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Structured Abstract

Authors — Brown NL, Sandy JR

Objective — To determine whether palatal medial edge epithelium (MEE) is
specialized in its ability to disappear compared with other embryonic, non-palatal,
epithelium.

Subjects — Embryonic tissues harvested from CD1 mice.

Methods — Organs were cultured in 2 ml of DMEM/F12 supplemented with 300 ug/
ml L-glutamine and 1% penicillin/streptomycin. Organs were cultured under various
conditions including opposing other organs and opposing an inert material for a
period of 6 days. Tissues were then processed for histological examination.
Results — MEE of shelves opposing nothing persisted, whereas MEE of shelves
contacting another shelf disappeared. When a tail was placed against a palatal shelf
the MEE disappeared, as did the epithelium from the tail, resulting in fusion between
the shelf and tail. Furthermore, when palatal shelves were placed against an inert
material the MEE disappeared, suggesting pressure alone is a sufficient stimulus to
initiate disappearance of the MEE, and that the interaction between the two palatal
shelves is not a prerequisite for the disappearance of MEE. Moreover, when two
embryonic tails were cultured in close apposition they fused, as did paired limbs.
Non-palatal epithelia also disappeared after contact with inert materials. Epithelial
disappearance began within 24 h of contact, but there was an age limit.
Conclusion — These findings suggest that embryonic epithelium from non-specific
sites around the body has the ability to disappear with mechanical contact resulting
in fusion of tissues. MEE may not be as specialized as once thought.
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Introduction

Normal palate development is a crucial developmental process, if it fails a
cleft results and neonatal feeding is difficult because of an inability to create
an effective oral seal necessary for swallowing. Most forms of abnormal
palate development result in lethality for all animals except humans, who
have the ability to repair the defect. In man, cleft lip and palate occurs in
about 1in 700 live births (1). The aetiology is regarded as multifactorial and
there are no recognized strategies to prevent palatal clefting.

Human and mouse secondary palate development is strikingly similar.
Two mesenchymal swellings surrounded by a layer of epithelium derived



from the first branchial arch form and grow on either
side of the tongue. In the mouse, lateral palatine pro-
cesses (shelves) can be clearly seen at embryonic day
(ED) 13.5. These palatal shelves then elevate above the
tongue, the medial edge epithelium (MEE) of shelves
contact, adhere (ED14.5), form a transitory midline
epithelial seam (MES) and finally fuse after loss of the
MES (ED15.5) (2, 3).

The MEE of each palatal shelf before shelf contact
consists of two layers, the inner basal layer and
superficial periderm (4-6). It has been proposed that
periderm is lost either by peeling/sloughing or migra-
tion prior to shelf contact, or in the posterior palate
may become trapped between the shelves after contact
and undergo apoptosis within the MES (4, 7-10). It is
generally accepted that cells of the basal layer form the
MES and a number of mechanisms have been pro-
posed for its disappearance; epithelial to mesenchymal
transformation (EMT) (4, 11-14), apoptosis (15-17) and
epithelial migration to either the oral or nasal epithe-
lium (18, 19) or finally a combination of the mecha-
nisms (20). The role of EMT has recently become a
contentious issue. A number of studies have considered
EMT as a mechanism during MES loss, yet others have
reinforced it (14, 21, 22). Despite these studies, it is still
not clear which mechanism or combination of mech-
anisms are responsible for MEE/MES disappearance, or
even what initiates them. Furthermore, total epithelial
loss at the medial edge can occur before palatal shelves
even contact, resulting in direct apposition of mesen-
chyme (23). There are also regional differences in gene
expression, fusion ability, cell death and teratogen
susceptibility along the length of the shelf (17, 24, 25).
However, during normal palatogenesis the final result
is mesenchymal continuity and fusion in the midline of
the palate.

Development of avian palates differs. The palatal
shelves grow horizontally towards one another and
contact but never fuse, and the persistence of the MEE
results in a non-fused persistent seam between
adhered shelves (26). Despite this lack of epithelial
breakdown, contact between the palatal shelves is
necessary for normal development, and a true avian
cleft palate (rather than a physiological cleft) still
results in mortality (27). Interestingly, if paired chicken
palatal shelves are cultured in contact after removal of
the beak the MEE will start to disappear without the
need of any additional growth factors (28). Alligator
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palatogenesis is similar to that of humans with con-
fluence in the midline, but the posterior one-fifth of the
secondary palate grows along the side of the tongue
and unites with the floor of the mouth (29). If the alli-
gator palatal shelf is able to fuse with the floor of the
mouth as well as the opposing palatal shelf, and chick
shelves are capable of fusing in culture when placed in
close apposition, does the MEE at the appropriate time
of normal palate development break down simply
because of mechanical contact?

