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Programmed cell death is not a necessary prerequisite for

fusion of the fetal mouse palate
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ABSTRACT It has been widely accepted that programmed cell death (PCD) is an essential event
in palatogenesis and that its failure can result in cleft palate, one of the most common birth defects
in the human. However, some conflicting results have been reported concerning the timing of cell
death occurring in the fusing palate and therefore the role of PCD in palatal fusion is controversial.
In order to clarify whether cell death is indispensable for mammalian palatogenesis, we cultivated
the palates of day-13 mouse fetuses in vitro and prevented cell death by treating them with the
inhibitors of caspases-1 and -3 or with aurintricarboxylic acid which inhibits the activity of caspase-
activated DNase. Even when cell death was almost completely inhibited, palatal fusion took place
successfully. Histological examination revealed that in the absence of apoptotic cell death, the
medial edge epithelia of opposing palatal shelves adhered to each other and subsequently, the
midline epithelial seam was disrupted and disappeared to bring about mesenchymal confluence
across the palate. It seems that cell death is not a necessary prerequisite for palatal fusion but it may
help to efficiently eliminate unnecessary cells which failed to migrate or differentiate properly.
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Introduction

The formation of the secondary palate in mammalian fetuses
involves a series of developmental events that occur in a spatially
and temporally coordinated manner (Ferguson, 1988; Hay, 1995;
Shuler, 1995). Opposing bilateral palatal shelves elevate horizon-
tally, grow medially and finally fuse with each other in the midline.
When bilateral shelves adhere to each other, their medial edge
epithelia (MEE) form the midline epithelial seam, which subse-
quently thins and disappears to bring about mesenchymal
confluence across the palate. It is widely accepted that cell death
in MEE is indispensable for adhesion and fusion of palatal shelves
and that the failure of cell death to occur can result in cleft palate,
one of the most common developmental defects in the human.
Such cell death observed during palatal fusion has widely been
documented as an example of classical programmed cell death
(PCD), similarly to that seen in the interdigital tissue during digit
separation (Glicksmann, 1951; Saunders, 1966; Clarke, 1990).

Morphological evidence for PCD in the fusing palate includes
the presence of autophagic vacuoles, lysosomes and macroph-
ages (Shapiro and Sweney, 1969; Smiley, 1970; Smiley and

Koch, 1972; Hinrichsen and Stevens, 1974; Ferguson 1988).
However, there is disagreement as to whether MEE cell death
occurs before or after the contact of palatal shelves. Cytological
changes indicative of cell death such as ultrastructural changes
of cell organelles, cessation of DNA synthesis and increased
lysosomal levels have been observed in MEE cells prior to the
contact of palatal shelves (Shapiro and Sweney, 1969; Smiley,
1970; Hudson and Shapiro, 1973; Greene and Pratt, 1976). On
the other hand, using /7 s/fiz1abeling of DNA fragmentation, we
previously detected a cytochemical evidence for apoptotic cell
death occurring in the disappearing midline epithelial seam at
some late stage of palatal fusion when the midline epithelial seam
was disrupting, but not at earlier stages of palatogenesis (Mori ef
al, 1994). Recently Cuervo er a/. (2002) claimed that the contact
of palatal shelves is necessary for cell death activation in MEE
and that cell death is a primary process required for palatal fusion.

