sox9+ progenitor pool (Blitz, Sharir, Akiyama, & Zelzer, 2013). The present study 

clarified that the palatine aponeurosis develops from the midline of the soft palate at ED 

15.5. The palatine aponeurosis and pterygoid process are tendon-like and bone tissues 

comprising the soft palate, respectively, suggesting that the Scx+/Sox9+ progenitor pool 

is present in the palatal shelf before palatal fusion, and some cells differentiate into the 

palatine aponeurosis and others differentiate into the pterygoid process. In addition, it 

was considered that the palatine aponeurosis developed from the midline of the soft 

palate because precursor cells of the palatine aponeurosis migrated to the midline as the 

palate fused. 

 The MTJs connect muscle and tendon and are composed of subsarcolemmal, 

transmembrane, and extracellular protein complex (Benjamin, Florence, & Dominique, 
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2012). In addition, it is considered that the perimysium of the MTJs is folded in the 

finger-like processes to resist muscle contractile force by increasing the contact area 

between the muscle and tendon. The hyperfine structure of the finger-like processes has 

been clarified (Nakao, 1975, 1976; Trotter, Samora, & Baca, 1985), and binding of actin 

filament extending from the Z-band to fascia protein is widely known (Kojima et al., 

2008). Our study clarified that the palatine aponeurosis deeply invaginates into the TVP. 

The palatine aponeurosis has to continuously function to give tension to the soft palate. 

Accordingly, invagination of the palatine aponeurosis into the muscle assists the 

hyperfine structure of the finger-like processes, and the soft palate might provide 

continuous tension through cooperation of these. 

 Many studies on the relationship between skeletal formation and mechanical stress 

using birds (Hall & Herring, 1990) and mice (Hall, 2001) have been reported. 

Mechanical stress by muscle contraction influences the cartilage and bone morphologies 

during development (Herring, 1994). Nikcevic et al. (2007) reported that muscle defect 

caused by the knockout technique markedly changed the morphology of the mandible in 

mice. Habib et al. (2005) sutured the mouth of mice at ED 15.5 to assess the effects of 

restraint of the animals' mouths from opening and thus preventing jaw movement. The 

number of osteoclasts in the MPP significantly increased at ED 16.5 compared with that 

at ED 15.5, and the major axis and width of the MPP also significantly increased at ED 

16.5, which shows that the MPP markedly grows from ED 15.5 to 16.5. We predict that 

the TVP begins to contract during this period, and its mechanical stress acts on the 

pterygoid process (MPP). Our prediction is supported by the following two findings: (1) 

Contact between the palatine aponeurosis and TVP at ED 16.5 was confirmed (Fig. 5), 

and (2) Johan et al. (2010) reported that early jaw movement starts at ED 15.5 in mice. 
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 Cartilage of the MPP of the sphenoid bone is defined as the secondary cartilage 

because it develops later than other cartilages (Yamamoto et al., 2016). Reportedly, ALP 

activity of the secondary cartilage is different from that of the long bone during the 

embryonic period. ALP activity of the long bone is present only in the perichondrium in 

the early developmental stage (Shibata, Fukada, Suzuki, & Yamashita, 1997). 

Subsequently, hypertrophic cells appear, and then, ALP is observed in these cells 

(Silbermann & Fronmmer, 1973). In contrast, it has been reported that all cells in the 

early developmental stage of the secondary cartilage have ALP activity (Vilmann & 

Vilmann, 1983; Miyake, Cameron, & Hall, 1997). When hypertrophic and squamous 

cells become clearly distinguished among secondary chondrocytes, ALP activity is 

clearly detected in hypertrophic cells, whereas it is weakened in squamous cells 

(Shibata, Fukada, Suzuki, & Yamashita, 1997). It has been also clarified that the ALP-

positive osteoblast precursor cell population is present in the early phase of 

membranous ossification (Funato et al., 2009). In our study, ALP activity expanded 

throughout the pterygoid process at ED 14. At ED 14.5, ALP activity became intense in 

the upper part and weakened in the lower part. Yamamoto et al. (2016) reported that the 

upper part of the pterygoid process is formed by membranous ossification and the lower 

part is formed by enchondral ossification. Therefore, it is possible that the difference in 