Mutant mice with a genetic deletion in either Jagged
2 or Fgf10 are of interest. Mutants develop a cleft pal-
ate, but the palatal shelves fuse with the lateral borders
of the tongue (30, 31). The epithelium of the tongue
and palate unite, the MEE disappears (as does the
epithelium of the tongue in the region of contact), and
the mesenchyme of the palate becomes continuous
with the tongue. Other mutant mice provide evidence
for a mechanical trigger for MEE breakdown. Homo-
zygous Msx-1 mice have cleft palate, yet in a similar
manner to avian palates, when the palatal shelves are
cultured in close proximity, they fuse (32). Colllal
mutant mice also develop cleft palate, and as in the
homozygous Msx-1 mice the ‘cleft’ palatal shelves fuse
when cultured (33). Epidermal growth factor receptor-
deficient (Egfr™’") mice have facial defects including a
high incidence of cleft palate yet palatal shelf explants
from the ngr’/ ~ mice fuse in culture (34). Furthermore,
mice with transforming growth factor beta (TGF-p)
receptor 2 conditional gene ablation have complete
cleft secondary palate, but the midline epithelium of
the mutant palatal shelf remains functionally compet-
ent to mediate palatal fusion once the palatal shelves
are placed in close contact in vitro (35). This suggests
the cause of cleft palate in these animals is failure of the
palatal shelves to make contact and adhere in the first
instance. Certain strains of mice have an increased
incidence of palatal clefts, for example 15-40% of
newborn CL/Fr strain mice are affected with sponta-
neous cleft lip and palate (36-41). Sixty per cent of the
clefts are bilateral cleft lip which, in this strain, may be
associated with poorly developed secondary palate and
wide cleft (42). When palatal shelves are dissected from
CL/Fr embryos with bilateral cleft lip and cultured so
that the palatal shelves are in contact, the shelves fuse
within 48 h (43). Moreover, when normal murine pal-
atal shelves at ED13.5 are cultured, a critical distance of
0.48 mm is necessary for palatal clefting (44). This
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inter-palatal separation of 0.48 mm or greater, consis-
tently results in non-fusion.

Other studies of mice with cleft palate report non-
fusion after culture of the mutant palatal shelves. TGF-
f signalling is one of a number of molecular pathways
that are crucial to normal palatogenesis (3, 45). TGF-f33
signalling operates in the MEE and MES regression is
mediated by the TGF-f type II and the TGF-f type I
receptor (Alk5)/Smad pathway (22, 24, 46, 47). While
inactivation of epithelial Alk5 or Tgfbr2 generates par-
tial cleft palate (22, 24, 46), TGF-f3; mutants display
either a complete or partial secondary cleft (48, 49).
Furthermore, when shelves of the TGF-f; knockout
mouse or the TGF-pf type I receptor gene Alk5 mutant
are cultured in close apposition the MES persists and
shelves fail to fuse (15, 46, 50).

However, fusion does occur when a wild-type palatal
shelf is cultured with a TGF-f; knockout shelf. It has
been hypothesized that TGF-f3 synthesized in the wild-
type shelf diffuses across and induces phenotypic
changes in the knockout shelf in order for fusion to occur
(6). A point of note with respect to this cleft model is that
all TGF- 5 knockouts exhibit cleft palate to some degree.
The degree of severity of the cleft is dependent on the
background of the knockout mouse (49). When TGF-f33
knockout mice are kept on a mixed background
(129 x CF-1) partial cleft palate is frequent and total cleft
palate is rare. In those mice with partial clefts a few
elongated islands of the MEE persist in the fused region
(6). Regardless of these islands of epithelium, the area
within the palate is defined as being fused. This suggests
the majority of TGF-f3; knockout shelves have retained
an ability to fuse, albeit partially. Furthermore, in other
murine knockouts that exhibit cleft palate, such as the
TGF-f5 (51), GAD67 (52) and Lhx8 models (53), not all
homozygotes have cleft palate. It seems then that dele-
tion of the gene alone in these animals is not sufficient to
cause a cleft. Genetically identical siblings reinforce the
concept that the cause of clefting is not due to genetics
alone. In monozygotic twins one sibling may have a cleft
with the other unaffected (54).

When all of these points are considered (with the
exception of the paired TGF-f3 knockout palatal shelf
culture results),
although the aetiology of cleft palate is multifactorial,
ultimately it is due to a deficiency in palatal shelf
growth/proliferation with absent or inadequate contact
of opposing palatal shelves.

evidence seems to indicate that
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A number of methods for culture of palatal shelves
have been described (50, 55-57), but some methods
(such as roller culture) are not suitable if organs need to
be static for the duration of culture. The Trowell pro-
cedure is more frequently used than others. The dis-
section technique involves removal of the palatal
shelves with disruption of their natural relationships.
The MEEs are artificially approximated, and this
method lends itself well to the study of epithelial dis-
appearance. We used this technique to test the hypo-
thesis that any prolonged mechanical contact with
palatal MEE (at the time of normal palatal shelf con-
tact) is sufficient to initiate breakdown of the epithe-
lium, regardless of the nature of the opposing tissue.