Abbreviations used in this paper: ATA, aurintricarboxylic acid; BM, basement
membrane; CAD, caspase-activated DNase; MEE, medial edge epithelium;
PCD, programmed cell death.
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The classical hypothesis that PCD is a necessary event in
palatal fusion has been challenged. Hay and her colleagues
showed that the degenerating cells observed in the fusing palate
are peridermal cells trapped in the midline epithelial seam but not
the basal MEE cells (Fitchett and Hay, 1989) and that MEE cells
never die but migrate into palatal mesenchyme to transform into
mesenchymal cells (Griffith and Hay, 1992). Carette and Ferguson
(1992) demonstrated that palatal MEE cells migrate orally and
nasally to become incorporated into the oral and nasal epithelia,
respectively, but they never detected any evidence of cell death
and epithelial-mesenchymal transformation. However, Cuervo et
al. (2002) recognized a large number of dying cells along the
midline fusion line of the palate, in contrast to the few cells that are
transformed to mesenchyme. Although Fitchett and Hay (1989)
and Carette and Ferguson (1992) failed to observe cell death in the
fusing palate, it surely occurs in the disappearing midline epithelial
seam at some stages of palatogenesis (Mori ef a/., 1994; Cuervo
et al,, 2002). Thus, the significance of PCD in palate development
remains controversial and it should be elucidated whether or not
cell death is an event indispensable for palatal fusion.

PCD is morphologically known as apoptosis (Kerr ez a/., 1972)
and it is widely accepted that apoptosis is controlled by an
evolutionarily conserved genetic program which is mediated by a
family of cysteine proteases called caspases (Alnemri et a/,
1996). To date, at least 14 caspases have been cloned in
mammals and many of them are implicated in the apoptosis
process (Whyte, 1996). Mammalian cell death proteases have
been divided into upstream (initiator) and downstream (effecter)
caspases based on the site of action in the proteolytic caspase
cascade (Numez et a/, 1998). In mammals, caspases are acti-
vated by a variety of apoptotic stimuli, and the apoptotic process
is largely suppressed by caspase inhibitors, suggesting that
caspases are required for the execution of apoptosis (Nicholson
and Thornberry, 1997).

was noted in the gross appearance of the cultured palates between the groups. (A) Control. (B) YVAD-CHO, 10
uM; (C) DEVD-CHO, 10 uM; (D) YVAD-CHO, 10 uM+ DEVD-CHO, 10 uM; (E) ATA, 30 uM.

In the present study, we cultivated fetal mouse palates /7 vitro
and inhibited cell death with some caspase inhibitors and with an
inhibitor of caspase-activated DNase (CAD). We used the inhibi-
tors of caspases-1 and -3 because caspase-1 is one of initiator
caspases and caspase-3 is among the effecter caspases. We
also treated cultured palates with aurintricarboxylic acid (ATA)
which inhibits the activity of CAD, a protein that causes
internucleosomal degradation of chromosomal DNA (Enari et al,,
1998). We designed this /7 vitrostudy because it is difficult to give
such inhibitor proteins to pregnant animals or fetuses /7 uteroand
because mouse embryos lacking caspase genes either die early
in development or appear phenotypically normal when they are
born (Kuida ef a/, 1995, 1996). Our results would provide a clue
to understanding the significance of cell death in mammalian
palatogenesis.

Results

At day 13.5, the palates of ICR mouse fetuses are usually at
stage 2 or 3 of palate development (Walker and Fraser, 1956;
Biddle, 1980), when palatal shelves are vertically oriented beside
the tongue, except for their posterior portion which is becoming
horizontal. Since the stage of palate development is variable
among fetuses even within a litter, only palates at stage 2 or 3
were used for culture. When the maxillary explants of day 13.5
fetuses were cultivated /7 vitro, palatal shelves elevated in a
couple of hours, elongated medially, and made contact with each
in approximately 6 hours. In the palates cultured in the control
medium, midline fusion of palatal shelves was completed by 24
hours (Fig. 1A). Thus, the process of macroscopic palatal fusion
/n vitro basically simulated that occurring /7 vivo, as observed
previously (Shiota ef a/, 1990). Grossly, palatal fusion was
observed in 92% of the palates in the control group cultured for 24
hours. In the groups treated with caspase inhibitors (YVAD-CHO
and DEVD-CHO), the rates of
palatal fusion were similar to the
rate in the control group (91-95%)
and no significant difference from
the control group was noted in
their gross appearance (Table 1,
Fig. 1 B-E). The rate of palatal
fusion was reduced in the group
treated with 30uM ATA (79%) as
compared with controls (P<0.01),
which may be due to the general
toxicity of ATA.

