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ABSTRACT 

 

Bmp4 regulates the fate of epithelial seam for lip 

development 

 

Piao Zheng Guo 

Department of Dental Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Lee, Sang-Hwy) 

 

 

At the early stage of the normal upper lip and primary palate development, 

the epithelia between maxillary, lateral nasal and globular process are 

approaching and juxtaposed before their fusion. The typical changes of the 

epithelium before their fusion are made like the decreased cell proliferation and 

the appearance of the round apoptotic cells and the filopodia. Then the epithelial 

seam is formed by the epithelial fusion of these three processes and regressed 

first on the maxillary process side earlier than on the globular process side. 

The embryos with the 90 degrees of rotated bridging epithelium (group III) or 

transplanted limb epithelium (group V) between the maxillary and the globular 
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process developed to make cleft lip / primary palate, but other group of embryos 

with the 0 (group II) or 180 degrees of rotation (group IV) did not. The main 

histological pattern of the clefted embryo in group III showed the lack or late 

disappearance of the epithelium of the globular process side. 

And the embryos from group III with the cleft lip / primary palate showed the 

changed expression pattern, including the decreased Bmp4 and Fgf8 and the 

increased Shh. Ectopic application of BMP4 beads rescued the clefts of this 

group embryos, which strongly suggests that the integrity of the epithelial seam 

depends on the BMP4 signals. 

In summary, the up-regulated Bmp and down-regulated Fgf and Shh signaling 

direct the cell death, proliferation, and normal lip / primary palate formation. 

And the bridging epithelium between the globular and maxillary process 

critically controls the spread of these signals that a failure in their networking of 

signaling would cause CLP. In particular, the bridging epithelium before the 

fusion of the processes is essential for the sustained cell proliferation to make 

the outgrowth and for the cell death to make an epithelial seam and a 

subsequent regression by the propagation of signaling molecules. 

 

________________________________________________________________ 

Key words: epithelial seam, bridging epithelium, Bmp4, cell death, fusion, lip, 

primary palate, development, cleft lip and palate 
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Bmp4 regulates the fate of epithelial seam for lip 

development 

 

Piao Zheng Guo 

Department of Dental Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Lee, Sang-Hwy) 

 

 

I. INTRODUCTION 

 

The embryonic face consists of buds of neural crest-derived mesenchyme 

encased in epithelium that surround the oral cavity (Richman and Lee, 2003). 

Early in the sixth week of human development, the medial nasal prominences 

(which is equivalent to globular process of the frontonasal mass of the chicken) 

merge with each other and the bilateral maxillary processes to form the primary 

palate and the upper lip (Jugessur and Murray. 2005). 
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The defects in growth and patterning of the facial mesenchyme or in the 

fusion process of these maxillary, medial and lateral nasal prominences would 

cause the clefting of the lip and primary palate (Kaufman and Bard, 1999). This 

defect, the cleft lip with or without cleft palate (CLP), is the most common 

congenital disease in human (Diewert and Wang, 1992), which occurs with 

approximately 1 in 800 live births (Bear, 1976; Fraser, 1980). 

It has been considered that CLP is a separate entity from the isolated cleft 

palate based on genetic and developmental backgrounds (Schutte and Murray, 

1999; Murray and Schutte, 2004). Approximately 70% of CLP cases are 

nonsyndromic for which the etiology and pathogenesis are complex and poorly 

understood. However, in the field of pathogenesis of CLP, the importance of the 

epithelia lying between the maxillary, lateral and medial nasal process has been 

well documented for the formation of the mesenchymal continuity as well as the 

proliferation and outgrowth of each process (Patterson and Minkoff, 1985; 

McGonnell et al., 1998). 

The epithelium in the embryonic or adult organism is a self-sealing barrier 

layer (Hay ED. 1995). At the simplest level, embryonic epithelia repair 

themselves wherever they are damaged. And they are required to close the 

naturally occurring holes and to fuse wherever two free edges are brought 

together from the earliest stages of development (Jacinto et al., 2002). 
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In addition, it works as a corresponding partner of the mesenchyme for the 

start and continuation of signaling networks during the epithelial–mesenchymal 

interaction of the early embryonic patterning. In epithelial–mesenchymal 

interaction, the epithelial role is well known for the cell survival in the 

mesenchyme (Ashique, et al., 2002) and the promotion of outgrowth of the 

facial process (Richman and Tickle, 1989).  

However, the roles of the bridging epithelium between the frontonasal and 

maxillary process to support the orientation and outgrowth of the facial 

processes before the epithelial contacts have not been also clarified for lip / 

primary palate development. And the exact mechanism or the influential factors 

for the disappearance of the two different–originated, but contacted epithelia to 

make a epithelial seam is also in veil. Two different opinions regarding the 

epithelial mechanism of the formation and disappearance of epithelial seam to 

make the mesenchymal continuity for lip / primary palate development have 

been advocated so far. One is the programmed cell death and the other is the 

epithelial–mesenchymal transition (EMT) (Sato, 2000；Sun et al., 2000). 

The signals that originate in the epithelium could include FGFs, SHH and 

BMPs. Especially the BMP signaling is required to stimulate mesenchymal cell 

proliferation and directed outgrowth of the facial prominences (Richman and 

Tickle, 1989; Ashique et al., 2002). And the decreased BMP activity in the 
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mesenchyme regulates cell survival in the epithelium and consequently 

increases epithelial thickness in the fusion of the lip (Ashique et al., 2002). 

However, in those earlier studies they did not identify the specific roles of the 

facial epithelium in outgrowth and the loss of epithelial seam. 

So I wanted to investigate the functions of bridging epithelia lying between 

the maxillary and medial nasal processes to form the normal lip / primary palate 

or CLP development. And I also hoped to find the epithelial genetic pathway 

playing a pivotal role for lip / primary palate or CLP development by the 

formation and timely disintegration of epithelial seam. 
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II. MATERIALS AND METHODS 

 

1. Chick embryos 

Fertilized White-Leghorn chick eggs (Yang-sung Animal Co., Yong-in, 

Korea) were incubated to reach the proper Hamburger and Hamilton (H-H) 

stages (Hamburger and Hamilton, 1951). 

When the incubated embryos reached the H-H stage 24, 26, 27 and 28, the 

head parts of embryo were cut and fixed in 4% paraformaldehyde (PFA) in 

phosphate buffered saline (PBS), for 2 hours (hr) at room temperature (RT), 

proceeded for the wax embedding, histological sectioning and staining as 

follows. ; The specimens were rinsed in PBS, dehydrated with graded ethanol 

series and cleared in xylene, and embedded in paraffin (56°C melting and point). 

Serial cross sections (6 ㎛  thick) in different planes of the face were 

deparaffinized and stained with hematoxylin and eosin (H&E). 

 

2. Designs for microsurgical manipulation of bridging epithelium                            

A specific part of epithelium between maxillary process and frontonasal mass 

was excised in rectangle and grafted (with several kinds of experimental design 

for each experimental group) (Fig. 1, 2). 
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Figure 1. Mode and healing pattern of microsurgically manipulated epithelium 

between the globular process of frontonasal mass and the maxillary process. 

(A, B) The bridging epithelium was incised in rectangle, peeled, and left it 

uncovered or grafted itself after rotations with different angles (90°, 180°). 

(A) The rectangular box (arrowhead) indicates the microsurgical area, and the 

line a-b, crossing the frontonasal mass, the bridging epithelium, and the 

maxillary process, represents the line of histological section for (C). 

(B) The arrow demonstrates the direction and magnitude of epithelial rotation 

after the incision and peeling off from the mesenchymal bed. 

(C) Histological image of the embryo immediately after the incision and just 

peeling off the bridging epithelium. The arrowhead represents the margin of 

the manipulation. And it shows the exact removal of the epithelial layer 

only between the processes, as shown on (E). 

(D, E) It shows the healing pattern after 6 hr of epithelial peeling and the 

grafting onto the site with 90 degrees of clockwise rotation. 

(E) The magnified view of the box in (D). Arrow indicates the grafted and 

healed epithelium. 

(MxP, maxillary process; FNM, frontonasal mass; LNP, lateral nasal process; 

scale bars = 500㎛) 
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Figure 2. Experimental groups by the different modes of bridging epithelial 

manipulation. The box indicates the facial mesenchyme (in light blue) between 

the globular and the maxillary process, the facial epithelium (in gray) and the 

limb epithelium in light green. In addition, all the microsurgical manipulations 

were done on the right side of the face. 
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3. Phenotypic analysis of skeletal and morphological changes 

After the microsurgical manipulation and the incubation, the embryos around 

H-H stage 38 were sacrificed to observe the exterior phenotypic changes as well 

as the skeletal changes. After examination and documentation of the external 

shapes, the skins and eyes were removed in order to facilitate the penetration of 

skeletal staining solutions. These specimens were fixed in 100% ethanol for 4 

days and immersed in 100% acetone for another 4 days and followed by being 

rinsed with water. For the staining of bone and cartilage, embryos were stained 

for up to 10 days in Alizarin Red/ Alcian Blue solution (1 volume of 0.3% 

Alcian Blue 8 GX in 70% ethanol, 1 volume of 0.1% Alizarin Red S in 95% 

ethanol, 1 volume of acetic acid, and 17 volume of PBS (Plant et al., 2000).  