ALP activity within the pterygoid process indicates the regions formed by membranous 

and cartilaginous ossification in the future. ALP activity was observed in the entire MPP 

in the early developmental stage, and this was consistent with the previously reported 

findings of secondary cartilage. Furthermore, our study clarified that chondrocytes were 

divided into ALP positive and ALP negative at ED 15.5 and 16.5, thus suggesting that 

ALP-positive chondrocytes at ED 15.5 and 16.5 were hypertrophic. 
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 Abe et al. (2010) and Yamamoto et al. (2011) reported intense accumulation of 

desmin in human fetal striated muscle, which induced a response of desmin to 

mechanical stress. According to Yamamoto et al. (2014), desmin was expressed at the 

MTJs in early stages of prenatal development. Therefore, immunolocalization of desmin 

is convenient for identifying the MTJs in prenatal development.  

 The von Langenbeck’s method was introduced in 1861 for surgical closure of cleft 

palate. This method aimed to repair the cleft but did not consider functional recovery 

(Von Langenbeck, 1861). In 1975, Kirens pointed out that the LVP has an abnormal 

location in patients with cleft palate and emphasized that any surgery must restore the 

proper anatomy of the muscle (Kriens, 1975). This led to the subsequent introduction of 

Bardach’s two-flap palatoplasty and Furlow’s double Z-plasty (Bardach & Kelly, 1990; 

Furlow, 1986). These procedures have since then proved to be effective for 

nasopharyngeal closure, although a number of postoperative complications remain to be 

resolved and the success rate has been a subject of debate. Experience with surgical 

repair of the cleft palate has so far indicated that reconstruction of the LVP is crucial for 

recovery of swallowing function. Keller et al. (1984) have studied the neuroanatomical 

aspects of nasopharyngeal closure function in detail and reported that the motor neuron 

network of the LVP and TVP plays a major role in speech and swallowing function 

(Keller, Saunders, Van Loveren & Shipley, 1984). Schönmeyr et al. (2014) have 

investigated the relationship between functional impairment and TVP in patients with 

cleft palate and suggested that mutual reconstruction including the TVP is necessary for 

functional recovery (Schönmeyr & Sadhu, 2014). Our present results demonstrated that 

attachment of the TVP to the tendon greatly improves the entire pulley structure, 

including the medial pterygoid plate of the sphenoid bone. Therefore, we consider that 
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reconstruction of the pulley (muscle–tendon–bone complex) and the LVP is essential 

for functional recovery. Advances in regenerative medicine for cleft palate, which has 

attracted attention in recent years, suggest that proper attachment of submucosal tissues 

such as muscles, tendon, and bone is the major key to successful tissue regeneration and 

subsequent growth. 

Heterotypic type I/III collagen fibrils are present early in tendon development (Birk 

& Trelstad, 1997). Tenascin has been used as a tendon marker, although it is also 

expressed in cartilage and nerve tissue (Ros, Rivero, Hinchliffe, & Hurle, 1995; Tucker 

et al., 1994). Scx has been reported as a marker of the progenitor populations of tendons 

and tenocytes (Cserjesi et al., 1995; Schweitzer et al., 2001). Tenomodulin (TeM) is a 

late marker of tendon formation, and Scx positively regulates TeM expression in a 

tendon cell lineage-dependent manner (Shukunami, Takimoto, Oro, & Hiraki, 2016); at 

stage 41 of the chick embryo, TeM is detectable in both the myotendinous and 

osteotendinous junctions surrounding the intercostal muscles, associated with a dense 

fiber distribution that is stained dark blue with Azan. Therefore, we consider that Azan 

staining can be used as a late tendon marker instead of TeM and Scx expression. 

According to Yamamoto et al. (2016), the MPP and its surrounding tissues remain 

almost unchanged from ED 17 to 18 (Yamamoto et al., 2016). Our present study 

focused on the attachment of the palatine aponeurosis to TVP and rapid growth of the 

MPP, and these phenomena were observed between ED 15.5 and 17. Therefore, our 

present analysis covered the period up to ED 17. 
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Figure legends 

Figure 1. Morphological observation of the soft palate (embryonic day 14–17).  

All panels show frontal sections. The upper side of the figure shows the superior side of 

the head. (a) At ED 14.0, the soft palate was not fused, and the bilateral palatal shelves 

were horizontally positioned. No palatine aponeurosis was observed. (b) At ED 14.5, 

the bilateral palatal shelves contacted at the midline. No palatine aponeurosis was 

observed. (c) At ED 15.5, the palatal shelves initially fused, and the future palatine 

aponeurosis appeared across the midline of the soft palate (arrow). (d) At ED 16.5, the 

palatine aponeurosis contacted with the tensor veli palatini muscle. (e) At ED 17, the 

palatine aponeurosis was more clearly observed. 