When the cultured palates were
harvested, they were examined
under a dissecting microscope
and then subjected to histological
examination. Based on gross and
histological observations, the
stages of palatal fusion were clas-
sified into five groups; i.e., “pre-
contact,” “contact,” “adhesion,”
“seam disruption” and “mesen-
chymal confluence.” At the “pre-
contact” stage, the MEE of palatal
shelves consisted of the basal

Fig. 1. Palates of day-13.5 mouse
fetuses cultured in vitro for 24
hours with or without caspase
inhibitors (YVAD-CHO and DEVD-
CHO) or aurintricarboxylic acid
(ATA). Palatal fusion occurred simi-
larly in the treated groups as in the
control group, and no difference
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Fig. 2. Sequential stages of palatal fusion in the fetal mouse palate cultured in vitro (hematoxylin and eosin). The nasal side is shown upward.
(A) “Pre-contact” stage. The medial edge epithelium consisted of tall “basal MEE " cells and thin peridemal cells. (B) “Contact” stage. The MEE cells
of the opposing shelves have made contact with each other and an epithelial seam of two-cell layer thickness is formed in the midline (arrowheads). (C)
“Adhesion” stage. The MEE cells of the opposing shelves have merged together to form the one cell layer thick seam (arrowheads). (D) Stage of “seam-
disruption.” The midline epithelial seam has lost continuity and begins to disappear (arrowheads). Some cells of the disrupted epithelial seam form
epithelial islands. (E) Stage of “mesenchymal confluence. ” The midline epithelial seam has almost completely disappeared and mesenchymal confluence
is established across the palate. A remnant epithelial island is indicated by an arrowhead.

cell layer and the superficial peridermal layer (Fig. 2A), and some
peridermal cells were found to be sloughing off from the epithelial
surface. At the “contact” stage, the MEE of bilateral shelves made
contact with each other, thereby a seam of MEE of two cell-layer
thickness was formed in the midline (Fig. 2B). At the stage of
“adhesion,” the major change was the thinning of the midline
epithelial seam from two-cell to single-cell layer thickness by
merging of the MEE cells of the opposing shelves (Fig. 2C). At this
stage, some epithelial cells accumulated at the nasal and oral
ends of the midline seam to form “epithelial triangles.” The midline
epithelial seam was continuous with the oral and nasal epithelia
but still appeared to be separated from the underlying mesen-
chyme by the intact basement membrane (BM). At the stage of
“seam-disruption,” the midline epithelial seam became discon-
tinuous and began to disappear by breaking up into epithelial
islands (Fig. 2D). The mesenchymal tissue of bilateral palatal
shelves became confluent where the midline epithelial seam was
disrupted. Some epithelial islands of MEE cells persisted for some
time in the midline of the palate. At the final stage of “mesenchy-
mal confluence,” the midline epithelial seam had almost disap-
peared and mesenchymal tissue was confluent across the palate
(Fig. 2E). Histological examination revealed that the midline
epithelial seam disappeared and mesenchymal confluence was
established across the midline in most of the successfully fused
control palates cultured for 24 hr (51/52; 98%). In the groups
treated with YVAD-CHO, DEVD-CHO or ATA, mesenchymal
confluence was established in more than 80% of the grossly fused
palates (Table 2). The rates of mesenchymal confluence in those
groups were lower than but not significantly different from the
value in the control group.

Some sections of each sample were subjected to immunohis-
tochemical staining for cytokeratin and type IV collagen to ob-
serve the sequential changes of MEE and its BM, respectively.
The sections were simultaneously stained by TUNEL for detect-
ing apoptotic cells. At the “contact” stage, the two cell-thick
midline epithelial seam was positive for both keratin and type IV
collagen (Fig. 3 A,E), indicating that the epithelia and their BM
were intact and healthy. Some MEE cells were positively stained

for TUNEL. At the stage of “adhesion,” the staining patterns and
localization of keratin and type IV collagen were similar to those
observed at the “contact” stage, and TUNEL-positive cells were
detected in the epithelial seam which was one cell-thick at this
stage (Fig. 3 B,F). TUNEL-positive cells were recognized also in
the nasal and oral epithelial triangles. At the stage of “seam-
disruption,” anti-cytokeratin staining showed that the midline
epithelial seam is becoming discontinuous and breaking up into
epithelial islands (Fig. 3C). The BM of the midline seam had also
lost continuity, and appeared to be reorganized to surround