In order to investigate the early morphological changes of the embryos, they 

were sacrificed at the proper stage and the microscopic or SEM analysis was 

done. 

 

4. Tracing the bridging epithelial and mesenchymal cells between the maxillary and 

the globular process for the fate mapping of the epithelium by cell labeling with DiI 

DiI (1,1’-dioctadecy1-3,3,3’,3’-tetramethylindocarbocyanine perchlorate; 

Molecular Probes Inc., USA; working concentration with 0.5% of DiI in 100% 

ethanol, diluted 2-fold in 0.3M sucrose) was injected by micro-injector 

(Picospritzer II; General Valve co., NJ. USA) and micro-needle to those cells at 

the bridging epithelium between the maxillary process and the globular process 
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of H-H stage 24 embryos. After the injection, the embryos were incubated for 

additional 48 hr to reach H-H stage 28, and were sacrificed and fixed in 4% 

paraformaldehyde with 0.25% glutaraldehyde. The DiI labeled embryos were 

observed with MZ16FA Leica fluorescence stereo microscope (Texas Red filter 

set) and DFC300 FX Leica camera (Leica, Germany). Normal and fluorescence 

images were merged with a software (Photoshop, Adobe, USA) and PC 

machine. 

 

5. Scanning Electron Microscopy (SEM). 

Normal or the microsurgically manipulated embryos by excision / grafting of 

bridging epithelium were fixed with 2.5% glutaradehyde / 0.1 M sodium 

cacodylate at 4°C for 12 hr. Then the samples were postfixed in 1% osmium 

tetroxide/0.1M sodium cacodylate, dehydrated through graded ethanol series, 

trimmed. And at a critical point they were dried in an apparatus, Touisimis 

(Samdri-790) and gold coated with a Polaron E5100 sputter coater. Samples 

were examined with a JEOL JSM-35C scanning electron microscope (SEM, S-

4500; Hitachi, Tokyo, Japan).  

 

6. Cell proliferation studies by BrdU assay 

Group II and group III embryos at H-H stage 27 were treated with 100 ㎕ of 

5 ㎎/㎖ BrdU (5-Bromo-2’-deoxyuridine; Sigma, USA) dissolved in sterile PBS, 

incubated at 37℃ for 2 hr, sacrificed and fixed in 4% paraformaldehyde. And 
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they were processed into wax and sectioned to 6 ㎛. And the following steps 

were made for dewaxing, the rehydration of sectioned embryos, blocking with 

3% hydrogen peroxide in methanol for 10 min at RT and 5% horse serum in 

PBS for 10 min at RT, and the incubation at 4℃ for overnight with anti-BrdU 

(1:100; Becton-Dickinson, USA), and biotinylated anti-mouse IgG (1:100; 

Vector Laboratories, Inc. Burlingame, USA) for 30 min at 37℃ and HRP-

conjugated streptavidin (1:200; Vector Laboratories, Inc. Burlingame, USA) for 

30min at RT. Final detection was performed with DAB (3,3’–

diaminobenzidine) peroxidase substrate kit (Vector Laboratories, Inc. 

Burlingame, USA) (Veenman et al., 1992). Sections were observed and 

photographed on a light micro-scope. 

 

7. TUNEL assay for the detection of the programmed cell death 

TUNEL (terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-

dioxygenin nick-end-labeling) assay was performed on paraffin sections of 

embryos after 24 hr of the microsurgery (approximately at H-H 26). 

Deparaffinized and rehydrated tissue sections of slide were treated with 10 ㎍/

㎖ proteinase K in PBS at 20 min, and incubated in the TdT buffer for 5 min at 

RT. Terminal deoxynucleotidyl transferase (Trevigen, Inc. USA) and 

biotinylated dUTP (Trevigen, Inc. USA) were added to the TdT buffer and the 

sections were incubated by this solution at 37℃ for 60 min and followed by 

labeled streptavidin-HRP solution (Trevigen, Inc. USA) for 10 min. Detection 
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was performed with DAB peroxidase substrate kit (Vector Laboratories, Inc. 

Burlingame, USA). 

 

8. Whole-mount in situ hybridization 

Whole-mount in situ hybridization was performed as previously described 

(Bradford et al., 1976). The embryos after 24hr and 48hr of the group II and 

group III as well as group I and Normal control (approximately at H-H stage 26, 

28) were fixed in 4% PFA in PBS for 16 hr at 4 , processed into 100% ℃

methanol, and stored at -70  until use. Specimens were rehydrated and treated ℃

with 3% H2O2 in PBT (PBS + 0.1% tween 20). Antisense riboprobes were 

labeled with digoxygenin-UTP and hybridization was performed at 65 . ℃

Detections of the label was performed with ALP-conjugated anti-digoxygenin 

antibody (Roche Diagnostics, Germany) at 4  for 16 hr followed by incubation ℃

with the substrate for ALP (BCIP and NBT; Promega, USA). 

 

9. Bead implantation 

Affi-Gel blue agarose beads (100~ 200 meshes, 150 ㎛ diameter, Bio-Rad, 

USA) washed four times in PBS and then incubated at RT for 20 min with the 

human recombinant BMP-4 (hBmp4) proteins (100ng/㎕  diluted in 0.1% 

bovine serum albumin (BSA) with PBS (R&D systems, USA). The beads for 

control were soaked in 0.1% BSA with PBS. 
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In order to perform the bead implantation, the viteline membrane overlying 

the embryo was torn and incised the epithelium between the maxillary and the 

frontonasal process as usual as in group II or III. And BMP or PBS soaked 

beads were implanted into the subepithelial mesenchyme of the globular process 

in the frontonasal mass at H-H stage 24 embryos. And the egg was resealed and 

incubated at 38 ℃  for 48hr. Embryos were fixed in 4% PFA and the 

microscopic analysis has been done. 
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III. RESULTS 

 

1. The fate and distribution pattern of the labeled epithelial and mesenchymal 

cells between the maxillary and the globular process during the lip / primary 

palate formation 

 

The epithelial and mesenchymal cells at H-H stage 24 at the region bridging 

the maxillary and globular process (as marked as the rectangular box being 

indicated by an arrowhead in Fig. 1A) were labeled with DiI (N=37). After 2 

days of incubation, these processes were fused to make lip / primary palate. And 

most of the labeled cells were found along the fusion region of each process 

moving away from the injection site, i.e., at the base of junction of lateral end of 

primary palate and medial side of the maxillary process. In addition, small 

numbers of cells were found at the base of the nostril (Fig. 3). However, none of 

the labeled cells was found at the exact epithelial fusion, but at the base or the 

furrow area between two processes. 
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Figure 3. The fates of the epithelial and mesenchymal cells at the bridging 

epithelium between the maxillary process and the globular process of the 

frontonasal mass before their fusion. 

The cells were labeled by DiI microinjection at H-H stage 24. After the 

incubation for 2 days, most of the labeled cells were distributed into the lateral 

end of primary palate near the maxillary process along marginal edges of the 

fusion of each process and small volume of cells were seen at the base of the 

nostril (white arrow). 

(MxP, maxillary process; FNM, frontonasal mass; LNP, lateral nasal process; 

scale bar = 500㎛) 
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2. Microsurgical manipulation of the bridging epithelium 

 

To study the function of the bridging epithelium and the epithelial- 

mesenchymal interaction during the maxillary and medial nasal processes, a 

microsurgical manipulation method has been set up. The epithelium between 

the globular process of frontonasal mass and the maxillary process (as marked 

as the rectangular box in Fig. 1A) of the embryo was carefully incised with a 

sharp tungsten needle. Then the incised rectangular epithelium was peeled off 

and the extent of removal was shown in histological sections of Fig. 1B, 

demonstrating the exact peeling of the epithelial layer only without damage to 

the underlying mesenchyme. 

The separated epithelium was thrown away in group I or grafted onto its 

original site without any rotation (group II), 90 degrees (group III) or 180 

degrees of rotation (group IV), while being replaced the donor epithelium with 

limb of the same stage embryo in group V (as illustrated in Fig. 2). 

Immediate healing pattern after 6 hours of epithelial peeling and the grafting 

onto the site with 90 degrees of clockwise rotation was shown on Fig. 1D and E. 

They showed the fast and complete, but somewhat thicker epithelium in its 

original position (as indicated by an arrow in Fig. 1E). 
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3. External and skeletal morphological changes after the epithelial manipulation 

 

The embryos around stage 38, after the microsurgery as described above at H-

H stage 24, showed the distinct different presence or absence pattern of cleft 

formation between the premaxillary and the maxillary portion. 

Experimental group II and IV embryos, which have been performed by the 

grafting of the bridging epithelium without any rotation or with 180 degrees, 

presented normal external appearances (Fig. 4C, O in group II and E, Q in 

group IV) as well as the normal maxillary skeletal pattern (Fig. 4I, U in group II 

and K, W in group IV). 

However, embryos of group I, III, and V demonstrated the distinct changes of  

morphological pattern by the formation of cleft in primary palate with or 

without extension to the lip. (Fig. 4B, D, F, N, P, R) And their skeletal staining 

images were revealed as the similar pattern of skeletal deformation with 

deformed and partly missing maxillary, premaxillary and palatine bone (Fig. 4H, 

J, L, T, V, X). Most severely damaged bone was the maxillary bone and some 

of nasal conchae were also deformed. And the maxillary process of the palatine 

bone was missing to make a shortened appearance of the palatine bone in these 

all three groups. 