Materials and methods
Organ culture

CD1 mice were mated overnight and females were then
isolated the next morning. The presence of a vaginal
plug was taken to represent EDO0.5, and if pregnant, the
females were killed by cervical dislocation at the
appropriate embryonic age. Embryos within each litter
were divided so that control experiments were per-
formed within that litter. Palatal shelves were dissected
from ED13.5 embryos as described by Taya et al. (6).
Tails and forelimbs were also removed from ED13.5
embryos with a simple incision to detach the tail or
limb from the trunk of the embryo. Care was taken to
minimally handle each specimen thus avoiding dis-
ruption of the epithelium. The embryonic tissues were
cultured as described by Taya et al. (6) and Erfani et al.
(58). Briefly, 2 ml of DMEM/F12 (Gibco, Paisley, UK)
supplemented with 300 pug/ml L-glutamine (Sigma,
Poole, Dorset, UK), 50 pg/ml glycine (Sigma), 100 ug/
ml ascorbate (Sigma), and 1% penicillin/streptomycin
(Sigma) was placed into each well of a 6-well com-
panion plate (Becton Dickinson, Cowley, Oxford, UK).
Dissected ED13.5 tissues (palatal shelves, limbs and
tails) or whole embryos (ED13.5-16.5) were then placed
into 0.45 pum pore size PET track-etched membrane cell
culture inserts (Becton Dickinson). Individual palatal
shelves were either cultured with the MEE contacting
the other palatal shelf MEE from the same embryo,
with the palatal MEE contacting wax, or with the pal-
atal MEE contacting the tail of the same embryo.
Unopposed palatal shelves and unopposed embryonic



tails were cultured as controls. Tails were also cultured
in close contact with another tail, and limbs were cul-
tured either unopposed or contacting other limbs.
Whole embryos were cultured either alone or in contact
with another embryo. A summary of all organ culture
pairings can be seen in Fig. 1. Where contact was
required, tissues were placed in close contact without
distorting the tissues. Culture inserts containing the
organs were placed inside the companion plate con-
taining medium and cultured at 37°C in a humidified
atmosphere. Culture medium was replaced after 3 days
for tails, limbs and palates, and daily for whole embryo
culture. After 6 days tissues were prepared for histo-
logical analysis.

Histology

All cultured embryonic material was fixed in formal
saline (BDH, Poole, Dorset, UK) for 24 h and prepared
for histology on a Shandon processor 2LE with graded
industrial methylated spirits (IMS, BDH), xylene (BDH)
and paraffin wax baths. Tissues were then embedded in
paraffin wax, sectioned on a microtome (2 ym thick
cross sections) and stained with haematoxylin and
eosin for histological analysis. The epithelium at the
point of contact was examined for its disappearance
using standard light microscopy. The presence of epi-
thelial disappearance with mesenchymal continuity
was defined as fusion.

Immunohistochemistry

Wax-embedded tissue sections 2 um thick were placed
onto polylysine-coated slides and incubated overnight at
37°C. This was followed by three xylene rinses for 3 min
each, a rinse in IMS, a distilled water rinse, and
immersion in 3% hydrogen preroxide (BDH) for 15 min
followed by another distilled water rinse. Then 200 pl of
a 2% stock of trypsin (DAKO, Ely, Cambridgeshire, UK)
plus 3.8 ml of 1% calcium chloride (BDH) was placed
onto each slide and left at 37°C for 30 min, followed by a
wash with phosphate-buffered saline (PBS, Sigma).
Normal DAKO, Ely,
Cambridgeshire, UK) or primary antibody (1:70 pan
cytokeratin polyclonal; Zymed, San Francisco, CA, USA)
was then added for 1 h at room temperature followed by
a further PBS wash. Swine anti-rabbit secondary anti-
body (1:400, DAKO) was then placed on each slide for

swine serum (controls;
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Fig. 1. Summary of the different organ culture pairings and controls
used. A palatal shelf alone (A), two palatal shelves with medial edge
epithelium in contact (B), a palatal shelf with medial edge epithelium
contacting wax (C), a palatal shelf with medial edge epithelium
contacting a tail (D), a tail cultured alone (E), two tails cultured
in contact (F), a limb cultured alone (G), and two limbs cultured in
contact (H). Whole embryos were cultured alone (I), with heads
in contact (J), with backs in contact (K), with the embryo head con-
tacting the side of the Perspex culture dish (L), and with its back
contacting the side of the Perspex culture dish (M). Photograph of two
embryos cultured with heads contacting (N).