TABLE 1

MACROSCOPIC FUSION RATES IN PALATAL EXPLANTS
CULTURED IN VITROWITH OR WITHOUT APOPTOSIS INHIBITORS

Group No. of explants No contact Contact Adhesion and fusion
Control 77 3.9% (3) 3.9% (3) 92.2% (71)
Ac-YVAD-CHO (10 pM) 84 3.6% (3) 1.2% (1) 95.2% (80)
Ac-DEVD-CHO (10 uM) 85 2.4% (2) 2.4% (2) 95.3% (81)
Ac-YVAD-CHO (10 pM) 77 6.5% (5) 2.6% (2) 90.9% (70)
+Ac-DEVD-CHO (10 puM)

ATA (30 pM) 62 8.1% (5) 12.9% (8) 79.0%* (49)

(), number of cases; * significantly different from controls (p<0.05).

TABLE 2

RATES OF HISTOLOGICAL FUSION (MESENCHYMAL
CONFLUENCE) IN FETAL MOUSE PALATES CULTURED IN VITRO
WITH OR WITHOUT APOPTOSIS INHIBITORS

Group No. of cases histologically Rate of mesenchymal
examined confluence

Control 52 98.1% (51)
Ac-YVAD-CHO (10 puM) 18 83.3% (15)
Ac-DEVD-CHO (10 uM) 21 85.7% (18)
Ac-YVAD-CHO (10 pM) 20 80.0% (16)
+Ac-DEVD-CHO (10 pM)

ATA (30 pM) 20 85.0% (17)

T Grossly fused cases; (), number of cases.
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Fig. 3. Inmunohistochemical stainings for epithelium and its basement membrane (BM) together with TUNEL staining for apoptotic cells in
control palates cultured in vitro. (A-D) Cytokeratin (red), which is amarker for epithelia, and TUNEL staining (yellow) for dead cells. (E-H) Type IV collagen
(red), which is a marker for BM, and TUNEL staining (yellow) for dead cells. As the midline epithelial seam is disrupted (C,D), its BM becomes fragmented
(G) and then reorganized to form the continuous oral and nasal epithelia (H). At the stages of “contact” and “adhesion”, TUNEL-positive cells are
frequently observed in the MEE cells forming the midline epithelial seam and in the nasal and oral epithelial triangles (A, B, E,F). At the stages of “seam
disruption” and “mesenchymal confluence”, TUNEL-positive cells are restricted to the epithelial triangles and some epithelial islands. The type IV

collagen-positive tissues in the palatal mesenchyme in G and H are blood vessels.

epithelial islands (Fig. 3G). TUNEL-positive cells were recog- and nasal epithelial triangles (Fig. 3 D,H). When the cells of the
nized not only in epithelial islands but also in oral and nasal  midline epithelial seam disappeared, the BM of the oral and nasal
epithelial triangles. As mesenchymal confluence was established  epitheliawas reorganized to bring about the continuous nasal and
across the palate, TUNEL staining became restricted to the oral  oral epithelia across the palate (Fig. 3H).
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A c
YWVAD-CHO
E F
DEVD-CHO
G H

ATA ;

In the palates treated with YVAD-
CHO and DEVD-CHO, TUNEL stain-
ing confirmed that cell death was al-
most completely prevented in the ex-
plants at any stage of palatal fusion
(Fig. 4 A-1). Thus, YVAD-CHO, DEVD-
CHO and ATA were shown to inhibit
apoptotic cell death effectively but af-
fected neither the gross fusion of pala-
tal shelves nor the histological process
of the disappearance of the midline
epithelial seam.