In addition, the incidence of these cleft lip / primary palate in group III and IV 

was comparably higher as compared with that of the non-cleft forming 

experimental group II and IV (Fig. 5). The rate of CLP formation in group II 

and group IV was 5.5% (total N=55) and 12.7% (total N=55). And the cleft 

formation rate of group III was 77.8% (total N=171), while the rate of CLP in 

group IV was higher than any other groups (88.6%, total N=105). 
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Figure 4. Morphological evaluation of external and skeletal patterns for the 

embryos at H-H stage 38 of different experimental groups. 

External shapes of embryos around H-H stage 38 of normal and each 

experimental group were shown at A-F and M-R. 

The skeletal staining with the alcian blue (for cartilage) and alizarin red 

(for bone) of chick embryos same as in (A-F, M-R) were shown at (G-L, 

S-X) 

Apparent deformations by shortening, partial missing, or deformation 

in upper jaws bones including maxillary, premaxillary and palatine bone 

as well as the nasal conchae were represented in group I, III and V. 

Indicated arrowheads showed the positions of CLP (H, J, L, T, V, X).  

Scale bars = 2 ㎜ for all panels. 
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Figure 5. The incidence of the cleft lip and/or palate formations in the 5 

experimented groups of chick embryo. 
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4．Normal lip / primary palate formation in chick embryos 

 

The lip / primary palate formation in chicken embryos starts around H-H 

stage 24, which is also the stage for the surgical manipulation of the bridging 

epithelium (Fig. 6A-D). At this stage, the moderately pronounced lateral nasal 

and maxillary process were connected with each other via epithelial seam 

between them. And the nasal pit was formed by the bulging lateral side of 

frontonasal mass and medial side of lateral nasal process. But the oral side of 

frontonasal mass including the globular process was not evident. So the 

bridging epithelial region between the maxillary and the globular process of the 

frontonasal mass was somewhat flat and only distinguishable by slight elevation 

of the globular process (Fig. 6B, D). 

The bridging epithelial cells between the maxillary and the globular process 

showed somewhat elongated swollen cylinder in shape and irregular 

intercellular adherence in arrangement pattern (Fig. 6C). This regional 

epithelium was consisted with the one or two columnar cell layers and the 

transparent round cells were arranged in a row at the basement membrane (Fig. 

6F, G, J, K). In addition the mesenchymal cells under the basement membrane 

were densely localized, which was especially evident at the nasal pit region 

rather than the bridging epithelial region (Fig. 6E, F, G, I, J, K). They were 

remarkably different from those at the globular process in that those cells were 

flat and tightly connected with surrounding cells (Fig. 6D) 
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At the subsequent stages of H-H stage 26 and 27 (Fig. 7, 8), the outgrowth 

rate of the globular process got higher than other regions so that maxillary, 

lateral nasal and globular process came to be facing each other to get ready for 

the fusion. Thus the bridging epithelium at this stage formed the valley-like 

furrow between the three processes (as shown in Fig. 7B and F), and located 

away from its original position toward the oral side (as judged by the pattern of 

labeled cell movement in Fig. 3 and the location of grafted epithelium in Fig. 

10F and 20F). And they retained the similar elongated cylinder like cell shapes 

as shown in Fig. 7F. 

As observed in the sequential sections of axial and coronal planes, the 

epithelia between the maxillary process and the frontonasal mass became closer 

to each other at H-H stage 26 (Fig. 7H, I, M, N, O), but lack of complete fusion 

of them. The epithelium was consisted with one or two cell layers and some of 

them showed the ruffled border, which probably indicating the formation of 

filopodia (Fig. 8D, I) The filopodia formation was most evident at the 

epithelium between lateral nasal and globular process and followed by that 

between the maxillary and the globular process (Fig. 7P, Q, R).   

In addition to this filopodia formation, some epithelial cells around the 

filopodia at lateral nasal process presented round cell shape with pyknosis or 

empty cytoplasm (Fig. 7D and E as indicated by the arrowhead). They were also 

observed at the tip of the globular process at the later stage (Fig. 9B, C). 
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At the following developmental stage of H-H stage 27, the lateral nasal and 

globular process epithelia show the fusion to make one complete layer of 

epithelium (Fig. 8I, J, Q, R). The maxillary and globular epithelium did not 

show the contact and fusion except one tip point of the globular process at this 

stage, while apparent epithelial fusions between the lateral nasal and globular 

process were seen.  

The periphery of their complete fusion area demonstrated the multiple 

filopodia, which strongly suggested that the filopodia formation is the 

prerequisite for the epithelial fusion. In the middle of the approaching and 

meeting epithelia of the lateral nasal, maxillary, and globular process showed 

the round, empty apoptotic cells with the distinct periphery, as described earlier. 

They were also found at the periphery of the epithelial fusion (Fig. 8Q). 

In addition to the cells with empty cytoplasm in the middle of epithelial 

fusion, the partial disappearance of epithelium and the formation of isolated 

islands of epithelial cell clusters became evident (Fig. 8 I, Q, R, S). The 

epithelium of the globular process side were observed to follow the above 

mentioned epithelial disintegration process of lateral nasal process. And the 

round mesenchymal cell infiltration into this region occurred simultaneously 

(Fig. 8R, S). At the same time, more round shaped and nuclear condensed 

mesenchymal cells, rather than the classical stellite shape, were found under the 

fused epithelium, especially at the lateral nasal and maxillary process.  
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At H-H stage 28, the epithelium of the globular, lateral nasal and maxillary 

process were completely disappeared except only a layer of epithelial seam 

between the maxillary process and frontonasal process at the rostral portion of 

the nasal pit (Fig. 9D-O). And the mesenchymal penetration and loss of the 

epithelial seams were completed to show the complete fusion of three facial 

processes.  

But some portions of epithelial seam were seen to be in the middle of loss. 

And epithelial cells were dispersed into the clusters of cells with pronounced 

eosinophilic staining and 2-3 enlarged nuclei at the middle portion of the 

epithelial seam. And adjacent other cell clusters showed the shrunk and 

fragmented nuclei. 
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Figure 6. The SEM and histological analysis of normal chicken face at H-H 

stage 24. 

The SEM pictures (B-D) of epithelia between the maxillary process and the 

frontonasal mass represents the cell types with the elongated cylinder and 

swollen shape and irregular intercellular adherence. 

The sequential sectional images (E-G) of the embryos on axial plane and its 

magnified views from rostral to caudal direction of progression (I-K). 

Epithelial thickening and multiple round transparent cells were seen in the 

nasal pit and the furrow between the lateral and frontonasal process (I). And the 

mesenchymal cells were densely localized under the epithelium. 

The coronally sectioned image (H) and its magnifying view Focused on the 

facing between globular and maxillary process (I). 

(MxP, maxillary process; FNM, frontonasal mass; LNP, lateral nasal process; 

GP, globular process; N, nasal pit; BE, bridging epithelium; black scale bars = 

500㎛ for E-L; white scale bars=250㎛ for C, D; scale bars = 1㎜ for A, B) 
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Figure 7. The SEM and histological analysis of lip and primary palate at H-H 

stage 26. 

SEM analysis (A-D, F) represent that the globular process of the frontonasal 

mass, the lateral nasal, and maxillary process are approaching to each other for 

making lip and primary palate. And the arrowheads in (D, E) show the round 

apoptotic cells in the epithelium of lateral nasal process. 

The sequential sectional images of the embryos with axial (G-I) and coronal 

sections (M-O) and its magnified views (J-L, P-R). The directions are from 

rostral to caudal from superficial to inside. 

When the epithelia between the maxillary process and the frontonasal mass 

approach to each other (K, P-R), the surface of the epithelium reveals the 

dramatic changes as like the formation of round apoptotic cells and lots of 

filopodia for the fusion. 

(MxP, maxillary process; FNM: frontonasal mass; LNP, lateral nasal process; 

GP, globular process; Black scale bars = 500㎛ for G-R and scale bar = 250㎛ 

for E; white scale bars=250㎛ for C, D and F; Scale bars = 1㎜ for A, B) 
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Figure 8. The SEM and histological analysis of the epithelial fusion of lip and 

primary palate at H-H stage 27. 

(E-T) Sections show the sequential images of the embryos on axial and coronal 

planes and its magnified views from rostral to caudal / from superficial to 

deeper direction of progression. 

(E, F, I, J, M-O, Q-S) The epithelia between the maxillary process and 

frontonasal process were partially fused with each other. 

(I, R, S) some epithelial layer of lateral nasal process is subsequentially 

degradated by the formation of epithelial cell clusters with round 

mesenchymal cell infiltration. 

(MxP, maxillary process; FNM, frontonasal mass; LNP, lateral nasal process; 

GP, globular process; Scale bars: 500 ㎛ in black bar; White scale bars=50 ㎛ 

for panels D; White scale bars=500 ㎛ for panels B, C; Scale bars = 1 ㎜ for A) 
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Figure 9. The SEM and histological analysis of lip and primary palate at H-H 

stage 28. 

