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Summary. A study was undertaken to examine the issue 
of whether achieving a critical mass of cells andor palatal 
shelf volume during vertical development of shelf is 
essential for reorientation to occur. In control and 5- 
fluorouracil (5FU)-treated hamster embryos' palatal 
shelves, at different times during gestation, the numbers 
of both epithelial and mesenchymal cells were counted 
and cross-sectional area was measured. DNA synthesis 
was measured by 3H-thymidine incorporation and was 
used as an index of growth by cell proliferation. The 
control data indicated that, unlike development during 
initial 24 hours, the later period of vertical palatal 
development was characterized by a steady level of 
mesenchymal and epithelial cell numbers and palatal 
shelf area. Following 5FU treatment all the measure- 
ments were reduced, and until they reached the 
equivalent of control values, the palatal shelves did not 
reorient. The density of mesenchymal cells in the 
developing palate did not seem to affect cell number. On 
the basis of the analysis of results of the present study, 
along with those reported in the literature, it is suggested 
that, in hamsters, acquisition and maintenance of both a 
specified number of mesenchymal cells and shelf area, at 
least 24 hours prior to reorientation, may be critical for 
ensuing mesenchymal differentiation to enforce palatal 
shelf reorientation on schedule. 5FU affected these 
features to delay reorientation of the palatal shelf. 
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Introduction 

The embryogenesis of mammalian secondary palate 
occurs through a cascade of dynamic events. These 
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events are: growth of two vertical palatal shelves along 
sides of the tongue; reorientation of vertical shelves to a 
horizontal plane above the dorsal surface of the tongue; 
and finally closure of the horizontal shelves. In order to 
accomplish these events, coordination amongst various 
processes of growth and differentiation at the cellular 
level is essential. 

An individual organ or structure shows a characteris- 
tic growth and cellular proliferation pattern during its 
ontogeny. Upon reaching a certain size the organ stops 
growing (Enesco and Leblond, 1962; Dobbing and Sands, 
1973; Cheek, 1975; Summerbell, 1976; Madhavan and 
Scheiderman, 1977). Since cell number is fundamental to 
the growth of a structure, it has been suggested that a 
critical number of cells may be essential for advancement 
in the morphogenesis of a structure (Mintz, 1971; 
Wolpert et al., 1979; Bryant and Simpson, 1984). 

Recently it was shown that a series of spurts in DNA 
synthesis, accompanied by both an increase the in the 
number and density of mesenchymal cells and the volume 
of shelves, occurs during primordial growth of the 
vertical shelves (Burdett, Waterfield and Shah, 1988). 
During the later part of vertical development the palatal 
shelf appears to be undergoing a maturation process 
characterized by steady growth in the area of palatal 
shelf, but not in the cell number (Shah et al., 1989). 
Hence, a question arises whether a critical number of 
mesenchymal cells andor palatal shelf volume are 
essential for subsequent reorientation of the palatal 
shelves. The question is of significance because those 
teratogens which induce cleft palate by affecting the 
reorientation stage of palate development are 
administered at a time when the palatal shelves are still 
growing vertically. In such circumstances it is not clear 
whether the teratogen would affect, among other growth 
features, the number of mesenchymal cells in the 
vertically developing palate, andlor the shelf volume. 

Efforts have been made in the past to analyze whether 
the proliferation of mesenchymal cells is causally related 
to the reorientation of palatal shelves (Mott et al., 1969; 
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Nanda, 1971.; Hudson and Shapiro, 1973; Jelinek and 
Dostal, 1974; Nanda and Romeo, 1975; Cleaton-Jones, 
1976; Brinkley and Bookstein, 1986). These studies, 
however, did not address the issue of whether achieving 
a critical mass of cells andlor palatal shelf volume during 
the vertical development of shelf are essential for 
reorientation to occur. 

In the present study we have attempted to analyse 
these growth related issues in a developing vertical shelf 
which is preparing to reorient to a horizontal plane. 
3H-thymidine uptake, as a measure of DNA synthesis, 
was used as an index of growth by cell proliferation. In 
addition, the effect of 5-fluorouracil (5FU) on 
developing palate was evaluated, because the chemical 
(1) inhibits DNA synthesis (Cohen et al., 1958; Ellison, 
1961; Heidelberger, 1965; Ruddick and Runner, 1974), 
and (2) when injected into pregnant hamsters produces 
cleft palate in the fetus by delaying reorientation of the 
palatal shelves (Shah and Wong, 1980; Shah et al., 1984). 

Materials and methods 

The maintenance and mating procedures for Golden 
Syrian hamsters have been described earlier (Shah et al. 
1984). On day 11:00 (day 11, hour 0) of gestation, each 
female was given an intramuscular injection of either 81 
mg/kg 5FU suspended in 1 m1 saline, or 1 m1 saline. 
Earlier, on the basis of dose-time response study (Shah 
and Mackay, 1978), and morphological analysis (Shah 
and Wong. 1980; Shah et al., 1984) it was observed that 
this regimen of dose and time in hamster induces cleft 
palate in all the fetuses by delaying the reorientation of 
palatal shelves by 18-22 hours. 