The rates of TUNEL-positive cells
were compared between the control
and experimental groups. The rate of
apoptotic cells was defined as the num-
bers of TUNEL-positive cells in the

Fig. 4. Double staining for cytokeratin
(red) and TUNEL (yellow) of the palates
cultured in vitro with YVAD-CHO, DEVD-
CHO or ATA. Few TUNEL-positive cells are
recognized except for those in (H) indicated
with arrowheads. Although cell death is al-
most completely prevented, contact and
adhesion of palatal shelves, and disruption
and disappearance of the midline epithelial
seam took place similarly to those observed
in the control group (Fig. 3).



MEE or in the midline epithelial seam among the total cells in
the same area of MEE. In the control group, the proportions of
apoptotic cells were 10.5+7.5% (mean+S.D.), 16.1+9.9%,
11.1+8.2% and 7.9+3.5% at the stages of “contact,” “adhe-
sion,” “"seam disruption” and “mesenchymal confluence,” re-
spectively. In the explants treated with YVAD-CHO, DEVD-
CHO or both, the proportions of TUNEL-positive cells were
between 0.2 and 0.9% throughout the stages of palatal fusion,
which were significantly smaller than the corresponding values
in untreated controls (P<0.01). These data confirmed the
effectiveness of the apoptosis inhibitors used in the present
study.

Discussion

PCD has been recognized as an essential eventin morpho-
genesis as well asinthe normal turnover of cells in adult tissues
(Glicksmann, 1951; Saunders, 1966; Wyllie ez a/, 1980; Ellis
et al, 1991). When various structures are formed during
development, some cells are eliminated by means of PCD to
achieve complicated morphogenesis. It has been suggested
that developmental PCD enables (1) sculpting body parts, (2)
deleting unnecessary cells, (3) controlling cell numbers in a
given tissue, (4) eliminating abnormal, misplaced or harmful
cells, and (5) producing specialized differentiated cells without
organelles, such as lens epithelial cells and mammalian eryth-
rocytes (Jacobson era/,1997). However, there are many kinds
of developmental cell death whose function is unknown. Al-
though it has been widely accepted that PCD plays essential
roles in palate development, some important questions remain
to be answered such as: (1) at which stage(s) of palate
development PCD occurs, (2) what is the actual biological role
of PCD in palatogenesis, (3) what is the fate of MEE cells that
disappear from the midline epithelial seam, and (4) whether or
not PCD is really required for palatal fusion.

The roles of caspases have been investigated by targeted
disruption of specific caspase genes. It has been shown that
targeted disruption of caspase-1 has no effect on apoptosis /77
vivo(Kuida et a/, 1995) and that a majority of mice deficient for
caspase-3 die /7 utero and exhibit brain malformations but no
abnormalities in palate and limb development (Kuida er a/.,
1996). Although targeted disruption of a specific caspase can
inhibit its function completely, the function may be compen-
sated by other members of the caspase family or through
alternative pathway(s). For example, at least 14 mammalian
homologs of a C. elegans cell death gene, ced-3, have been
identified to date and many of them are coexpressed in various
cells and tissues (Whyte, 1996). It is likely that functional
redundancy exists in the cell death pathways in complex
biological systems (Kuida ez a/., 1996).