(B, C) Arrowhead indicate apoptotic cells on the surface of the frontonasal mass 

(D, G, J, M) Sections show that the epithelia initially consists of a 

multilayered epithelium (G, M) that later becomes a single epithelial layer 

between the maxillary process and frontonasal process. 

(E, F, H, I, K, L, N, O) These images reveal a complete fusion of the processes 

that requires a tight mutual adhesion of the two and a subsequent 

degradation of the epithelial seam, resulting in mesenchymal penetration. 

(MxP, maxillary process; FNM, frontonasal mass; LNP, lateral nasal process; 

GP, globular process; Scale bars: 500㎛ for dark field images; White Scale bars 

= 1㎜ for A; White scale bars=500㎛ for panels B; scale bars=250㎛ for 

panels C) 
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5. External evaluation of lip / primary palate formation in group III embryos 

After 6 hours of microsurgical manipulations by rotation of bridging 

epithelium for 90 degrees in group III, the embryos stayed around H-H stage 24 

and showed a grafted epithelial cell lump with a pin in it between the globular 

and maxillary process (Fig. 10B-D). It kept a rectangular shape in an elevated 

mode than the surrounding non-manipulated epithelial cells. And the epithelial 

cells in the graft demonstrated the similar elongated cylinder shapes as those 

normal ones. 

After 24 hr of microsurgery, the embryos reached H-H stage 26 in the 

relatively normal appearance (Fig. 10E and F). The globular, maxillary and 

lateral nasal process became more prominent with the deepened nasal pit and 

furrow (the bridging epithelial region) between them. Those three processes are 

facing to each other, being ready for the fusion. The epithelial cells at the 

furrow between the processes as well as the grafted bridging epithelial lump 

showed different epithelial cell patterns. Their shape got rounder and pebble 

stone-like appearance (Fig. 10G). But the epithelium of the globular process 

(Fig. 10H) did not show the different pattern as that of normal (Fig. 7C).  

At H-H stage 28 after the 48 hours of surgical manipulation, the embryos 

showed the remarkable formation of CLP as compared with normal (Fig. 10I 

and J). The CLP was less than 100 um in width and extended from the 

stomodeum side to the nasal pit, lying between the globular and maxillary 

process and separating the primary palate from maxillary process. And the tip of 

the upper beak was deviated to the CLP side, which is a different phenotypical 

change as the human CLP. 
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Figure 10. The SEM images of group III embryos at each developmental stages. 

SEM images showed the embryos of group III at H-H stage 24 (A-D), stage 26 

(E-H) and stage 28 (K-L). 

(B, C) show the grafted epithelial cells that were fixed pin. The surrounding 

regions reveal the rounded and elevated shapes. 

(E-H) After 24 hr through the manipulation, the frontonasal mass approach the 

lateral nasal and maxillary processes. And the epithelial cells between the 

processes as well as the grafted cells are round and pebble stone-like shape. 

H indicates the epithelium of the globular process. 

(I-L) After 48 hr through surgical manipulation, the embryos show that the edge 

epithelium of globular and maxillary processes failed fusion and intervening 

cleft (white arrowhead). 

(K, L) show the maxillary and frontonasal side of the epithelium. 

(FNM, frontonasal mass; MxP, maxillary process; GE, grafted epithelium; P, 

pin for fixation; MdP, mandible process; LNP, lateral nasal process; scale 

bars=1㎜ for A, B, E and I; scale bars=500㎛ for panels C and F; Scale bars 

=250㎛ for panels J; Scale bars =50㎛ for panels D, G, H, K and C) 
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6. Histological evaluation of lip / primary palate formation in group II and III 

embryos 

As shown in Fig. 4 and 5, the embryos from group II showed normal lip / 

primary palate development, while those from group III showed typical CLP 

formation after microsurgical manipulation. So I could consider the group II as 

the control for the group III.  

The sequential histologic sections of the embryos on axial and coronal planes 

were examined at H-H stage 26, 27, and 28 in both group II and III (Fig. 11-16). 

At H-H stage 26, the epithelia of the maxillary and globular process in both 

groups appeared to face each other, as the processes’ outgrowth became evident 

(Fig. 11D-I, M-O). The epithelial fusion did not occur yet, but the superficial 

changes of the epithelium, including the formation of filopodia or round 

apoptotic cells, were occasionally observed in both groups. The increased 

epithelial thickness was seen near the base of the furrow between the maxillary 

and globular process at the both experimental and control side of group II and 

III (Fig. 11H, I, N, O, Q, R, and Fig. 12 G, H, P, Q). 

At the next H-H stage 27, there was a critical difference between the two 

groups. The epithelia between the maxillary or lateral nasal process and 

globular process were fused with each other to make epithelial seams in group 

II (Fig. 13B, C, E, F). Some of the seams were partially disintegrated to make 

mesenchymal bridges (arrowheads in Fig. 13E, H, N, O). However, in group III, 

the epithelia showed the marked different pattern. The epithelia of the lateral 
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nasal or maxillary process side were completely lost and the mesenchymal base 

was exposed as the normal fusion process (arrowheads in Fig. 14E, Q). But at 

the epithelium of globular process, none of such morphological changes were 

observed. Instead the epithelium remained intact without any disintegration, 

regardless of the epithelial fusion with lateral nasal or maxillary process (Fig. 

14 E, Q). And it is not clear that epithelial changes, like thickness or superficial 

filopodia-round cell formation, as well as the mesenchymal distribution took 

place at this area.  

At the normal H-H stage 28, the fusion process of three facial processes was 

completed to make lip / primary palate and it was same in embryos from group 

II (Fig. 15). The epithelia between the globular, maxillary, and lateral nasal 

process in group II were disappeared and replaced with the mesenchymal cells 

(Fig. 15E, F, N, and O). But those of experimental side from group III remained 

intact to form the seam, separating the lateral nasal, maxillary and globular 

process. (Fig. 16E, K) And the cleft formations between the maxillary and 

globular process were also observed in some sections (Fig. 16H) Evident 

epithelial changes were not observed and both sides of two facing processes 

were completely covered with epithelium that such mesenchymal exposure at 

H-H stage 27 (Fig. 14E, Q) could not be seen. In addition, some mesenchymal 

cell condensation was found mainly at the globular process just underneath the 

intact epithelium of cleft side (Fig. 16H, K). 
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Figure 11. The histological analysis of lip and palate in group II at H-H stage 26. 

The images in rows shows the sections on axial (A-I) and coronal planes (J-R) 

from rostral to caudal and from superficial to deeper direction (G-I, M-O). 

The epithelia between the maxillary process and frontonasal mass get closer 

to each other. Grafted epithelial layer of frontonasal process is shown in (Q). 

Arrows in (N, Q) indicate grafted epithelial layer of frontonasal mass. 

(FNM, frontonasal mass; MxP, maxillary process; GP, globular process; LNP, 

lateral nasal process; scale bars = 500㎛) 
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Figure 12. The histological analysis at H-H stage 26 of group III embryos.  

Non specific changes were observed as compared with the normal control 

side or those in group II. 

(FNM, frontonasal mass; MxP, maxillary process; GP, globular process; MdP, 

mandible process; LNP, lateral nasal process; scale bars = 500㎛ for all panels) 
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Figure 13. The histological analysis of lip and palate in group II at H-H stage 27. 

The section images in rows were shown on axial and coronal planes and its 

magnified views from rostral to caudal / from superficial to deeper direction of 

progression. They show the similar to normal lip fusion. (A-I, M-O)  

The epithelia of frontonasal mass, the maxillary and lateral nasal process were 

fused with each other to make an epithelial seam (B, C).  

The epithelial seams were getting lost with the infiltration of round shape 

mesenchymal cells (E, F, H, I, N, O). 

(FNM, frontonasal mass; Mxp, maxillary process; GP, Globular process; LNP, 

lateral nasal process; scale bars = 500㎛ for all panels) 
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Figure 14. The histological analysis of group III embryos at H-H stage 27. 

(D-F, P-R) The epithelium on the lateral nasal process side demonstrated the 

complete loss, exposing the mesenchymal base. But that on the globular process 

side did not show any sign of disappearance with the less superficial apoptotic 

and filopodia forming changes. Grafted epithelial layer of frontonasal process is 

shown in (R, S). 

(FNM, frontonasal mass; MxP, maxillary process; GP, Globular process; MdP, 

mandible process; LNP, lateral nasal process; Scale bars = 500㎛ for all panels) 
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Figure 15. The histological analysis of lip / primary palate region at H-H stage 

28 of group II. 

The epithelia between the globular, maxillary, and lateral nasal process were 

disappeared and replaced with the mesenchymal cells. 

(FNM, frontonasal mass; MxP, maxillary process; GP, Globular process; LNP, 

lateral nasal process; scale bars = 500㎛ for all panels) 
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Figure 16. The histological analysis of group III embryos at H-H stage 28. 

The epithelium of the control side showed the epithelial seam (C, O) or the 

complete loss with the mesenchymal continuity. 

The epithelium of the experimental side demonstrated the persistent epithelial 

seam (B, E, J) and the complete cleft (H, Q). And the cleft sided process were 

covered with the intact epithelium. 