30 min at room temperature followed once more by a
thorough PBS wash. Streptavidin horseradish peroxidase
(1:500, DAKO) was placed over sections and left for
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Fig. 2. Haematoxylin and eosin-stained sections of embryonic day 13.5 tissues after culture for 6 days with or without contact. The medial
edge epithelium (arrowhead) of palatal shelves (p) cultured without contact remained intact (A), and when palatal shelves were cultured in
contact, the epithelium disappeared (*), resulting in fusion (B). Epithelium of tails (t) cultured alone remained continuous (C), but when tails
were cultured in contact with the palatal shelf medial edge epithelium, fusion between the palatal shelf and tail occurred with disappearance of
epithelium from the tail and palate (D). Medial edge epithelium disappeared from palatal shelves cultured in contact with wax (E). Wax cannot
be seen, as this is lost during histological preparation. Epithelium of the tail disappeared at the contact point when two tails were cultured in
contact, resulting in fusion of the two tails (F). Limbs (1) cultured in contact also fused, with concomitant loss of epithelium (G). Scale bars

represent 0.1 mm.

30 min, again followed by a thorough PBS wash.
Diaminobenzidine (DAKO) was placed on each slide for
6 min. Slides were then rinsed and stained with haem-
atoxylin for 40 s. After another water rinse and three
rinses in IMS, slides were immersed in xylene for 5 min
and then mounted with cover slips, allowed to dry and
viewed under an Olympus light microscope.

Statistics

The Fishers exact test was applied to test the signifi-
cance of the culture results.

Results
Contact from a non-palatal source can initiate palatal MEE

disappearance

As a negative control, individual ED13.5 palatal shelves
were cultured with the MEE free of any contact
(Fig. 2A). In all shelves, after 6 days of culture the epi-
thelium remained continuous at the medial edge.
Positive controls comprised pairs of palatal shelves (30
individual shelves in total) cultured with their MEE in
contact and 14 of 15 pairs fused (Fig. 2B), the mesen-
chyme was continuous and the palatal shelf MEE had
disappeared. As a further control, 15 embryonic tails
were cultured alone, and without exception, the epi-
thelium remained continuous with no evidence of
epithelial disappearance (Fig. 2C).

In the first of the experimental groups, 12 palatal
shelves were cultured so that each shelf opposed the
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tail from the same embryo. The hypothesis tested was
that the mechanical contact from the tail would be
adequate to initiate MEE disappearance. In 10 of 12
shelves the epithelium disappeared at the medial edge
(Fig. 2D). Furthermore, in these shelves the epithelium
of the tail also disappeared, resulting in fusion between
the palate and tail. The contact between tail and palate
had initiated disappearance of the MEE. Results are
summarized in Table 1.

Table 1. Epithelial disappearance in murine embryonic day 13.5
organs cultured for 6 days following harvest

Epithelial contact Epithelial

during culture disappearance p (Fishers exact)

Palatal shelf MEE 0/15
unopposed
Palatal shelf MEE 28/30 <0.0001
contacting palatal (14/15 pairs)
shelf MEE
Palatal shelf MEE 10/13 <0.0001
contacting wax
Tail unopposed 0/15
Tail contacting palatal 10/12 <0.0001
shelf MEE (or vice versa) (10/12 pairs)
Tail contacting tail 24/28 <0.0001
(12/14 pairs)
Limb unopposed 0/5
Forelimb contacting forelimb 12/12 <0.001
(6/6 pairs)

MEE, medial edge epithelium.



Contact from a non-embryonic source can initiate palatal MEE

disappearance

The second experimental group consisted of 13 indi-
vidual ED13.5 shelves that were cultured with the MEE
contacting wax. This was to test the hypothesis that
non-embryonic contact from the wax would initiate
MEE disappearance. In 10 of 13 shelves the MEE dis-
appeared (Fig. 2E, Table 1). Wax was dissolved/melted
during the histology process and therefore cannot be
seen in Fig. 2E. This enabled the palatal tissue to be
removed with minimal trauma prior to microtome
sectioning. The mechanical contact of the wax against
the MEE appeared to have initiated its breakdown and
after the 6 days of culture no MEE could be identified.

Embryonic epithelium that does not normally disappear can be
induced to do so by contact with another embryonic epithelial

surface

Previously, when palatal shelves were cultured against
epithelium from the tail, epithelial disappearance was
seen in both the palate and tail (Fig. 2D). Tail epithe-
lium does not fuse to any other structure during normal
development, but could be induced to do so in culture
by providing contact with the palatal MEE. Further
experimental groups examined epithelium from struc-
tures other than that of the palate. During normal
palatogenesis the MEE disappears and this could
influence adjacent epithelium with signalling across
the contact point. The hypothesis tested was that epi-
thelium which does not normally disappear in vivo will
not break down regardless of the contact. This was
conducted by culturing tails contacting tails, limbs
contacting limbs, and in whole embryo culture, heads
contacting heads and backs contacting backs.