Toinvestigate the roles of cell death in palatogenesis /7 vitro,
we examined whether cell death observed in palatal MEE cells
is reproducible /77 vitro by employing various culture methods
for fetal rodent palates and compared their results. We con-
firmed that the suspension culture of fetal mouse palates in
roller bottles (Shiota et a/, 1990) was superior to static culture
systems where explants were placed on Millipore filters and
subjected to submerged culture. In such static cultures, non-
physiological massive cell death occurred in explants and the
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cultured tissues easily became necrotic (data not shown). In
contrast, such non-specific cell death and necrosis were minimal
in suspension organ culture (Shiota er a/, 1990). Thus, the
suspension organ culture of fetal mouse palates and the use of
caspase inhibitors and ATA have enabled to prevent the occur-
rence of cell death during palatal fusion and to examine its roles
in murine palatogenesis. We treated cultured palates with Ac-
YVAD-CHO and/or Ac-DEVD-CHO, and with ATA. Ac-YVAD-
CHO, a peptide inhibitor of caspases-1 and -14 was shown to
inhibit the PCD in the interdigital tissues of leg buds in chick
embryos (Milligan et a/., 1995). Ac-DEVD-CHO is known as an
inhibitor of caspases-3 (CPP32) and possibly of caspases-6, -7,
-8and-10 (Fernandes-Alnemri eta/, 1995, 1996; Nicholson efa/.,
1995). A potent anti-apoptotic chemical ATA inhibits the interac-
tion between DNases and chromosomal DNA, resulting in the
failure of apoptosis. In our palate culture system, we confirmed
that these inhibitors could efficiently prevent the cell death in MEE
cells of cultured palates.

Our present study revealed that the fusion of palatal shelves
could be successfully accomplished even when cell death was
prevented almost completely, indicating that cell death is not
indispensable for the fusion of the murine secondary palate.
Histologically, even in the absence of cell death, the MEE of
bilateral palatal shelves adhered to each other and the midline
epithelial seam was disrupted into epithelial islands and subse-
quently disappeared, as observed /7 vivo. Many keratin-positive
epithelial cells appeared to migrate toward the nasal and oral
ends of the epithelial seam to form epithelial triangles. Thus, our
study has clearly demonstrated that apoptotic cell death is not a
necessary prerequisite for the fusion of palatal shelves nor for the
disruption and disappearance of the midline epithelial seam in the
mouse fetus. Although we did not examine the transformation of
MEE cells into palatal mesenchymal cells, it is possible that part
of MEE cells undergo epithelial-mesenchymal transformation as
was shown previously (Griffith and Hay, 1992; Mori et a/., 1994).

The classical hypothesis that cell death is required for
palatogenesis has been proposed based on the observations as
follows: (1) some MEE cells develop ultrastructural changes that
are characteristic to dead cells prior to and/or during palatal fusion
(Farbman,1968; Shapiro and Sweney, 1969; Chaudhry and Shah,
1973); (2) MEE cells cease DNA synthesis prior to the fusion of
palatal shelves (Hudson and Shapiro, 1973; Pratt and Martin,
1975; Greene and Pratt, 1976); and (3) lysosomal enzyme levels
in MEE cells increase prior to or during palatal fusion (Hayward,
1969; Smiley, 1970; Pratt and Greene, 1976). Furthermore,
several morphological studies detected degenerated cells in the
midline epithelial seam and among disappearing midline epithe-
lial cells (Farbman, 1968; Hayward, 1969; Mato era/., 1972; Pratt
and Hassel, 1975). However, the presence of dead cells is not a
conclusive evidence of PCD in MEE cells. Fitchette and Hay
(1989) undertook an ultrastructural study of the MEE of the fetal
mouse palate and claimed that cell death occurs only in the
superficial peridermal cells that are sloughing off or trapped in the
midline but not in the basal MEE cells.

It has been shown that MEE cells cease incorporating 3H-
labeled thymidine approximately 24 hours prior to initial contact of
the opposing palatal shelves (Hudson and Shapiro, 1973; Pratt
and Martin, 1975; Greene and Pratt, 1976). This phenomenon
has been interpreted as a preparation of MEE cells to die.
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However, the cessation of DNA synthesis in a cell does not
necessarily mean that the cell is dying. Many tissues and organs
contain a population of cells which are not actively replicating but
still retain the ability to resume DNA synthesis and cell division
when necessary or appropriate. Therefore, the cessation of DNA
synthesis in MEE cells may not necessarily be a sign of cell death.
Although the intracellular increase in lysosomal enzymes has
been observed in a subset of MEE cells prior to or during palatal
fusion (Hayward, 1969; Smiley, 1970; Pratt and Greene, 1976),
degradative enzymes may be required not only for PCD but also
for epithelial-mesenchymal transformation and migration of MEE
cells.