(FNM, frontonasal mass; MxP, maxillary process; GP, Globular process; LNP, 

lateral nasal process; scale bars = 500㎛ for all panels) 
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7. Cell proliferation and apoptosis at the region of epithelial fusion for lip / 

primary palate formation   

 

As shown in Fig. 17, BrdU positive reactions for the proliferating cells were 

detected on both epithelium and mesenchyme of H-H stage 26 embryos in the 

maxillary process and the frontonasal mass in group II and III. Specifically the 

surrounding epithelia of the nasal pit were found to be BrdU-positive in both 

groups. And the areas of epithelia, where the globular and maxillary processes 

were facing each other, were lack of positive cells in group II and control side 

of group III (Fig. 17B, C, F). However, at the same area the BrdU positive cells 

were densely localized on the experimental side of group III, which was as 

dense as that of nasal pit (arrowhead in Fig. 17E).  

In the TUNEL assay to detect the cells under cell death, some increased 

number of positive cells were detected on the experimental side of both group 

Ⅱ and Ⅲ at H-H stage 27 (arrowheads in Fig. 18B, E). They were mainly 

located at the mesenchyme and epithelium of the lateral nasal and maxillary 

process. And similar distribution of positive cells was found only at the globular 

process of group II. On the contrary, some superficial epithelial cells at the 

rostral portion of globular process were positively stained. And there was no 

expression at the mesenchyme and caudal part of globular process, where the 

grafted bridging epithelium might be located, in group III (Fig. 18E). 
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Figure 17. BrdU assay for the detection of the proliferating cells at the region of 

the lip formation in group II and III at H-H stage 27. 

(B, C, E, F) The areas of epithelia, where the globular and maxillary process 

were facing each other, were lack of positive cells in group II and control side 

of group III. The BrdU positive cells were densely localized at the same area on 

the experimental side of group III. White arrowheads are the epithelia of the 

maxillary process and black arrowheads are the epithelia of the frontonasal 

mass. 

(FNM, frontonasal mass; MxP, maxillary process; GP, globular process; scale 

bars = 500㎛ for all panels) 
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Figure 18. TUNEL assay for the detection of programmed cell death in group II 

and group III. 

Apoptosis plays an important role in degradation of the epithelial seam during 

lip and primary palate fusion. These images are coronal section at the H-H stage 

26 embryos in group II and group III. (B, C, E, F) High-magnification in the 

fusional area between the maxillary and frontonasal processes. Expression 

patterns of group II and group III are almost uniform. 

(FNM, frontonasal mass; MxP, maxillary process; LNP, lateral nasal process; 

scale bars = 500㎛ for all panels) 
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8. Gene expression pattern in the lip / primary palate development 

At H-H stage 24, which is the initial stage for the detection of outgrowing 

facial processes to develop into the lip / primary palate, the expression of Bmp4 

in the normal embryonic face was detected on the surrounding epithelia of the 

nasal pit and rostral end of the maxillary process between the maxillary process 

and the bridging epithelium (Fig. 19A). Bmp7 showed the same expression 

pattern as that of Bmp4 as well as the epithelial expression at the stomodeal side 

of frontonasal mass (Fig. 19B). 

Fgf8 was found to be expressed at the epithelium of the nasal pit at the medial 

and lateral edge in the normal embryonic face at H-H stage 24 (Fig. 19C). But 

the expression was restricted to rostral portion that the region at the caudal end 

of nasal pit base (the same region as the rostral end of bridging epithelium) was 

devoid of expression.  

In order to detect the extent of surgically manipulated epithelial areas under 

the above mentioned gene expression in group I-V, I checked the gene 

expression patterns for the same genes in group I (Fig. 19D, E, F). Their general 

expression pattern was not different from the normal one, except the deletion of 

epithelial gene expressing area at the caudal end of medial edge and base of 

nasal pit for Bmp4 and Bmp7 (arrowheads in Fig. 19D, E). And for Fgf8, the 

caudal end of medial edge of nasal pit was the area that could be removed by 

surgical manipulation (arrowhead in Fig. 19F). 

Some marked different gene expression patterns were found at the embryos 

from group III while the normal patterns from group II (Fig. 20, 21). At H-H 
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stage 26, Shh was expressed at the middle edge of stomodeal side of the 

frontonasal mass in both groups (Fig. 20A, B). At H-H stage 28, the ectopic 

expression of Shh was found at the tip of globular and maxillary processes on 

the experimental side of group III (Fig. 20C, D).  

The expression of Bmp4 was detected at the epithelial domain of the medial 

edge of lateral nasal process and lateral edge of frontonasal mass in the both 

side of group II and also in the control side of group III at H-H stage 26 (Fig. 

20E, F). But at the experimental side of group III, that expression intensity was 

decreased as compared with normal expression (Fig. 20F). At H-H stage 28, 

Bmp4 was expressed at the epithelium as well as the mesenchyme of the lateral 

nasal process and frontonasal mass in group II and on the control side of group 

III (Fig. 20G, H). But the expression area of Bmp4 was decreased at the 

epithelium and mesenchyme of lateral side of frontonasal mass in the 

experimental side of group III (arrowheads in Fig. 20F, H). Moreover, this area 

of absent Bmp4 expression matched well with the cleft area as well as the area 

of grafted epithelial lump.  

At H-H stage 26, Bmp7 was shown to be epithelial expression at the lateral 

and stomodeal edges of frontonasal mass, the medial edge of lateral nasal 

process, and a part of medial edge of maxillary process in group II (Fig. 20I). 

For the embryos in group III, Bmp7 expression pattern was similar to that of 

group II except the slight decreased expression intensity at the experimental 

side. (Fig. 20J) At H-H stage 28, the epithelial and mesenchymal expression of 
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Bmp7 in group III was decreased at the stomodeal side of frontonasal mass on 

the experimental side, which matched with the cleft area (Fig. 20K, L). 

Fgf8 was expressed at the epithelium of the lateral edge of frontonasal mass 

and the medial edge of lateral nasal process at H-H stage 26 in the group II 

embryos (Fig. 21A). In group III, the embryos showed the lack of Fgf8 

expression at the caudal tip of lateral edge of frontonasal mass (Fig. 21B). And 

at H-H stage 28 their expression was lost at lip / primary palate region of both 

groups (Fig. 21C, D).  

Msx1 expression was found at the mesenchymal domain of whole lateral 

nasal process, rostral maxillary process and lateral side of frontonasal mass, as 

if they were surrounding the nasal pit, in group II at both stages (Fig. 21E, G). 

And for the experimental side of group III, the expression was decreased 

completely at the lateral nasal process region and partly at the lateral side of 

frontonasal mass region at H-H stage 26 (arrowheads in Fig. 21F). But the 

decreased expression was restored at H-H stage 28 (arrowhead in Fig. 21H). 

Msx2 showed the similar expression pattern as Msx1 and its expression 

domain was mainly at the epithelium and mesenchyme of lateral side of 

frontonasal mass at H-H stage 26 of group II (Fig. 21I). For the group III at the 

same stage, epithelial expression domain was completely lost and mesenchymal 

domain partly decreased (Fig. 21J). At H-H stage 28, there was no different 

expression pattern in group II and III and they were confined to the medial side 

of nasal pit (Fig. 21K, L). 
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Figure 19. In situ hybridization of Bmp4, Bmp7, Fgf8 in normal embryo (A-C) 

and group I (D-F) at H-H stage 24. 

(A) Bmp4 expression in the surrounding epithelia of nasal pits and rostral end of 

the maxillary process. 

(B) Bmp7 expression shows the same expression pattern of BMP4. 

(C) Fgf8 is expressed in epithelium of the nasal pit at the medial and lateral 

edge. 

(D, E, F) Gene expression is a little defection in the frontonasal side of the nasal 

pit and expression of the other area is same as normal embryos (white 

arrowheads). 

(FNM, frontonasal mass; MxP, maxillary process; LNP, lateral nasal process; 

scale bars = 250 ㎛ for all panels) 
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Figure 20. In situ Hybridization of Shh and BMPs in group II and group III at 

H-H stage 26 and stage28. 

(A-D) Expression of Shh, (E-H) Bmp4 and (I-L) Bmp7. 

(A, B) Shh expression pattern is the same as two group at stage 26. 

(C, D) Expression of Shh in group II is different from group III, expression of 

Shh is increased at the frontonasal side at H-H stage 28 in group III 

(arrowhead). Some epithelial signal can also be seen in (D). 

(E, G) Expression of Bmp4 is uniform in epithelium in the maxilla and 

frontonasal mass in the experiment and control side. 

(F, H) Expression of Bmp4 is down-regulated in epithelium of maxilla and 

frontonasal mass in the experimental side. 

(I, K) Expression of Bmp7 is uniform in epithelium in the maxilla and 

frontonasal mass in the experiment and control side. 

(J, L) Expression of Bmp7 is down-regulated in epithelium in the maxilla and 

frontonasal mass in the experiment.  

(FNM, frontonasal mass; GP, globular process; LNP, lateral nasal 

prominence; MxP, maxillary prominence; scale bars = 250 ㎛ for all panels) 
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Figure 21. In situ Hybridization Fgf8, Msx1, and Msx2 in group II and group III 

at H-H stage 26 and stage28. 

(A, B) Expression pattern of Fgf8 was down-regulated in the caudal tip of the 

frontonasal side epithelium from group III. 