LPP: lateral pterygoid process, MPP: medial pterygoid process, P: pharynx, PA: palatine 

aponeurosis, PG: palatine gland, POC: primary oral cavity, PS: palatal shelf, SB: 

sphenoid body, TVP: tensor veli palatini muscle. Bar: 200 µm 

 

Figure 2. Joining process of the tensor veli palatini muscle and the palatine aponeurosis 

(embryonic day 14–17).  

Expression of desmin in the TVP. f-j is a higher magnification view of the circles in a-e. 

k-o is Azan-stained sample. All panels show frontal sections. The upper side of the 

figure shows the superior side of the head and the left-hand side of the figure shows the 

lateral side of the head. At ED 14-15.5, desmin was expressed at the future 

myotendinous junctions of the TVP (a-c). At ED 16.5 and 17, intense accumulation of 

desmin was observed all over the muscle fibers (d, e). At ED 16.5, the TVP initially 

contacted with the palatine aponeurosis (i, n). At ED 17, the palatine aponeurosis deeply 

invaginated into the TVP (j, o). Arrow (n, o): palatine aponeurosis. MPP: medial 
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pterygoid process, PA: palatine aponeurosis, TVP: tensor veli palatini muscle. Bar: 50 

µm (a-e), 20 µm (f-o). 

 

Figure 3. Development and growth process in the medial pterygoid process (embryonic 

day 14–17).  

(A) a-e show expression of type II collagen (col II), f-j show alkaline phosphatase 

(ALP) activity, and k-q show osteoclasts in the medial pterygoid process (TRAP 

staining). o, q is a higher magnification view of the squares in n, p. All panels show 

frontal sections. The upper side of the figure shows the superior side of the head, and 

the left-hand side of the figure shows the lateral side of the head. The col II-positive 

area expanded until embryonic day (ED) 16.5, but it was markedly reduced at ED 17 (a-

e). At ED 14, ALP showed a strong reaction throughout the MPP (f). At ED 14.5, ALP 

showed both strong and weak reactions (g). At ED 15.5–17.5, ALP showed a strong 

reaction except in the central region of the MPP (h-j). At ED 15.5, TRAP-positive 

uninucleated osteoclasts initially appeared (m) and at ED 16.5–17, TRAP-positive 

multinucleated osteoclasts were clearly identified (n-q; arrow head). Bar: 100 µm. (B) 

Histogram depicting the number of osteoclasts. The number of osteoclasts significantly 

increased from ED 15.5 to 16.5 and from ED 16.5 to 17. Differences at p < 0.05 were 

considered statistically significant. ＊: p < 0.05. 

LPP: lateral pterygoid process, MPP: medial pterygoid process. 

 

Figure 4. Major axis and width of the medial pterygoid process (MPP) (embryonic day 

14–17).  

(A) The width and major axis of the MPP is measured in Azan-stained sections. Black 
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line: the reference plane, yellow line: the major axis, and green line: the width. Bar: 200 

µm. (B) Comparison of size of the MPP. All panels are at the same magnification. It is 

visually evident that the size of the MPP significantly increased from embryonic day 

(ED) 15.5 to 17. Bar: 200 µm. (C) Histogram depicting the major axis of the MPP. The 

major axis significantly increased from ED 15.5 to 16.5 and from ED 16.5 to 17. 

Differences at p < 0.05 were considered statistically significant. ＊: p < 0.05. (D) 

Histogram depicting the width of the MPP. The width significantly increased from ED 

15.5 to 16.5 and from ED 16.5 to 17. Differences at p < 0.05 were considered 

statistically significant. ＊: p < 0.05. 

LPP: lateral pterygoid process, MPP: medial pterygoid process, OC: oral cavity, P: 

pharynx, PA: palatine aponeurosis, TVP: tensor veli palatine SB: the body of the 

sphenoid. 

 

Fig. 5 Schematic representation of the formation of the pulley: muscle–tendon–bone 

complex in the soft palate. As the TVP and palatine aponeurosis joined, the major axis 

and width of the MPP significantly increased.  