Our data strongly suggest that cell death is not an event
necessary for palatal fusion, but it is surely observed at some
stages of /77 vivo palatogenesis (Mori ef a/., 1994; Cuervo et a/,
2002). With TUNEL staining, Mori ez a/. (1994) detected apoptotic
cells in the disappearing midline epithelial seam and in the oral
and nasal epithelial triangles at some late stages of palatal fusion.
It seems that apoptosis helps eliminate some MEE cells that failed
to migrate or differentiate properly during palatal fusion. Cuervo
eral.(2002) showed thatin the anterior palate, cell death occurred
in MEE cells soon after the contact of palatal shelves when the
epithelial seam was intact, but TUNEL-positive cells shown in
their whole-mount samples may not be basal MEE cells in the
midline epithelial seam (which cannot be seen from the surface of
the palate) but the cells accumulating in the epithelial triangle
along the fusion line.

Our present study using palate organ culture has clearly
demonstrated that cell death is not prerequisite for mammalian
palatogenesis, in contrast to the classical concept of PCD in
palate development. However, this does not imply that cell death
is unnecessary for palatal fusion. It is likely that apoptotic cell
death contributes to efficiently eliminating some MEE cells that
fail to migrate or transform properly. In this sense, the cell death
observed in the midline epithelial seam of the fusing palate may
not be genetically “programmed” but may be induced by some
environmental cues or by the state of differentiation of the cell. It
is likely that some environmental and/or intracellular signals
trigger the caspase pathway and initiate the apoptotic process. It
is reasonable to assume that apoptotic cell death, epithelial-
mesenchymal transformation, and cell migration are all involved
in palatal fusion and their occurrence may be regulated in a
spatially and temporally coordinated manner. This is the first
report that reevaluated the significance of so-called PCD in
mammalian palatogenesis, and it may be worthwhile to reexam-
ine the roles of cell death in various developmental systems using
novel experimental techniques.

Materials and Methods

Animals

Mature female mice of ICR strain (SLC, Shizuoka, Japan) were mated
overnight with a male, and the day on which a vaginal plug was found was
designated as day O of pregnancy. Between 2 and 4 p.m. on day 13,
pregnant female mice were killed by cervical dislocation and the fetuses
were aseptically removed from the uterus and placed in BGJ, medium
(GIBCO) in a Petri dish. Palatal explants were dissected under a dissec-
tion microscope as described previously (Shiota efa/., 1990). A horizontal
incision was made through the oral opening, and the upper part of the
head was resected by making a second incision parallel to the firstincision

atthe level of the eyeballs. The tongue and the brain tissue were carefully
removed from the explant with forceps. Special care was taken not to
touch or damage the surface of the palatal shelves.

Palate organ culture

Dissected maxillary explants including palatal shelves were cultured
according to the suspension culture technique developed by Shiota et a/.
(1990) with some modifications. Palatal explants were cultivated in a 50-
ml penicillin bottle with 8 ml of the culture medium. The medium was BGJb
(GIBCO) supplemented with 2.8 mg/ml L-glutamine, 6 mg/mIBSA and 1%
penicillin/streptomycin (Invitrogen). Three to 6 explants were put into one
bottle. The bottle was flushed for approximately 2 min with a gas mixture
of 95% O, and 5% CO,, sealed air-tight, and then incubated at 37°C on
a roller device at a speed of 20-25 rpm for up to 24 hours.