(C, D) Non specific expression was found in lip / primary palate region in group 

II and III. 

(E, F) Msx1 was expressed in the mesenchyme surrounding the nasal pit in 

group II, and remarkably down-regulated on the frontonasal and lateral 

nasal process region in group III. 

(G, H) showed the recovery of the expression pattern from group III that both 

group embryos showed the same pattern of expressions. 

(I, J) Msx2 was expressed in epithelium and mesenchyme of nasal pit side of 

frontonasal mass from group II at stage 26 and it was down-regulated in 

group III. 

(K, L) The expression pattern of Msx2 at stage 28 did not show any difference 

from group II and III. 

(FNM, frontonasal mass; GP, globular process; LNP, lateral nasal 

prominence; MxP, maxillary prominence; scale bars = 250 ㎛ for all panels) 
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9. Cleft lip / primary palate could be rescued by exogenous BMP4 

In order to reverse the CLP development, the BMP4 protein or PBS soaked 

bead was implanted simultaneously just under the epithelium at the 

experimental side globular process of group III (Fig. 22A). After 48 hr of 

incubation to get to H-H stage 26, the PBS-treated group III embryos showed 

the lip/primary palate (N=15/16) (Fig. 22B, C). And the BMP4-treated embryos 

were found to be normal in lip/primary palate (N=30/32)(Fig. 22D, E). The 

globular and maxillary processes were tightly fused and no evidence of 

interprocess dehiscence was found. Some embryos of the same experiment were 

left to develop till H-H stage 38 and they also showed the normal upper beak 

and palate (N=3/4) (Fig. 22F). 

In addition the same PBS or BMP4 beads, as those done in the previously 

described experiment, were implanted into the bridging epithelium between the 

globular and maxillary process at H-H stage 24 to see if there might be some 

other developmental effects by them. (Fig. 22G). But they all showed the 

normal lip / primary palate after 48hr that I could confirm the such 

concentration of BMP4 bead to make neither deleterious nor additional effects 

to lip / primary palate development (Fig. 22H, I). 
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Figure 22. Bead implantation of exogenous BMP4 in normal and group III at H-

H stage 24. 

(A, G) Drawings represent the position of bead implantation and the 

microsurgical manipulation. 

D-F) Cleft lip / primary palate were rescued by exogenous BMP4 in epithelial 

manipulated embryos. 

(B, C) PBS treated embryos are the cleft lip and/or palate. 

(H, I) BMP4 and PBS soaked beads are implanted just under the epithelium 

between maxillary prominence and frontonasal mass at H-H stage 24 in 

normal embryos. After 48hr, morphological patterns are entirely normal. 

(GP, globular process; LNP, lateral nasal prominence; MxP, maxillary 

prominence; FNM, frontonasal process; scale bars = 500 ㎛ for all panels) 
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IV. DISCUSSION 
 

1. Morphogenetic process of the upper lip and primary palate 

 

The vertebrate upper lip and primary palate are formed by the freely 

projecting maxillary, medial nasal (sometimes called as frontonasal mass or 

intermaxillary segment), and lateral nasal prominences at the rostral and lateral 

boundaries of the primitive oral cavity. 

Facial morphogenesis in chick is slightly different from that in mammals, 

because the medial nasal process appears as a single entity sometimes referred 

as the frontal or frontonasal mass, and the entire embryonic chick face appears 

in a square configuration before lip fusion (Yee and Abbott, 1978; Young et al., 

2000; Cox, 2004). 

The fusion process of facial processes to make the lip / primary palate require 

directed outgrowth, contact of epithelia, removal of the epithelial seam through 

a combination of apoptosis, epithelial-mesenchymal transformation and 

formation of a mesenchymal bridge (Ferguson, 1988, Lee SH et al., 2004).  

At embryonic day E4 (H-H stage 23), the face of the chicken resembles that 

of the human at about 5 weeks and the mouse at E10.5 (Wang et al., 1995). 

Outgrowth of the prominences to make contact depends on proliferation within 

the facial mesenchyme and directed expansion (Minkoff and Kuntz, 1977; 

Minkoff and Kuntz, 1978; Peterka and Jelinek 1983; Patterson and Minkoff, 
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1985; McGonnell et al., 1998). And the epithelium provides a key signal 

required for outgrowth during the epithelial-mesenchymal interactions (Wedden, 

1987; Richman and Tickle, 1989).  

The frontonasal or medial nasal process begins to grow toward the lateral side 

to meet the maxillary processes. It makes the bulging of the epithelium between 

the maxillary and the frontonasal process to form the bridging epithelium (Fig. 

6B, C) and later to form the globular process (a corner of the frontonasal mass) 

(Fig. 7B). At the same time, the maxillary process fuses with the lateral nasal 

process of the developing nostril on each side.  

And the differential growth of the lateral nasal process and the distal end of 

frontonasal process, with the pronounced mesenchymal cell condensation 

immediately under the epithelium (Fig. 6I, J) bring about the pronounced 

elevation of the lateral nasal and the globular process, while approaching to 

each other. 

The maxillary and lateral nasal process then meet the globular process of the 

frontonasal processes, which are less developed than in the human or mouse 

(Sun D, 2000). The fusion of facial processes occurs primarily between lateral 

and medial nasal processes and is followed by fusion between maxillary and 

medial nasal processes. (Senders et al., 2003) But others reported it is between 

the globular process and the anterior-medial region of maxillary prominences at 

the base of the nasal slit (Romanoff, 1960; Will and Meller, 1981; Cox, 2004). 

According to our data based on histological and SEM results (Fig. 7), the initial 
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fusion occurs between the lateral nasal process and the globular process at the 

superficial level, followed by the fusion between the maxillary and globular 

process. 

Trasler (1968) emphasized the importance of fusion between medial and 

lateral nasal processes and postulated that lateral cleft lip results when this 

fusion process does not occur. But Ohbayashi and Eto (1986) carried out a 

microsurgical assay of relative contributions of the different facial processes in 

facial morphogenesis in rat embryos. They found that the removal of only the 

distal part of a medial nasal process resulted in cleft lip, indicating that the 

fusion between maxillary and medial nasal processes are not dependent on the 

prior fusion between the lateral and medial nasal processes. According to these 

data done by the microsurgical manipulation of bridging epithelium, the 

epithelial fusion process is clearly a preceding event, but not a necessary step 

for the loss of epithelial seam (Fig. 14E, Q). 

Once upper lip morphogenesis is complete, the lateral nasal processes form 

the sides of the nose, whereas the intact upper lip is composed of tissues derived 

from the medial nasal and maxillary processes. Although the lateral nasal 

processes do not contribute to the final upper lip, the type of cleft lip in which 

the cleft extends into the nostril is clearly indicative of failure of fusion of the 

medial nasal processes with both maxillary and lateral nasal processes during 

upper lip development. 
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Once they meet, a double layer of epithelium must be removed. Epithelial 

surface activity is known to be related to a higher incidence of facial clefting in 

A/WySn mice (Forbes, 1989). Cell proliferation data by BrdU assay showed 

that the normal epithelial cells before the fusion showed the decreased 

proliferating activity (Fig. 17C, F). And the epithelium of embryos which would 

develop into CLP (group III) demonstrated the persistent increase of cell 

proliferation before their fusion (Fig. 17E, indicated by arrowhead). 

Sun et al (2000) reported that the midline periderms or the outer layer of the 

epithelium of the lateral nasal at first and then maxillary and frontonasal process 

begin to undergo apoptosis as they approach each other between E4 and E5 (H-

H stages 23–26). Hinrichsen (1985) also reported that many rounded apoptotic 

cells were shown on SEM and histological analysis of chick embryos at the 

beginning of lip fusion (H-H stage 26), appearing to be detached from the 

surface of the furrow between the maxillary and lateral nasal processes as well 

as at the caudal end of the nasal pits where the medial and lateral nasal 

processes are in direct contact.  

On the SEM images of data, the apoptotic cells were shown as the round cells 

(Fig. 7D and Cox [2004]) mainly in the medial side of lateral nasal process at 

H-H stage 24 and the tip of the globular process at H-H stage 27(Fig. 8B). On 

histological section images, they were shown as the cells with the pyknosis, a 

pale enlarged cytoplasm and the pronounced cell periphery (Fig. 7E), and later 

as the round cells with empty cytoplasm without nuclei. At later stages of 
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development (H-H stage 27) these round apoptotic cells with empty cytoplasms 

were found in the middle layer of the epithelium and frequently at the periphery 

of the epithelial fusions.     

However the TUNEL (Fig. 18C, F) results showed that only a small number 

of cells were undergoing the cell death. It suggested that the process of 

programmed cell death occurs only at the superficial layer in a small number of 

cells, as described by Sun et al, 2000. 

The function of these apoptotic cells for the fusion of the two facing 

epithelium is not clear yet. But it has been hypothesized that death of periderm 

cells promote epithelial adherence by exposing basal layers of the opposed 

epithelia and permitting adherence junctions such as desmosomes to form 

between them (Sun et al., 2000). 

The epithelial changes for the fusion between these processes involve a 

formation of active epithelial filopodia and adhering interactions as well as 

programmed cell death. They occur simultaneously at the superficial layer of 

facing epithelium. On the histological sections, they are shown as the brush 

border (Fig. 7F, K, Q). And they are also shown in the SEM picture as strings 

connecting the lateral nasal and the globular process (Fig. 8D). 