For morphometric analysis, fetuses were obtained 
from two control and three drug-treated animals at 6- 
hour intervals between days 11:00 and 12:00 of gestation 
(Mean number of fetuses per litter 12.8 * 1.9). In 
addition, the control fetuses were obtained at 2-hour 
intervals until day 12:04, (the period when normal 
hamster palatal shelf reorients), and treated ones at 6- 
hour intervals until day 13:00 of gestation. The fetal 
heads were dissected and fixed in 0.1 M phosphate 
buffered 2.5% glutaraldehyde (pH 7.3) at 0-4' C, post 
fixed in 1% osmium tetroxide, and dehydrated and 
embedded in Epon-Araldite as described by Shah and 
associates (1984). Prior to embedding, each palate was 
divided into anterior, middle and posterior thirds, and 
oriented in the Beam-capsule to obtain frontal sections. 
One micrometer sections were stained with 1% toluidine 
blue. Only sections from the middle third were used in 
the analysis because various morphological events of 
palate development in hamster begin in this area (Shah 
and Travill, 1976). A 10 X 10 marked glass grid 
(American Optical Corporation) was inserted into the 
eye piece of the microscope and superimposed onto the 
frontal sections at X 250. The total area of the grid was 
measured to be 0.0927 mm2. In order to ascertain the 
area of the palatal shelf in the sections, the boundaries of 
the shelf were identified by points where the epithelium 
changed direction (see Fig. 2, Burdett et al., 1988). By 

counting the number of squares and portions thereof the 
grid falling over the palatal shelf, the total area was 
calculated. The number of mesenchymal and basal 
epithelia1 cell nuclei within the frontally sectioned palatal 
shelf were counted. Cell density per mm2 of the palatal 
shelf was calculated by dividing the total number of 
mesenchymal cell nuclei by the shelf area. Nine to 12 
palates per litter were used for the cell counting at each 
gestational age. using a Macintosh computer program 
(Statfast, 1985) the data were subjected to a two way 
analysis of variance. 

For the measurement of 3H-thymidine uptake, 
palates of different ages from both control and treated 
fetuses were obtained. Four to six palates from each litter 
were incubated in 2ml Delbecco's Modified Eagle 
Medium supplemented with 10% calf's serum and 0.01 
m1 of 3H-thymidine (ICN, 57 Ci/mmole) for 3 hours at 
37" C in an atmosphere of 5% CO2 and 95% air. The 
tissue was then washed with 3H-thymidine-free medium 
and homogenized in 0.8 m1 of 0.5 N NaOH (0-4" C). It 
was then precipitated with 10% trichloracetic acid 
(TCA), containing 1% tannic acid (TA), at 0-4O C for 24 
hours. The precipitate was centrifuged at 22.000 g for 30 
minutes and the supernatant discarded. It was washed 
three more times in the TCA-TA mixture and centrifu- 
ged. Subsequently the precipitate was dissolved in 1 m1 
0.1 N NaOH. Eight 0.025 m1 aliquotes were taken and 
placed on Whatman microfiber glass filters and dried. 
The filter was then immersed in 2.8 m1 Amersham 
aqueous counting scintillant solution and counted on a 
Philips PW 4700 liquid scintillation counter. Protein 
concentration was determined by the Biuret method 
(Gornall et al., 1949). The experiments were repeated 
three to six times. The data were analyzed by Student 
t-test to asses the differences in the synthesis of DNA in 
the developing palates of control and 5FU-treated 
fetuses at the 5% significance level. 

Results 

Cross-sectional area of the developing palatal shelf 

In control fetuses, the area of the palatal shelf (Fig. 
l a )  increased gradually from 0.0298 f 0.0087 mm on 
day 11:06 to 0.0374 f 0.0088 mm2 on day 12:00 of 
gestation. It increased two-fold during the next two 
hours to 0.0739 * 0.0116 on day 12:02 of gestation (P < 
0.05), and then leveled-off. The palatal shelves 
reoriented from a vertical to a horizontal plane between 
days 12:00 and 12:04 of gestation. 

Following 5FU treatment, the palatal shelf area (Fig. 
l a )  also increased gradually from 0.0138 * 0.0038 mm2 
on day 11 :06 to 0.0205 * 0.0035 mm2 on day 12:00 of 
gestation. The rate of increase, however, was slow. 
During the next 12 hours the shelf area increased 
two-fold, and was 0.0690 * 0.0259 mm2 on day 12:12 of 
gestation (P < 0.05). It then leveledoff. Overall, 
following 5FU administration, the palatal shelf area in 
the treated fetuses remained significantly lower than 
in controls until day 12:06 of gestation (P < 0.05). 
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Table l. Relationship between different parameters of shelf growth and stage of palate development in control and 5FU-treated 
hamster fetuses. 