Twenty-eight tails were cultured in pairs closely
opposing each other. Of the 14 pairs, 12 achieved
fusion with the epithelium disappearing at the site of
contact (Fig. 2F, Table 1). Six forelimbs were cultured
alone, and none showed epithelial breakdown, yet
when a further six pairs of limbs (12 individual limbs in
total) were cultured in close apposition, all six achieved
fusion with the epithelium disappearing at the site of
contact (Fig. 2G, Table 1).

In whole embryo culture, epithelium did not dis-
appear on either the heads or the backs of control
embryos cultured without contact (Fig. 3A, Table 2).
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Those embryos cultured with heads together or backs
together resulted in epithelial disappearance (10 of 12
pairs and 9 of 12 pairs respectively, Fig. 3B,C,
Table 2). Collectively these results disprove our
original hypothesis and demonstrate embryonic
epithelium that does not normally disappear can be
induced to do so if placed in contact with another
embryonic epithelial surface that also does not nor-
mally disappear.

Embryonic epithelium that does not normally disappear can be

induced to do so with contact from a non-embryonic source

To investigate whether the contact applied to embry-
onic epithelium that does not normally disappear
needed to be of embryonic origin, embryos were cul-
tured contacting a non-embryonic surface, in this case
the perspex side of the culture insert. Twelve whole
embryos were cultured with their heads contacting
perspex, and after the 6-day culture period, in 11 of 12
the epithelium had disappeared (Fig. 3D, Table 2). This
demonstrated that embryonic epithelium which does
not normally disappear could be induced to do so with
contact from a non-embryonic source.

In culture, embryonic epithelium starts to disappear within 2 days
and fully disappears within 5 days of the initial contact, resulting in

fusion

A time course to investigate the length of contact time
needed to initiate breakdown of the epithelium was
conducted using whole ED13.5 embryos. Following
contact between palatal shelves in vivo the MEE dis-
appears within a short space of time (24-48 h); in cul-
ture this process can take longer (up to 5-6 days).
Based on these observations our hypothesis was that a
similar length of contact time would be necessary in
our model with epithelium that does not disappear
in vivo. The results are summarized in Table 3. Control
embryos not cultured at all showed no epithelial dis-
appearance. The control embryos cultured for 6 days
behaved as expected: no epithelial disappearance was
seen in embryos without contact and in embryos cul-
tured for 6 days epithelium disappeared in all but one
pair of heads. The embryos separated after 1 day of
culture had no evidence of epithelial disappearance.
Those fixed immediately after the 1-day culture did
have epithelial disruption but this was not evident in
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Fig. 3. Haematoxylin and eosin-stained sections of embryonic day 13.5 whole embryos after culture for 6 days with or without contact. There
was no loss of epithelium in control embryos (A). The circled areas are magnified and demonstrate continuous epithelium on the head (B) and
back (C). Pairs of embryos cultured with their backs contacting had loss of epithelium at the contact site (D). The circled areas are magnified
(E-G), and demonstrate epithelial loss with resultant fusion between embryos (*) with a few remaining islands of epithelium (arrowhead).
Epithelium also disappeared when embryos were cultured with heads in contact (H). The circled areas are magnified (I, J). When heads of
embryos were cultured in contact with the side of the culture dish (K), the epithelium in contact with the Perspex (between the two star
symbols) disappeared. The circled areas are magnified (L, M), and show that the area of contact with the Perspex resulted in loss of epithelium.
Scale bar represents 1 mm for A, D, H and K, 0.1 mm for B, C, E-G, I, J, L and M.

embryos cultured for a further 5 days. When embryos
were separated after 2 days of contact, epithelium had
been lost, but only in a few embryo pairings. After
4 days of contact, epithelium had disappeared in the
majority of embryo pairings, and after 5 days six of the
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pairings could not be separated and histological ana-
lysis revealed epithelial merging between embryos at
the periphery of the contact point. Of those that could
be separated, epithelial loss had occurred in all but one
pair of embryos.



Table 2. Epithelial disappearance in murine embryonic day 13.5
whole embryos cultured for 6 days following harvest

Epithelial contact Epithelial

during culture disappearance p (Fishers exact)

Embryo unopposed 0/12

Embryos with 20/24 <0.0001
heads contacting (10/12 pairs)

Embryos with 18/24 <0.0001
backs contacting (9/12 pairs)

Embryos with 11/12 <0.0001

head contacting perspex

Embryonic epithelium has a site-dependent age after which it will
no longer disappear with contact

We believed that there would be a time point after
which epithelium would no longer disappear. We tes-
ted this using organs and whole embryos of different
ages (ED13.5, 14.5, 15.5 and 16.5) cultured for 6 days
with or without contact. Different contact sites were
also examined, heads and backs in whole embryos and
tails and limbs in organ culture. The results are sum-
marized in Table 4. Embryos or organs of any age
cultured without contact did not lose epithelium. Epi-
thelia on the heads of ED13.5, 14.5 and 15.5 embryos
cultured with their heads contacting another head
readily disappeared (20/24, 22/24 and 18/24 respect-
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ively), but epithelia on the heads of ED16.5 embryos
did not (0/8). Similar results were obtained for heads in
contact with perspex, but the epithelium of the back
differed. When embryos were cultured with their backs
in contact, epithelium was much less likely to disap-
pear after ED13.5. In organ culture, paired tails and
paired limbs demonstrated epithelial disappearance in
ED13.5 and 14.5 organs, but by ED15.5 this was sub-
stantially reduced. This demonstrated that epithelium
has altered susceptibility to disappearance depending
on its location on the embryo.