All the events of epithelial fusion in embryonic development require initial 

forces to draw the two sheets or shelves covered by epithelium and a 

mechanism by which the epithelial fronts can then be knitted together to create 

a continuous epithelial layer (Paul and William 2002). In this context, the 
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filopodia have been accepted to have dual functions for this purpose: to exert a 

mechanical force and to sense specific positional cues. (Martin-Blanco and 

Knust, 2001). 

During the initial stage of the lip / primary palate development at H-H stage 

26, the filopodia formation as one of epithelial adhesion mechanisms was the 

most evident at the epithelium between the lateral nasal and globular process 

and the next was between the maxillary and globular process (Fig. 7R, Q). At 

the later stage the filopodia were found frequently at the periphery of the 

epithelial fusions, which strongly suggested that the filopodia formation is the 

prerequisite for the epithelial fusion (Fig. 8R, S). 

Around H-H stage 27, the approaching and meeting epithelia of the lateral 

nasal, maxillary, and globular process were fused to make one epithelial layer 

called epithelial seams with the thickness of 2-4 layered cells. This phase of 

epithelial seam formation, called as phase I, consists of a cadherin - dependent 

adherence event (Sun et al, 2000). And this phase I is essential for the 

subsequent stages, called as phase II, which are claimed to be consisted with 

overt EMT and demands the activity of appropriate growth factors triggered by 

signals from phase I. However, data clearly demonstrated that the disappearance 

of the epithelial coverage could occur in spite of the lack of complete epithelial 

seam formation (Fig. 14E, Q). This suggests the phase I may not be the 

prerequisite for the phase II of lip development. 
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By the end of E6 (H-H stages 28), the epithelial seam has been completely 

replaced by mesenchymal cells, resulting in confluence of the connective tissue 

across the lip. Two representative theories or the combination of them have 

been used to explain the process of the epithelial seam elimination in the 

primary palate / lip formation: the epithelial cells are removed via apoptosis or 

the epithelial-mesenchymal transformation (Sato, 2000; Sun et al., 2000). They 

will be discussed in detail later. 

After the complete fusion in the primary palate / lip, the process of 

ossification through intramembranous bone formation occurs (Romanoff, 1960), 

whereas chondrogenesis begins prior to fusion (Matovinovic and Richman, 

1997). Richman and Tickle (1989) have demonstrated that the frontonasal mass 

gives rise to the premaxillary bone in the chicken embryo. And Lee et al (fate 

map paper 2004) as well as Barlow and Francis-West (1997) have reported that 

the maxillary prominence give rise to the maxillary and palatine bones. These 

evidences suggest that maxillary, palatine, and premaxillary skeletal elements 

are derived from the maxillary prominence and the frontonasal process. 

 

2. Significance of the epithelial changes for the cleft formation of upper lip / 

primary palate 

 

It has been well recognized that the epithelium works for early patterning in 

the epithelial-mesenchymal interaction, and is essential for the mesenchymal 
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cell survival and outgrowth. Hypothesis was that the bridging epithelium 

between the maxillary process and the globular process of the frontonasal mass 

is critical for the guidance of the processes growing toward each other and the 

fusion process to eliminate itself.  

So I performed the microsurgical manipulation of the bridging epithelium 

between the maxillary and globular process before each process grow enough to 

get their original shape and to meet each other at H-H stage 24. At first, I 

removed that bridging epithelium in rectangular shape (as shown in Fig. 1 and 

19D-F) and the embryos of this group I showed the infrequent formation of cleft 

lip and primary palate (N=58/177). So it seemed to me that some epithelial 

compensatory mechanism has been working to make normal lip and primary 

palate. 

In order to evaluate the possibility that the bridging epithelium has the 

orientation cues to guide the surrounding facial processes, I rotated the 

epithelium at the different angles, like 0, 90, and 180 degrees in clockwise way. 

In order to avoid the confusion of orientation, I made the incision in rectangle 

rather than in square. 

The results from the rotation in 0 (group II) and 180 degrees (group IV) 

showed the high incidence of normal upper lip / primary palate (N=52/55 in 

group II and N=48/55 in group IV). The histological evaluation of most 

embryos with the 0 degree of rotation revealed the normal growth and fusion 

pattern at the experimental side, which were exactly same as the control side as 
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well as those of the normal embryos at all stages. It suggests that the 

experimental procedure dealing with the bridging epithelium per se did not 

influence the later developmental progress. 

But the embryos of the group III and V showed the high incidence of cleft 

primary palate with or without cleft lip (N=133/171 in group III and N=93/105 

in group V). It meant to me that the nature as well as the direction of the 

bridging epithelium is essential for the normal lip / primary palate development 

and if there were an error at the bridging epithelium, it would cause CLP. In 

order to search for the involved factors for CLP formation in relation to the 

bridging epithelium, I made several sets of serial histological sections of lip and 

palate region of chicken embryos from H-H stage 26 to 28 of group II and III.  

At H-H stage 26, the embryos from group III seemed to show the relatively 

normal epithelium and mesenchyme of facial processes before their fusions, like 

those of group II (Fig. 11 and 12). As described in the previous section, the 

main cause of CLP formation was the failure of the epithelial disintegration at 

the globular process. So it is not clear at the moment whether a epithelial 

change like filopodia formation occurred at this stage of globular process. It 

should be clarified in detail in the future works. 

 The following stage of lip development at H-H stage 27, the epithelia 

between the maxillary, lateral nasal and globular process were fused with each 

other to make a seam in group II and III (Fig. 13, 14). And some of epithelial 

seams were getting lost with round mesenchymal cell infiltration (Fig. 13 E, F). 
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But there was a markedly different pattern of epithelial changes at the globular 

side of group III embryos. The epithelium at the side of lateral nasal and 

maxillary process demonstrated the definite loss or under its way to expose the 

mesenchymal base (Fig. 14F, I, R). On the contrary at the globular process side 

they did not show any sign of epithelial disappearance with or without the less 

superficial apoptotic and filopodia forming changes. So now it is clear that this 

type of epithelial changes contributes enough to form the CLP. And some more 

signaling related works were made to evaluate the basic mechanism or the 

contributing signals. 

 

3. Genes and molecular pathways guide a normal or a cleft lip and primary 

palate. 

 

Some genes including growth factors clearly play an important role in the 

stimulation and disintegration of epithelium in the lip and palate development. 

But relatively few candidate genes have been linked to nonsyndromic CLP 

(Schutte and Murray, 1999). They are BMP including MSX1 and MSX2, TGF, 

TBX and so on. 

The Bmp signaling pathway has been shown to regulate diverse 

developmental processes, including cell proliferation, differentiation, apoptosis, 

and tissue morphogenesis (reviewed in Wan and Cao, 2005). Francis-West et al. 

(1994) first showed that Bmp2 and Bmp4 mRNAs were expressed in dynamic, 
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spatiotemporally regulated patterns in the developing chick facial primordia, 

with BMP4 having highly restricted expression in the distal epithelia of the 

medial nasal, lateral nasal, maxillary and mandibular processes. Ectopic 

application of BMP2 or BMP4 protein induced overgrowth and changed the 

patterning of the chick facial primordia (Barlow and Francis-West, 1997).  

And expression patterns of Bmp2 and Bmp4 in the facial ectoderm correlated 

with the largely overlapping mesenchymal expression domains of the 

homeobox genes Msx1 and Msx2 in the developing facial primordial (Gong and 

Guo, 2003). Zhang et al (2002) indicate that Bmp4 and Msx1/Msx2 function in a 

common molecular pathway essential for facial growth and upper lip 

morphogenesis. 

Moreover, ectopic Bmp2 or Bmp4 activated Msx1 and Msx2 gene expression 

in the facial mesenchyme (Barlow and Francis-West, 1997), suggesting the 

Msx1 and Msx2 are downstream transcription factors of the Bmp pathway.  

Heterozygous loss of function of the Msx1 gene has been associated with CLP 

and tooth agenesis in humans (van den Boogaard et al., 2000). Furthermore, 

missense mutations and variants in the Msx1 gene have been associated with 

nonsyndromic CLP (Lidral et al., 1998; Jezewski et al., 2003). Although mice 

deficient in Msx1 have cleft palate but not CLP (Satokata and Maas, 1994), 

mice lacking both Msx1 and Msx2 gene function exhibited bilateral CLP and 

their roles may be associated with the facial mesenchymal proliferation (Y. Chai, 
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2006). So it is well accepted that Msx1 and Msx2 are critical for the CLP 

development. 

An important role for Bmp4 is possibly involved in mediating the process of 

programmed cell death or apoptosis of cells in the superficial peridermal cells, 

leading to lip fusion and confluence of epithelial seams through epithelial-

mesenchymal transformation (Sun et al., 2000; Gong and Guo, 2003).  

Recently, Liu et al. (2005) reported that tissue-specific inactivation of either 

Bmp4 or a Bmp type I receptor gene in the facial primordia caused cleft lip. 

Interestingly, inactivation of Bmpr1a caused elevated apoptosis in both the 

prefusion epithelium and the distal medial nasal mesenchyme (Liu et al., 2005). 