Mean Number of Mean Density of 
Stage of Palate Mean shelf 

Mean Number of 
Mesenchymal Mesenchymal 

Development Area mm2 t SD 
Epithelial 

Cells 2 SD Cells 2 SD Cells 2 SD 

Vertical 

Control 0.0300 +- 0.0066 347.0 2 67.6 1 181 3,7 i 2042.2 83.3 t 8.0 
Treated 0.0277 2 0.01 64 249.9 +- 85.4 10820.0 2 441 8.7 62.9 2 15.0 

Reorientation 
Control 0.0536 + 0.01 60 31 2.0 2 103.3 5435.0 2 81 7.4 84.8 2 12.6 
Treated 0.0635 2 0.0355 327.2 109.0 5732.6 2 1332.8 28.8 2 26.0 

Horizontal 
Control 0.0674 k 0.01 62 272.5 k 65.3 4098.9 2 591 .l 93.5 2 14.5 
Treated 0.0776 ? 0.0263 331.5 ? 61.6 451 8.3 t 973.0 85.7 2 17.7 

p < 0.05 from the previous stage 

Subsequently, however, on day 12:12 of gestation the 
shelf area in the treated fetuses reached the level 
comparable to that seen in control fetuses on day 12:OO of 
gestation. The 5FU-treated palatal shelves reoriented 
from a vertical to a horizontal plane between days 12: 18 
and 13:OO of gestation, i.e., approximately 18-22 hours 
later than seen in controls. 

Since the calculation of mean shelf area, in controls 
between days 12:OO and 12:04 of gestation and in treated 
between days 12:OO and 13:OO of gestation represent 
averages of vertical, reorienting and horizontal shelves, 
the data were rearranged according to the stage of palatal 
development. One may deduce, from Table 1 that the 
mean shelf areas in control and 5FU-treated fetuses at 
comparable stage of palatal development were similar. 
In controls, the area of vertical shelf increased 
significantly during reorientation (P < 0.05), and was 
approximately two-fold when the shelves were horizon- 
tal. A similar trend was also observed following 5FU 
treatment. 

Mesenchymal cells of the developing palatal shelf 

The data summarized in Fig. 1b show that in controls 
the number of mesenchymal cells remains unchanged 
between days 11:06 and 12:04 of gestation. Following 
5FU treatment, the overall number of mesenchymal cells 
during this period, with the exception of day 11:18 of 
gestation, was comparable to that of the controls. On 
day 11:18 of gestation it was significantly lower in 
5FU-treated than in control palates. 

Table 1 shows the data on the number of mesenchy- 
mal cells according to stage of palatal development. One 
may infer from the Table that the number of mesenchy- 
mal cells remained steady as the shelves underwent 
reorientation from a vertical to a horizontal plane. A 
similar deduction may also be made for palates following 
5FU treatment. 

The density of mesenchymal cells in the developing 
palatal shelf (number of cells/mm2 area) is analyzed in 

Fig. 1c. In controls, there was a significant decrease in 
the density of mesenchymal cells from 12905.4 k 791.3 on 
day 11:06 to 9588 f 1182.5 on day 11:12 of gestation (P < 
0.05). The density increased to 13346.4 f 1271.2 on day 
11:18 of gestation, but dropped rapidly thereafter (P < 
0.05) and was 3749.9 f 41.42 on day 12:04 of gestation. 

Following 5FU treatment, the density of mesenchy- 
mal cells dropped by approximately 50% from 16926.0 * 
1946.1 on day 11:06 to 8773.6 + 1467.6 on day 11:18 of 
gestation. It remained steady until day 12:06, and then 
dropped further by approximately 30% to 5533.4 * 719.4 
on day 12:12 of gestation. Subsequently the density of 
mesenchymal cells in 5FU-treated palates remained 
unchanged. Except on day 12:OO of gestation the density 
of mesenchymal cells in the control and 5FU-treated 
palates were significantly different (P < 0.05). 

The data on the density of mesenchymal cells in 
relation to the stage of palatal development are arranged 
in Table 1. One may deduce that there was no difference 
in the density between the control and treated fetal 
palates at comparable stages of development. In both 
control and treated groups the density of mesenchymal 
cells dropped by approximately 50% while the shelves 
were undergoing reorientation. 

Epithelial cells of the developing palate 

In control fetuses, the number of basal epithelial cells 
covering the developing palate remained unchanged 
between days 11:06 and 12:04 of gestation (Fig. Id). 
Following 5FU treatment, the number of epithelial cells 
remained steady between days 11:06 and 12:OO of 
gestation. Subsequently it increased significantly from 
53.0 * 7.8 on day 12:OO to 87.6 f 20.9 on day 12:12 of 
gestation (p < 0.05), and then leveled-off. The number 
of basal epithelial cells, however, remained significantly 
lower than in controls between days 11:06 and 12:06 of 
gestation (P < 0.05). 

The data on the number of epithelial cells in relation 
to stage of palatal development are presented in Table 1. 
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One may deduce from the Table that the number of 
epithelial cells at a comparable stage of palate 
development was similar in both the control and treated 
groups. Furthermore, the number of epithelial cells 
remains steady as the shelves reoriented from a vertical 
to a horizontal plane. 