Pan-cytokeratin immunostaining of paired ED13.5 or
16.5 embryos cultured with their backs in contact
suggested that there was a greater amount of keratin on
the backs of non-fused ED16.5 embryos than ED13.5
embryos, which did fuse (Fig. 4). The back epithelium
also appeared thicker in ED16.5 embryos. This suggests
that loss of epithelia is less likely and the higher the
keratin levels and the thicker the epithelium.

Discussion

The observational data presented in this report are
important in improving our understanding of epithelial
loss during palatogenesis. The palate is one of a num-
ber of developing structures that rely on the coming
together and joining of two distinct structures to form

Table 3. Time course for disappearance of murine cranial epithelium in embryonic day 13.5 whole embryos cultured with or without

contact

Whole embryo-head Culture

epithelium contact length (days)

Epithelial

disappearance p (fishers exact)

Head unopposed

Head contacting another
head for the first day
Head contacting another
head for the first two days
Heads contacting another
head for the first four days
Heads contacting another
head for the first 5 days

o O 00O A ONMD OO 24 O O

Heads contacting another

head for all six days

0/10 1

0/10 1

0/10 1

0/10 1

2/10 0.2
1/10 0.5

9/10 <0.0001
8/10 <0.001
13/14~ <0.0001
5/6 <0.005

18/20 (9/10 pairs) <0.0001

*Six pairs were inseparable.
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Table 4. Epithelial disappearance in murine whole embryo culture and organ culture of various aged embryonic tissue cultured for

6 days following harvest

Epithelial disappearance (embryonic day)

Epithelial contact during culture 13

14 15 16

0/12
20/24 (10/12 pairs)*

Whole embryo unopposed

Whole embryos with heads
contacting heads

Whole embryos with backs 18/24 (9/12 pairs)*

contacting backs

Whole embryos with heads 11/12*
contacting perspex
Tails unopposed 0/15
Tails contacting another tail 24/28 (10/12 pairs)*
Limbs unopposed 0/5

Forelimbs contacting forelimbs 12/12 (6/6 pairs)**

0/12
22/24 (11/12 pairs)*

0/12
18/24 (9/12 pairs)*

0/4
0/8 (0/4 pairs)
8/24 (4/12 pairs)***

2/24 (1/12 pairs) 0/8 (0/4 pairs)

12/12* 11/12* 2/4
012 0/11 ND
10/12 (5/6 pairs)* 2/8 (1/4 pairs) ND
0/4 0/4 ND
6/8 (3/4 pairs)*** 2/8 (1/4 pairs) ND

*p < 0.0001, **p < 0.005, ***p < 0.05. ND, not done.

one, relying on merging or epithelial disappearance
and subsequent fusion. Other facial structures include
the cheeks, upper lip, mandible and nose, but similar-
ities can be seen in structures also derived from surface
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Fig. 4. Immunohistochemistry for pan-cytokeratin in embryos cul-
tured with backs in contact. In the control section (A), the site of
contact between the backs of two ED13.5 embryos show only a few
epithelial remnants (arrowheads), but at the periphery of the contact
point the epithelium of the two embryos had become thick and
continuous with no distinguishable boundary between embryos. At
the site of fusion, staining for keratin was only present in the few
remaining epithelial islands (B). The epithelium at the periphery of
the contact point stained heavily for keratin (C). Epithelium at the site
of contact between the backs of two ED16.5 embryos remained thick
and there was no epithelial loss (D). Keratin was present throughout
the site of contact and a distinct boundary between the epithelium of
each embryo remained. Scale bar represents 0.1 mm.
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ectoderm at more distant sites and at different stages of
the developing embryo.

Normal development of the pharyngeal apparatus
includes growth of pharyngeal arch II over pharyngeal
arches III, IV and V to come into contact with arch VI.
The surface ectoderm forming the contact point
between these two arches disappears, resulting in
fusion of arch II and VI. Fusion is also seen during
primary neurulation and development of the external
genitalia (59). Fusion of the urogenital swellings in the
male genitalia gives rise to the penile urethra (60), and
in the female forms the labia minora. In males failure of
fusion between the urogenital
hypospadia. The two labioscrotal swellings meet in a
similar manner, forming the scrotum in males which
develops through merging and not by fusion (60).