On the other hand, the inhibition of BMP signaling in the chick facial primordia 

with BMP antagonist, Noggin increased epithelial survival (Ashique et al., 

2002). I cannot say which report is right here. But according to data, the 

decreased Bmp expression by the epithelial rotation caused the sustained 

epithelial survival. It meant that the report by Ashique et al (2000) might be 

right, but the problem is that they found the increased BMP expression by a 

Noggin bead implantation, instead of down regulated BMP expression. I think 

the increased BMP signaling is essential for the epithelial loss to complete the 

lip fusion. This can be additionally justified by the fact that CLP embryos 

induced by the epithelial manipulation were rescued by the additional BMP4 

protein application. 
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Fgf and their cell surface receptors (Fgfr) play important roles in a variety of 

processes of embryogenesis and tissue homeostasis (Itoh and Ornitz, 2004; 

Chen and Deng, 2005; Dailey et al., 2005; Eswarakumar et al., 2005). There are 

22 Fgf genes in humans and mice, several of which are expressed in partially 

overlapping and dynamic patterns in the developing mouse facial primordia 

(Francis-West et al., 1998; Colvin et al., 1999; Bachler and Neubuser, 2001). 

Fgf signaling regulates facial primordial outgrowth. Direct genetic analysis of 

the roles of Fgf genes in facial morphogenesis, however, has been complicated 

by early embryonic lethality and functional redundancy (Dailey et al., 2005). 

In particular, Fgf8 is expressed broadly in the frontonasal and mandibular 

epithelia before outgrowth of the nasal processes and its expression becomes 

highly localized to the nasal pits as well as in the maxillary epithelia during 

active facial primordial outgrowth (Bachler and Neubuser, 2001). Specific 

inactivation of Fgf8 in the forebrain and facial ectoderm led to severe facial 

defects, including midfacial cleft (Firnberg and Neubuser, 2002). These indicate 

that FGF signaling plays essential roles in midfacial growth. 

According to the analysis data, the CLP formation by the manipulation of 

bridging epithelium seems to be related with the problem of epithelial integrity, 

not the problem of outgrowth of the facial processes. However it is possible that 

the outgrowth of the globular process may be hindered the epithelial 

manipulation, which was evidenced by the lack of outgrowth in some of group 

III embryos. And this undergrowth of the globular process may be related with 
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the decreased Fgf8 expression at the globular process part of frontonasal mass 

(Fig. 21B). 

Sonic hedgehog (Shh) is a member of the Hedgehog family of secreted 

proteins and possesses the remarkable morphogenetic patterning activity 

(reviewed in Ingham and Mc-Mahon, 2001). During facial outgrowth, Shh is 

expressed in the ectoderm of the facial primordia (Echelard et al., 1993; Hu and 

Helms, 1999; Jeong et al., 2004). And Helms et al. (2005) discovered that Shh is 

expressed in the epithelium of maxillary and frontonasal processes at the time 

they are preparing to fuse to form the upper lip.  

Whereas a targeted null mutation in Shh caused severe cranial deficiencies 

that initially precluded direct assessment of the role of Shh in facial 

morphogenesis (Chiang et al., 1996), the inhibition of Shh signaling from the 

epithelium in the outgrowing chick frontonasal process with a function blocking 

antibody inhibited facial outgrowth and caused cleft lip (Hu and Helms, 1999). 

In addition, Hu and Helms (1999) demonstrated that Shh blocking antibodies 

applied to pre-fusion chick faces produces bilateral clefts.  

Ahlgren and Bronner-Fraser (1999) showed that inhibition of Shh in the 

cranial mesenchyme also caused neural crest mesenchymal cell death. This role 

of Shh for the sustaining the epithelial cell survival and the prevention of cell 

death can be significant for the lip development. As described earlier, Shh 

expression of group III at H-H stage 28 showed the marked elevation of 

expression at the marginal epithelium of the cleft forming region (Fig. 20D). 
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By summarizing all these findings, the increased BMP signaling and loss of 

FGF and SHH expression was correlated with increased cell death, decreased 

proliferation, and CLP formation. Their networking relationship is not clear yet, 

but their system must be working in the lip / palate development, as well as in 

the brain development (Ohkubo et al., 2002). 
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V. CONCLUSION 
 
By analyzing the developmental pattern of the normal and microsurgically 

induced cleft chicken embryos, I could confirm that the epithelia between the 
frontonasal mass and the maxillary process are essential for the developments of 
the lip and primary palate. And the epithelia especially at the globular process 
of the frontonasal mass and at the tip of the maxillary process, where Bmp, Shh 
and its downstream genes are known to be expressed, are critical for the fusion 
process of them. 

 
1. During the normal lip developmental process, the epithelia between 

maxillary, lateral nasal and globular process were juxtaposed before their 
fusion. 

 
2. The typical changes of the epithelium before the lip fusion were the 

decreased cell proliferation and the appearance of the bulging round 
apoptotic cells and the string-like filopodia. 

 
3. The epithelial seam formed by the epithelial fusion of maxillary, lateral 

nasal and globular process was shown to be regressed earlier on the 
maxillary process side than on the globular process side. 

 
4. The bridging epithelium between the globular and maxillary process before 

the fusion was essential for the sustained cell proliferation to make the 
outgrowth and for the cell death to make epithelial seam and regression by 
the propagation of signaling molecules. 

 
5. The embryos with the 90 degrees of rotated epithelium or transplanted limb 

epithelium manifested the cleft lip / primary palate, but other group of 
embryos with the 0 or 180 degree of rotation did not. 
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6. The main histological pattern of the cleft embryos included the lack or late 
disappearance of the epithelium of the globular process side, which was 
facing the lateral nasal and maxillary process. 

 
7. The embryos with the cleft lip / primary palate and the failed part of 

epithelial disintegration showed the changed expression pattern, including 
the decreased Bmp4 and Fgf8 and the increased Shh. 

 
8. Ectopic application of Bmp4 beads rescued the cleft forming embryos with 

the 90 degrees of rotated bridging epithelium, which strongly suggest that 
the integrity of the epithelial seam depends on the Bmp4 signals. 

 
In summary, the up regulated BMP and down regulated FGF and SHH 

signaling control the cell death, proliferation, and normal lip / primary palate 
formation. And the bridging epithelium between the globular and maxillary 
process critically controls the spread of these signals that a failure their 
networking signal would cause CLP. 
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Abstract  (in KOREA) 

 

윗입술 발생과정에서 Bmp4에 의한 epithelial seam 소멸 과정의 조절 

 

<지도교수 이상휘> 

연세대학교 대학원 치의학과 

박 정 국 

 

얼굴 발생 과정에서 인두궁 돌기 중 maxillary process 와 globular 

process 는 서로 만나 윗입술과 일차 구개를 형성한다. 이 발생 과정 

초기에 상악, lateral nasal, globular 돌기를 둘러싼 상피는 바로 

인접하게 접근한다. 이 상피들의 융합 바로 전 단계 상피에서는 세포 

증식의 감소, 둥근 사멸 세포의 출현과 filopodia 의 생성을 보여준다. 

그 후 위 돌기들의 상피가 융합되면서 epithelial seam 을 만들고, 

maxillary process 쪽에서 시작되어 globular process 쪽으로 

seam 이 없어지는 과정이 진행되며 융합을 이룬다. 

Maxillary process 와 globular process 사이의 Bridging 

epithelium 을 90 도 돌리거나 (실험 제 3 군) 날개 상피로 이식한 

배아들 (제 5 군)은 입술과 일차구개 부위의 열개 (cleft)를 보였고 

상피를 0 도 (제 2 군), 180 도 (제 4 군) 회전시킨 배아들에서는 열개 

발생률이 매우 낮았다. 열개를 보인 실험 제 3 군 배아의 조직학적 
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특징으로는 globular process 쪽 상피의 소실이 방해되는 것으로 

나타났다. 

또 열개를 보이는 제 3 군 배아들에서는 여러 유전자 발현 변화가 

관찰되었는데 여기에는 Bmp4 와 Fgf8 발현 감소와 Shh 발현 증가가 

포함되었다. 그러나 같은 군의 배아에 BMP4 단백질을 추가로 

투여하였을 때 열개 발생은 없어졌으며 이를 통해 epithelial seam 의 

유지에는 BMP4 신호계가 중요함을 알 수 있었다. 

정리하면 Bmp 유전자의 발현 증가와 Fgf, Shh 의 발현 감소는 세포 

사멸, 증식 그리고 입술과 일차구개 형성을 조절함을 확인할 수 

있었다. 또 globular process 와 maxillary process 사이의 bridging 

epithelium 은 위 신호계의 전달에 관여하며 이들 신호계의 

네트워킹과 전달이 실패한 경우 입술-구개의 열개를 발생시킬 수 

있다. 또 이 bridging epithelium 은 상피간 결합 이전 단계에서 세포 

분화를 유지해 얼굴 돌기가 자라나올 수 있도록 하고 세포 사멸을 

유도해 epithelial seam 을 만들고 바로 없어지도록 조절하는데 

관여한다.  

______________________________________________________________________ 

핵심 되는 말: epithelial seam, bridging epithelium, Bmp4, 세포 사멸, 융합, 

윗입술, 일차구개, 발생, 구순구개열 
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