DNA synthesis in the developing palate 

The data on a-thymidine uptake are summarized in 
Fig. l e .  One may infer from the figure that in control 
fetuses the DNA synthesis decreased significantly 
between days 11:06 and 12:OO of gestation (P < 0.05). It 
then increased approximately four-fold on day 12:02, 
followed by a 50% drop on day 12:04 of gestation 
(P < 0.05). 

Following 5FU treatment the overall trend in the rate 
of DNA synthesis was comparable to  that of the control. 
On days 11:18 and 12:02 of gestation, however, the rate 
was significantly lower in the treated than in the controls 
(P < 0.05). 

Discussion 

Since the number of cells in a three dimensionally 
growing structure changes during its ontogeny, a ques- 
tion has been repeatedly raised in the developmental 
biology literature whether a minimum or specified 
number of cells is critical for the progression of the 
morphogenesis of an organ or structure (Waddington, 
1957; Weiss, 1968; Wolpert, 1969; Mintz, 1971; Bonner, 
1974; Holtzer, 1978; Green, 1980). In mammals, the 
secondary palate (a mesenchymal structure covered by 
an epithelium) develops first as a vertical projection 
which, with advancement in morphogenesis, becomes 
horizontal. Hence, the issue, whether acquisition of a 
specified number of mesenchymal cells in the vertically 
developing shelves is critical for their subsequent 
reorientation to a horizontal plane, is important. In 
addition to the inherent interest in determining the 
number of mesenchymal cells essential for palatal 
morphogenesis, the information may be useful in 
analysing the effect of genetically and environmentally 
induced perturbations of the developing secondary 
palate. Wolpert and associates (1979) have suggested 
that the simplest way to interpret such information is that 
if a structure, at any stage during its development, has 
too few cells, that part of the structure would not develop 
or differentiate further. Hence, studies on continually 
advancing morphogenesis of a structure like the 
secondary palate, under both normal and abnormal 
circumstances, might be defined in quantitative terms 
instead of relying on such discrete developmental indices 
as embryonic weight, crown-rump lenght, numerical 
rating systems, etc., which show large inter-and intra- 
species variations, and hence are difficult to interpret 
(Dostal and Jelinek, 1972; Shah, 1979). 

The control data obtained in the present study, along 
with those gathered earlier (Burdett et al., 1988; Shah et 
al.. 1989), suggests that three aspects of mesenchymal 

cell growth appear to be critical in regulating vertical 
palatal development. These are initiation of growth, rate 
of growth, and termination of growth. Although the 
number of stem cells required to initiate the palatal bud 
in mammals is not known, it was shown in earlier study 
(Burdett et al., 1988) that during initial palatal 
development, between days 10:OO and 11 :00 of gestation 
in hamster, two spurts in DNA synthesis occur (presuma- 
bly corresponding to the number of cell cycles), which 
leads to an increase in both the number and density of 
mesenchymal cells. This event is followed by reduction, 
both in DNA synthesis and mesenchymal cell density. 
and concurrent stabilization of the mesenchymal cell 
number between days 11:OO and 12:OO of gestation (Shah 
et al., 1989). The control quantitative data obtained in 
the present study on the rate and termination of 
mesenchymal cell growth during palatal development 
are in confirmation of these results, and also corroborate 
those reported for rats and mice by Nanda and Romeo 
(1975, 1978) and Brinkley and Bookstein (1986). Similar 
reductions in cell growth and mesenchymal density have 
been noted during limb development (Hornbruch and 
Wolpert, 1970; Ede, 1971). Thus, when the data from 
our previous studies, and the present study, on hamster 
are considered together it appears that, during palate 
morphogenesis, the mesenchymal cell number reach a 
plateau by day 11:OO of gestation, and the numbers do 
not increase further until after the closure of the palate. 
Such a timely specified number of cells in a vertically 
developing palatal shelf may be considered critical 
because: (1) the number did not increase during reorien- 
tation, even though the shelf area was increasing (Table 
1); (2) there was no increase in DNA synthesis during the 
ensuing 24 hours to increase cell numbers, which presu- 
mably could have been a mechanism accounting for shelf 
reorientation; (3) when the cell number did not reach 
plateau levels following treatment with 6-mercaptopuri- 
ne, shelf reorientation was prevented (Burdett et al., 
1988) (4) when the cell number had been significantly 
reduced within 18 hours following 5FU administration 
(Fig. lb).  the shelves did not reorient until the number 
reached the "specified" level between days 12:06 and 
12:12 of gestation, and (5) when the cell number 
remained unaffected after hydrocortisone treatment on 
day 11:OO of gestation, the shelf reorientation occurred 
on schedule (Shah et al., 1989). This analysis would 
suggest that, in hamster, the putative critical number of 
mesenchymal cells for palatal shelf reorientation may be 
reached approximately 24 hours prior to the event. 
Holtzer (1968) suggested that the acquisition of the 
critical number of cells in a developing organ generally 
precedes differentiation. Also, determination of such a 
specified number may depend on the number of stem 
cells (Holtzer, 1978), which could be determined "gene- 
titically", as has been suggested in general for other 
developing organs and structures (Mintz, 1971; Bryant 
and Simpson, 1984). 