The molecular and cellular events involved with
closure of the neural groove during neurulation are
poorly understood, but there are notable similarities to
palatogenesis. Approximation of the edges of the neural
folds in the dorsal midline, adherence, epithelial
breakdown and fusion at several nucleation sites
results in the formation of two separate epithelial
layers, epidermal ectoderm and neuroepithelium, with
intervening mesenchymal cells of the neural crest (61).
Neural tube development occurs at an earlier stage of
development than palatogenesis, but development of
the upper lip, mandible and nose occur at a similar
time to palatogenesis. As with palate development, all

swellings causes



rely on contact between facial processes with loss of
intervening epithelium. Furthermore, development of
the upper lip also relies upon fusion of the maxillary
prominences, but differs by fusing with the medial
nasal prominence rather than each other. Sun et al.
(62) studied lip development in the chicken, and found
major similarities with palate development. The bilat-
eral two-layered embryonic epithelium that forms from
contact between the primordia begins to slough prior
to fusion, and brings the basal epithelial cells into close
contact. Basal epithelial cells that contact each other
produce numerous desmosomes to form the midline
seam, and which begins to disappear through EMT.
Numerous filopodia extend from the basal surfaces of
epithelial cells, the spaces between them enlarge, and
the seam breaks apart, leaving mesenchymal cells (62).
What is interesting in the chicken model is that facial
processes forming the lip fuse, as in human or mouse
lip formation, but the MEE of palatal shelves persists.
As it is known that chicken palatal shelves do have the
ability to fuse if placed in close apposition (28), this
physiological cleft is almost certainly caused by a lack
of contact between shelves in vivo rather than an
intrinsic failing of appropriate palatal shelf signals.
Indeed, Sun et al. (28) suggested there might be no
fundamental difference in developmental potential of
the MEE for transformation to mesenchyme among
reptiles, birds and mammals. The bird differs from
other amniotes in having developed a beak and asso-
ciated cranial structures that seemingly keep palatal
processes separated in vivo (28).

Another process involved with normal facial devel-
opment is fusion of the mandibular prominences along
the midline. This occurs in a similar manner to fusion
of the palatal shelves, and medial epithelial cells dis-
appear from the contacting edges. It is interesting that
TGF-p5 knockout mice have cleft palate despite shelf
contact, the cleft being due to impaired fusion and
elimination of the MES (49). In addition, TGF-f;
mutants do not have cleft mandibles or other facial
clefts, or indeed any other developmental defects
except delayed lung maturation. One explanation for
this phenotype is that palatal MEE disappearance and
fusion may not be dependent on the same mechanisms
that are present in the facial processes or at other sites
such as neural crest. Mandibular fusion relies on
epithelium migrating away from the site of fusion and
into the surface and oral epithelia (63). This latter
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mechanism has also been considered to be important
in MEE disappearance (18, 19). Another mechanism
proposed for MEE disappearance is apoptosis (5, 10,
15-17). This is an important developmental mechan-
ism that also occurs during normal formation of the
limbs and digits, where cell death occurs in well-
defined domains to sculpt the shape of the limb by
eliminating cells between differentiating cartilages. The
original paddle-shaped hand is modified with massive
cell death by apoptosis within interdigital zones to form
individual digits (64). Disruption of programmed cell
death during limb formation causes syndactyly (digit
fusions). This occurs at a similar time as palatogenesis,
yet TGF- 3 mutants do not have defects of the limbs or
digits. The final mechanism proposed for palatal MEE
disappearance is EMT (4, 11, 13). As with apoptosis,
EMT is considered an important event and the earliest
example of epithelio-mesenchymal transformation
during embryonic development is the generation of the
mesoderm from the primitive ectoderm marking the
beginning of gastrulation (65). EMT also occurs during
morphogenesis of a variety of organs including the lip
(62), and the heart (66). Despite a direct implication of
TGF-f3 in mechanisms of epithelial-mesenchymal
interaction from the TGF-f; knockout (48), structures
such as the heart are seemingly unaffected in the TGF-
f3 mutant, but failure in signalling via the TGF-f type I
receptor ALK5 leads to severe cardiovascular and pha-
ryngeal defects (67). Despite the implication from TGF-
f3 mutants that MEE is a specialized tissue that has
different mechanisms of disappearance to other epi-
thelium, the results presented here challenge current
beliefs and imply that palatal MEE may not be too
dissimilar to surface epithelium elsewhere in the
embryo during the initial stages of palatogenesis. In our
experiments, contact with the epithelial surface,
regardless of its site, was able to induce disappearance
up to a certain age. This is in contrast to a palatal
chimera study performed in the 1980s where palatal
shelves from the chick, mouse and alligator were
cultured in heterologous combinations, without being
able to induce MEE loss (68). However, other workers
could induce cytolysis of the MEE when hamster and
chick palatal shelves were placed in contact with each
other in vitro (69). It has been proposed that there is
cross talk between palatal shelves (6). This seems
unlikely as our results clearly demonstrate that not only
MEE, but also embryonic epithelium that does not
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normally break down can be induced to do so by
contact even with inanimate objects or structures such
as perspex or wax. MEE has always been regarded as
being different to normal epithelium and has even been
considered to be pre-programmed to disappear. In A/J
mice that have spontaneous cleft lip and palate, palatal
shelves do not contact yet MEE has been seen to dis-
rupt thereby exposing the underlying mesenchyme.
The epithelial discontinuity lasts just 1 day, but this
suggests MEE is pre-programmed to disappear (23).
Furthermore, 24-36 h prior to shelf contact in mam-
mals, shelves seem to acquire pre-fusion characteristics
such as cessation of DNA synthesis in the MEE, eleva-
tion of cyclic AMP and MEE cell death (69). Epithelium
may even disappear completely at the shelf tips before
contact is made between shelves (23). These and other
in vitro studies imply contact is not a prerequisite for
epithelial degeneration (70), but other research suggest
contact is a necessity (17, 28, 71). Morphological
changes prior to fusion including bulging MEE have
also been reported (20, 72) which probably aids the
initiation of contact and application of pressure
between palatal shelf MEE. Other studies indicate
morphological and functional differences at different
regions of the MEE, including multiple MEE-specific
expression patterns of an assortment of unrelated
genes, MEE-specific apoptosis
sloughing cells occurring in the MEE but not in
adjacent palatal surfaces (17, 24, 32).