Apoptosis inhibitors

Two caspase inhibitors, Ac-YVAD-CHO (YVAD-CHO) and Ac-DEVD-
CHO (DEVD-CHO) (Takara, Kyoto, Japan), were added to the culture
medium to prevent apoptosis. The tetrapeptide aldehyde YVAD-CHO
(Ac-Tyr-Val-Ala-Asp-CHO) inhibits ICE/caspase-1 and caspase-14 by
binding in a non-transition state conformation, while it is a very weak
inhibitor to CPP32 (Thornberry ef a/, 1992). The tetrapeptide aldehyde
Ac-DEVD-CHO (Ac-Asp-Glu-Val-Asp-CHO) contains a recognition se-
guence for CPP32/caspase-3 and is a potent, competitive inhibitor of this
enzyme and caspases-6, -7, -8, and -10 (Alnemri et a/,, 1995; Nicholson
etal,1995). In addition, polymeric aurintricarboxylic acid (ATA) (Takara)
was used as another inhibitor since it inhibits the activity of caspase-
activated DNase (CAD) at 30 mM (Enari and Nagata, 1998).

To prevent cell death in explanted palates, YVAD-CHO and DEVD-
CHO were added to the culture medium at the final concentration of 10uM,
since these chemicals block all apoptotic events including PARP cleav-
age at this concentration /7 vitro (Lazebnik et a/., 1994). ATA was added
to the medium at the final concentration of 30 uM, which inhibits DNA
degradation in most apoptotic cells (Batistatou and Green, 1993; Mogli e
al, 1994).

Examination of cultured palates

After cultivation, palatal explants were immersion-fixed in 4% paraform-
aldehyde buffered with 0.1 M sodium phosphate (pH 7.4). They were
dehydrated with ethanol and xylene, and embedded in paraffin according
to standard procedures. The palatal samples were serially sectioned in a
frontal plane in the thickness of 5 um, mounted on slides, and stored at
room temperature (RT) until further processing.

The /n s/itu visualization of DNA fragmentation on the sections was
carried out according to the method originally described by Gavrieli ef a/.
(1992). Sections were deparaffinized in three changes of xylene, rehy-
drated in descending concentrations of ethanol and then immersed in
double-distilled water (DDW). After rehydration, the sections were treated
with 20 pg/ml proteinase K (Wako Pure Chemicals, Osaka, Japan) at
37°C for 10 min and then washed in DDW. Then the sections were
immersed in TdT buffer (30 mM Trizma base, 140 mM sodium cacodylate,
1 mM cobalt chloride) for 10 min at RT, and then incubated with TdT
containing 12.5 nM biotinylated-16-dUTP (Invitrogen) and 0.15 unit/pl
TdT (Takara, Kyoto, Japan) at 37°C for 70 min. The reaction was
terminated by transferring the slides to TB buffer (300 mM sodium
chloride, 30 mM sodium citrate) for 15 min at RT.

After the TUNEL reaction, the same sections were incubated with 5%
normal goat serum and 1% bovine serum albumin/phosphate-buffer
saline (PBS) for 20 min, and then reacted overnight at 4°C with a 1:4000
dilution of rabbit anti-type IV collagen antibody (LSL) or a rabbit anti-
keratin antibody (DAKO) as a primary antibody. After PBS wash three
times, the sections were reacted with a 1:50 dilution rhodamine (RITC)-
conjugate goat anti-rabbit 1gG second antibody (Sigma) and a 1:100
dilution fluorescein (FITC)-labelled avidin (Zymed). The slides were
rinsed with PBS, coverslipped with antifade for observation under a



fluorescence microscope. FITC and rhodamine were excited using a
Zeiss microscope with fluorescein filters for fluorescence. Kodak
Ektachrome films for color transparencies (ASA 400) were used for
photographs.

In order to calculate the rate of TUNEL-positive cells in the MME, the
slides were counterstained with Hoechst 33342 for 10 min before
coverslipped with antifade. On each slide, we counted the cell number in
the fusion area (fusing MEE or midline epithelial seam). The number of the
total cells with Hoechst33342-stained nuclei and that of TUNEL-positive
apoptotic cells were counted. A few isolated cells that appeared to be
sloughing peridermal cells were not counted. Cell counts were under-
taken at least on 5 slides for each stage of palatogenesis.

Statistical analysis

The rates of palatal fusion and the proportions of apoptotic cells were
compared between groups by chi-square test, and statistical significance
was determined at the level of P<0.05.
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