It should be noted that the reduction in mesenchymal 
cell number on day 11:18 of gestation in 5FU-treated 
palates (Fig. lb) ,  which was accompanied by a simulta- 
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neous reduction in the rate of DNA synthesis (Fig. le) ,  
was due to the loss of damaged mesenchymal cells (Shah 
et al., 1984). Later when an increase in DNA synthesis 
(Fig. le) ,  accompanied by restoration of at least the 
ultrastructural appearance (health) of the mesenchymal 
cells (Shah et al., 1984) occurred on day 12:06 of 
gestation, the mesenchymal cell number was restored to 
the level comparable to that seen in controls on day 12:02 
of gestation (Fig. lb) .  In the drug-treated palates, 
however, the expansion of the shelf area (reflecting 
extracellular matrix synthesis), as discussed below, was 
not restored until day 12:12 of gestation (Fig. l a ) .  This 
analysis would suggest that, in the circumstances of the 
present experiment, 5FU insulted the vertical shelf 
development not by affecting the DNA synthesis in the 
mesenchymal cells, but, as was shown earlier (Shah et 
al., 1984), by damaging the mesenchymal cells and 
affecting their subsequent differentiation. Indeed 5FU 
have been shown to affect the differentiation of various 
post-mitotic cells by interfering with RNA and protein 
synthesis (Heidelberger, 1965). This, however, does not 
detract the proposition that an acquisition of a minimum 
number of mesenchymal cells may be critical for palatal 
reorientation. Indeed, one may further deduce from the 
analysis that not only the acquisition but also the 
subsequent maintenance of critical number of mesenchy- 
mal cells during the antepenultimate (vertical) phase of 
palatal development may be essential for palatal shelf 
reorientation. 

The results of the present study also suggest that there 
does not appear to be a relationship between the mesen- 
chymal cell number and its density, which could be invol- 
veld in regulating the number of cells in the vertically 
developing palatal shelf, as suggested, for example, for 
the developing limb (Summerbell, 1977). In addition, 
the data does not support the proposition made for the 
developing limb, that the number of mesenchymal cells 
in a elongating structure may be regulated by the 
outgrowth of the covering epithelium (Hornbruch and 
Wolpert, 1970; Ede, 1971; Gould et al.. 1972). In the 
present study, it was observed that following 5FU treat- 
ment, when the epithelia1 cell number was reduced, the 
number of mesenchymal cells remained fairly constant. 

The area (volume or mass) of a structure or an organ 
expands considerably during its embryonic 
development. In this regard, the morphogenesis of 
mammalian seconday palate is unique, because, unlike 
other organs or structures, the bilaterally symmetrical 
vertical palatal processes, while expanding in area, 
change the direction of their development from a vertical 
to a horizontal plane to meet in the midline. Hence, 
information on the rate of increase in the area of the 
developing palatal shelves may be of intrinsic significan- 
ce to advancing morphogenesis. Since the data obtained 
in the present study, along with our earlier observations 
(Burdett et al., 1988: Shah et al., 1989), show that the 
shelf area increases several fold during the vertical mor- 
phogenesis of the palatal processes, the issue is raised 
whether a minimum critical volume of the vertical 
shelves is essential for them to undergo reorientation. 

In addition to the intrinsic usefulness of such information 
in analysing advancing morphogenesis of the developing 
secondary palate, further significance of the issue may 
reside in the frequently recorded observation that in 
those circumstances where cleft palate developed due to 
a delay in the reorientation of palatal shelves, the shelves 
were small (Kochhar and Johnson, 1965; Mott et al., 
1969; Andrew and Zimmerman, 1971; Jelinek and 
Dostal, 1974; Tassinari et al., 1981; Reddy et al., 1986). 
In these instances it is not known if the proposed 
minimum critical volume was acquired by the developing 
palatal shelves. 