The results presented in this study indicate that there
is nothing special about the potential for MEE disap-
pearance compared with epithelium for other sites of
the same embryological age. Rather it is physical con-
tact which initiates epithelial adherence and disap-
pearance. Under organ culture conditions, palatal MEE
of shelves cultured individually can selectively undergo
EMT and apoptosis resulting in selective removal of the
MEE (70). Oral and nasal epithelia that previously
migrated away from the medial edge may subsequently
migrate to cover the ‘wound’ created by removal of the
MEE. The experimental design utilized in the present
study, examining MEE after 6 days in culture, would
indeed present an intact medial edge, but the epithe-
lium at this stage may not be MEE, but could represent
oral and nasal epithelia. It would therefore appear that
if growth is delayed or disrupted then the relatively
advanced stage of epithelial keratinization probably
creates a physical barrier that is responsible for the

distribution, and
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prevention of palatal shelf fusion. The mature palate
exhibits orthokeratinization on its oral surface and
during normal murine development between ED14.5
and 15.5 there is a large increase in the mRNA levels of
keratin and other markers for keratinization (73). Even
the cleft Coll11al mutant palates retain full potential for
MEE adherence and EMT up to ED17.5/18.5, when
epithelia keratinize and prevent the adherence of both
normal and homozygous palatal shelves (33). As sug-
gested by Sun et al. (62) keratinization of the epithelia
prior to MEE contact and breakdown is the likely rea-
son for the physiological avian cleft, and this is also a
feasible explanation for the formation of cleft palate in
humans. Delayed elevation or inadequate growth of
one or both of the secondary palatal shelves combined
with increased thickness and keratinization of the
epithelium would more than likely result in formation
of a cleft. Furthermore, if the palate was only partly
fused at the time of keratinization, a partial cleft would
result.

An explanation for the frequency of cleft lip alongside
cleft palate in humans is that defective fusion between
the maxillary process and frontonasal process (prob-
ably because of inadequate growth) results in primary
palate distortion and subsequent separation between
primary and secondary shelves resulting in an
increased distance to bridge. Perhaps murine mutants
with cleft palate as the only craniofacial defect are not
ideal models for the study of human oro-facial clef-
ting — for a number of reasons: rodents have the upper
lip physiologically non-fused in the middle (cleft).
Furthermore, the vast majority of mutants with oral
clefts have cleft palate alone without defective lip for-
mation (in contrast to humans), and most mutants
have other developmental defects. Although syndromic
clefting does occur in humans, isolated oral clefting is a
better model to study. Finally, clefting in transgenic
animals is not spontaneous. One example of an animal
model that may be more appropriate than any other for
the study of non-syndromic cleft lip and palate is the
CL/Fr strain of mice, because, as in humans, this strain
has spontaneous cleft lip with or without cleft palate.

Besides the MEE, other findings presented here may
pose further questions in the aetiology of conjoined
twins. The fusion in embryos between heads and also
backs could be compared to the union that is seen in
conjoined twins, although it is likely that fusion
between twins occurs at a much earlier stage than



examined here. Furthermore, no fusion was evident
between organs, and it is not even clear whether ‘fusion
or fission’ is responsible for this disorder (74, 75), but
the assumption that intact skin will not fuse to intact
skin, including the ectoderm of the embryo (76), should
be reviewed. We also believe that MEE loss does not
require complex gene—environment interactions, rather
it may arise from a functional mechanical contact
which then triggers the loss of the MEE.
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