In an earlier study, it was shown that the area of the 
vertically developing shelf increased approximately ten- 
fold during the initial 24 hours of hamster palate 
development, i.e., betwen days 10:OO and 11:OO of gesta- 
tion (Burdett et al., 1988). In the ensuing 24 hours the 
shelf area continued to expand, albeit at a slower rate 
(Shah et al., 1989). Just prior to reorientation, however, 
there was a spurt in the rate of expansion of the palatal 
shelf area. Following 5FU administration the expansion 
of the shelf area was inhibited, and it did not reach the 
equivalent of control values, observed on day 11:OO of 
gestation, until after day 12:00 of gestation, i.e., 
approximately 24 hours late, and the reorientation was 
correspondingly delayed. On the basis of these observa- 
tions one could suggest that, in hamster embryos the 
palatal shelf area accomplished by day 11:OO of gestation, 
i.e., approximately 24 hours prior to scheduled reorien- 
tation time, may be considered critical for subsequent 
advancement in palate morphogenesis. The acquisition 
of such an area (space) appears to be the result of 
controlled growth, and its regulation would be a matter 
of rate and duration of growth, as has been suggested 
earlier for many other embryonic structures by Snow and 
associates (1981). It must be emphasized that reaching a 
specific area during vertical shelf development may not 
always assure shelf reorientation. For example, it has 
been shown that after 6-mercaptopurine treatment of 
hamsters on day 9:00 of gestation, the vertical shelf area 
continued to increase well past the critical phase, but the 
shelf reorientation never occurred, because the drug 
inhibited the growth of the mesenchymal cells and affec- 
ted their subsequent cytodifferentiation (Burdett and 
Shah, 1988; Burdett et al., 1988). On the other hand, 
following hydrocortisone treatment of hamsters on day 
11:OO of gestation, both the mesenchymal cell number 
and shelf area remained unaffected, and shelf reorienta- 
tion occurred on schedule (Shah and Travill, 1976; Shah 
et al., 1989). Obviously the synchronization of complex 
growth processes (i.e., cell number, shelf area, cell cycle 
and DNA synthesis, extracellular matrix synthesis, cell 
arrangements, etc.) in the vertically developing palatal 
process is crucial for its subsequent reorientation. The 
events leading to reorientation of the palatal shelf are 
currently believed to be achieved through critically 
regulated alterations in the mesenchymal cell behaviour, 
and synthesis of extracellular matrix (Lessard et al., 
1974; Babiarz et al., 1975; Krawczky and Gillon, 1976; 
Fergurson, 1978a; Shah, 1979; Jacobson and Shah, 1982; 
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Zimmerman and Wee, 1984; Brinkley and Bookstein, 
1986), and are accompanied by a further expansion of the 
shelf area. Hence, on the basis of these observations, 
along with those reported in the present study, one may 
suggest that acquisition of a critical area during the 
vertical development of palatal shelves may facilitate the 
differentiation of mesenchymal cells which would later 
enforce the shelf's reorientation. This possibility is 
further strengthened by the observation that during the 
24 hour period prior to shelf reorientation, even though 
the shelf area continued to expand, the mesenchymal cell 
number remained unaltered, and the cell density and 
DNA synthesis were reduced; and thus the suggestion is 
consistent with the general concept that, during 
organogenesis, acquisition of cell number (growth) 
precedes cell differentiation (Holtzer, 1968; Mintz, 
1971). It may be noted that the observations of the 
present study do not rule out the possibility that synthesis 
of extracellular matrix may be solely responsible for the 
expansion of shelf area after day 11:OO of gestation. Also, 
as a result of prior mesenchymal cell damage (Shah et al., 
1984), it is possible that 5FU may affect the synthesis of 
extracellular matrix, hence the expansion of shelf area, 
and eventually delay the palatal shelf reorientation, as 
have been claimed for other teratogens (Jacobs, 1964; 
Fergurson, 1978b; Jacobson and Shah, 1982; Brinkley 
and Morris-Wiman, 1984). Indeed, this would reinforce 
the proposition made in the earlier paragraph that a 
critical number of healthy mesenchymal cells may be 
essential for subsequent optimum production of 
extracellular matrices involved in the palatal shelf 
reorientation. 

In summary, in the present study an attempt was 
made to determine the significance of various features of 
growth during vertical development of the palatal 
shelves, and their subsequent reorientation. During the 
24-hour period preceding shelf reorientation, there were 
no major alterations in the mesenchymal cell number and 
shelf area, while DNA synthesis dropped. On the basis of 
analysis of data obtained from the present study, and 
along with observations reported in the literature, it was 
suggested that, in hamster, acquisition and maintenance 
of both a specified number of mesenchymal cells and 
shelf area, at least 24 hours prior to reorientation, may be 
critical for ensuing mesenchymal cell differentiation to 
enforce palatal shelf reorientation on schedule. Failure 
to achieve them in synchrony could prevent or delay the 
shelf reorientation. 5FU treatment affected these 
features to delay reorientation of the palatal shelf. 

Acknowledgements. The work was supported by a grant from the 
National Sciences and Engineering Research Council of Canada. We 
are grateful to Valerie Pleasance, Patricia Kapitan and Kaari Fraserfor 
their help. 

References 

Andrew F.D. and Zimmerman E.F. (1971). Glucocorticoid 
induction of cleft palate in mice: No correlation with inhibition 

of mucopolysaccharide synthesis. Teratology 4,31-38. 
Babiarz B.S., Allenspach A.L. and Zimmerman E.F. (1975). 

Ultrastructural evidence of contractile systems in mouse 
palates prior to rotation. Develop. Biol. 47, 32-44. 

Bonner J.T. (1974). On Development. The biology of form. 
Harvard University Press, Cambridge, pp. 218-259. 

Brinkley L. and Bookstein F.L. (1986). Cells distribution during 
mouse secondary palate closure. II. Mesenchymal cells. J. 
Embryol. Exp. Morphol. 96,111-1 30. 

Brinkley L. and Morris-Wiman J. (1984). The role of extracellular 
matrices in palatal shelf closure. Curr. Topics Develop. Biol. 
19,17-36. 

Bryant P.J. and Simpson P. (1984). Intrinsic and extrinsic control 
of growth in developing organs. Quart. Rev. Biol. 59,387-41 5. 

Burdett D.N. and Shah R.M. (1988). Gross and cellular analysis of 
6-mercaptopurine-induced palate in hamster. Am. J. Anat. 
181,179-1 94. 

Burdett D.N., Waterfield J.D. and Shah R.M. (1988). Vertical 
development of the secondary palate in hamster embryos 
following exposure to 6-mercaptopurine. Teratology 37, 
591-597. 

Cheek D.B. (1975). Fetal and prenatal cellular growth: Hormones 
and nutrition. John Wiley &Sons, New York, pp. 11 -33. 

Cleaton-Jones, P. (1976). Radioautographic study of 
rnesenchymal cell activity in the secondary palate of the rat. J. 
ent. Res. 55,437-440. 

Cohen S., Flaks J., Barner H., Leoeb M. and Lichtenstein J. 
(1 958). The mode of action of 5-fluorouracil and its derivatives. 
Proc. Natl. Acad. Sci. USA 44,1004-1 01 2. 

Dobbing J. and Sands J. (1973). Quantitative growth and 
development of human brain. Arch. Dis. Child. 48,757-767. 

Dostal M. and Jelinek R. (1972). Morphogenesis of cleft palate 
induced by exogenous factors. V. Quantitative study of the 
process of palatal closure of different strains of mice. Folia 
Morphol. 20,362-374. 

Ede D.A. (1971). Control of form and pattern in the vertebrate limb. 
In: Control Mechanisms of Growth and Differentiation. Symp. 
Soc. Exp. Biol. (Gr. Brit.), Vol. 25. Davies D.D. and Balls, M. 
(eds) Academic Press. New York. pp 235-254. 

Ellison R. (1961). Clinical applications of the fluorinated 
pyrimidines. Med. Clin. North Am. 45,677-688. 

Enesco M. and Leblond C.P. (1962). Increase in cell number as a 
factor in the growth of the organs and tissues of the young 
male rat. J. Embryol. Exp. Morphol. 10,530-562. 

Ferguson M.W.J. (1978a). Palatal shelf elevation in the wistar rat 
fetus. J. Anat. 125,555-577. 

Ferguson M.W.J. (1978b). The teratogenic effects of 5-fluoro-2- 
desoxyuridine (F.U.D.R.) on the wistar rat fetus, with particular 
reference to cleft palate. J. Anat. 126,37-49. 

Gornall A.G., Bordawill C.J. and David M.M. (1948). 
Determination of serum protein by means of the biuret 
reagent. J. Biol. Chem. 177,751 -766. 

Gould R.P., Day A. and Wolpert L. (1972). Mesenchymal cell 
condensation and cell contact in early morphogenesis of the 
chick limb. Exp. Cell. Res. 72,325-336. 

Green P.P. (1980). Organogenesis - A biochemical view. Ann. 
Rev. Plant. Physiol. 31, 51 -82. 

Heidelberger C. (1965). Fluorinated pyrimidines. Prog. Nucleic 
Acid Res. Mol. Biol. 4, 1-50. 

Holtzer H. (1968). Induction of Chondrogenesis: A concept in 



Palate development 

quest of mechanisms. In: Epithelial-Mesenchymal Interactions. 
Fleischmajer R. and Billingham R.E. (eds). Williams & Wilkins 
Co. Baltimore. pp 152-1 64. 

Holtzer H. (1978). Cell lineages, stem cells and the <<quantal>> cell 
cycle concept. In: Stem Cells and Tissue Homeostasis. Lond 
B.I., Potten C.S. and Cole R.J. (eds). Cambridge University 
Press. Cambridge. pp 1-27. 

Hornbruch A. and Wolpert L. (1970). Cell division in the early 
growth and morphogenesis of the chick limb. Nature 266, 
764-766. 

Hudson C. and Shapiro B.L. (1973). A radiautographic study of 
deoxyribonucleic acid synthesis in embryonic rat palatal shelf 
epithelium with reference to the concept of programmed cell 
death. Arch. Oral Biol. 18,77-81. 

Jacobs R.M. (1964). S35-liquid-scintillation count analysis of 
morphogenesis and teratogenesis of the palate in mouse 
embryos. Anat. Rec. 150,271 -278. 

Jacobson B. and Shah R.M. (1982). Glycosaminoglycan analysis 
during normal and cleft palate development in hamster. J. 
Dent. Res. 64,245. 

Jelinek R. and Dostal M. (1974). Morphogenesis of cleft palate 
induced by exogenous factors. VII. Mitotic activity during 
formation of the mouse secondary palate. Folia Morphol. 2, 
94-1 01. 

Kochhar D.M. and Johnson E.M. (1965). Morphological and 
autoradiographic studies of cleft palate induced in rat 
embryos by maternal hypervitaminosis A. J. Embryol. Exp. 
Morphol. 14,223-238. 

Krawczyk W. and Gillon D. (1976). lmmunofluorescent detection 
of actin in non-muscle cells of the developing mouse palatal 
shelf. Archs. Oral Biol. 21,503-508. 

Lessard J.L., Wee E.L. and Zimmerman E.F. (1974). Presence of 
contractile proteins in mouse fetal palate prior to shelf 
elevation. Teratology 9,113-1 26. 

Madhavan M.M. and Schneiderman H.A. (1977). Histological 
analysis of the dynamics of growth of imaginal discs and 
histoblasts nests during the larval development of Drosophila 
melanogaster. Wilhelm Roux Arch. Entwiclungsmech. Org. 
183,269-305. 

Mintz B. (1971). Clonal basis of mammalian differentiation. In 
Control Mechanisms of Growth and Differentiation. Symp. 
Soc. Exp., Biol. (Gr. Brit.), Vol. 25. Davies D.D. and Balls M. 
(eds) Academic Press. New York. pp 345-370. 

Mott W.J., Toto P.D. and Hilgers D.C. (1969). Labelling index and 
cellular density in palatine shelves of cleft palate mice. J. Dent. 
Res. 48,263-265. 

Nanda R. (1971). Tritiated thymidine labelling of the palatal 
processes of rat embryos with cleft palate induced by 
hypervitaminosis A. Arch. Oral Biol. 16,435-444. 

Nanda R. and Romeo D. (1975). Differential cell proliferation of 
embryonic rat palatal process as determined by incorporation 
of tritiated thymidine. Cleft Palate J. 12,436-446. 

Nanda R. and Romeo D. (1978). The effect of dexamethasone and 
hypervitaminosis A on the cell proliferation of rat palatal 
processes. Cleft Palate J. 15,176-1 81. 

Reddy CS., Hanumaiah B., Hayes T.G. and Ehrlich K.C. (1986). 
Developmental stage specificity and dose response of 
secalonic acid D-induced cleft palate and the absence of 

cytotoxicity in developing mouse palate. Toxicol. Appl. 
Pharmacol. 84,346-354. 

Ruddick J.A. and Runner M.N. (1974). 5FU in chick embryos as a 
source of label for DNA and depressant of protein synthesis. 
Teratology 10,39-46. 

Shah R.M. (1979a). Cleft palate development in hamster embryos 
following triamcinolone treatment. J. Anat. 129,531 -539. 

Shah R.M. (1979b). A cellular mechanism for the palatal shelf 
reorientation from a vertical to a horizontal plane in hamster: 
light and electron microscopic study. J. Embryol. Exp. 
Morphol. 53,l-13. 

Shah R.M. Chen Y.P. and Burdett D.N. (1989). Growth of the 
secondary palate in hamster following hydrocortisone 
treatment. Shelf area, cell number and DNA synthesis. 
Teratology (In Press). 

Shah R.M. and Mackay R. (1978). Teratological evaluation of 5- 
fluorouracil and 5-bromo-2-deoxyuridine on hamster fetuses. 
J. Embryol. Exp. Morpol. 43,47-54. 

Shah R.M. and Travill A.A. (1976). Morphogenesis of the 
secondary palate in normal and hydrocortisone treated 
hamsters. Teratology, 13,71-84. 

Shah R.M. and Wong D.T.W. (1980). Morphological study of cleft 
palate development in 5-fluorouracil-treated hamster fetuses. 
J. Embryol. Exp. Morphol. 57, 119-128. 

Shah R.M., Wong D.T.W. and Suen R. (1984). Ultrastructural and 
cytochemical observations on 5-fluorouracil-induced cleft 
palate development in hamster. Am. J. Anat. 170,567-580. 

Snow M.H.L., Tam P.P.L. and McLaren A. (1981). On the control 
and regulation of size and morphogenesis in mammalian 
embryos. In Levels of Genetic Control in Development. 
Subtelny S. and Abbott U.K. (eds). A.R. Liss, Inc. New York. pp 
201 -21 7. 

Statfast-2 Statsoft (1985). Statistical package for Macintosh 
Computers Developed using MacFortran. Apple, Inc., Tulsa, 
Oklahoma. 

Summerbell D. (1976). A descriptive study of the rate of 
elongation and differentiation of the skeleton of the developing 
chick wing. J. Embryol. Exp. Morphol. 35,241-266. 

Summerbell D. (1977). Reduction of the rate of outgrowth, cell 
density and cell division following removal of the apical 
ectodermal ridge of the chick limb bud. J. Embryol. Exp. 
Morphol. 40, 1-21. 

Tassinari M., Lorente C.A. and Keith D.A. (1981). Effects of 
prenatal phenytoin exposure on tissue protein and DNA levels 
in the rat. J. Craniofac. Genet. Develop. Biol. l ,  315-330. 

Waddington C.h. (1957). Principles of Embryology. Allen and 
Unwin. London. pp 279-301. 

Weiss P. (1968). Dynamics of Development: Experiments and 
Interferences. Academic Press. New York. pp. 251 -320. 

Wolpert L. (1 969). Positional information and the spatial pattern of 
cellular differentiation. J. Theor. Biol. 25, 1-47. 

Wolpert L., Tickle C. and Sampford M. (1979). The effect of cell 
killing by X-irradiation on pattern formation in the chick limb. J. 
Embryol. Exp. Morphol. 50,175-198. 

Zimmerman E.F. and Wee E.L. (1984). Role of neurotransmitters 
in palate development. Curr. Top. Develop. Biol. 19,37-63. 

Accepted December 29,1988 


