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Cell cycle analysis of facial mesenchyme in the
chick embryo

I. Labelled mitoses and continuous labelling studies

By ROBERT MINKOFF

Dental Research Center and The School of Dentistry, University of North
Carolina, Chapel Hill, NC 27514, U.S.A.

SUMMARY

Cell cycle parameters were analysed in mesenchyme of the maxillary process and the roof
of the stomodeum in the chick embryo from stages 19 through 28. The generation times at
stages 24—26 were determined by pulse labelling of embryos with PH}thymidine, followed by
labelled mitosis counts and construction and analysis of percent-labelled mitosis curves em-
ploying computer-assisted curve-fitting techniques. The median generation time was
approximately 10-6 h in the maxillary process, and 16 h in the roof of the stomodeum; corres-
ponding values for mean generation times were approximately 12-0 and 18-2 h, respectively.
Median values for transit times of G, S, and G, were 2-0, 5-4, and 2-5h in the maxillary
process and 5-2, 6-7, and 2-7 h in the roof of the stomodeum. The distribution of generation
times of cells in the roof of the stomodeum, however, appeared to be more heterogeneous than
those of cells in the maxillary process.

The percentage of cells which continue to cycle rapidly (i.e. the ‘growth fraction’) was
determined by repeated-labelling experiments with ["H]thymidine in chick embryos from
stages 19 through 28. Cumulative labelling of mesenchymal cells in both the maxillary process
and roof of the stomodeum approached 100 % at stage 19 but dropped markedly from stage
19 to 25 declining to approximately 60—70 % in the maxillary process, and to 30 % in the roof
of the stomodeum. The decline in cell proliferation rates for these regions, determined in
previous studies with labelling indices, appears to be a result of the removal of cells from
rapidly cycling cell populations into subpopulations which are cycling more slowly and possibly
into subpopulations which have become quiescent; the difference in growth rates between
these regions could be attributed to the time of appearance and the size of these emerging slow
cycling or quiescent subpopulations.

INTRODUCTION

Previous studies indicated that the enlargement of the embryonic facial
processes and the development of the primary palate were accompanied by a
pattern of decline in rates of cell proliferation throughout the mesenchyme of the
embryonic facial region with advancing developmental age (Minkoff & Kuntz,
1977, 1978; Minkoff, 1980). Within the facial primordia (especially in regions
where facial primordia attach to each other), rates of cell proliferation were
maintained at higher levels compared with adjacent regions or in regions outside
of the facial primordia.
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In all of these studies DNA labelling indices were used as an assay for cell
proliferation. Although a labelling index is a satisfactory first approximation for
evaluating differences in growth rates, a labelling index is a composite of many
parameters of the cell cycle (Thrasher, 1966; Cleaver, 1967; Aherne, Cample-
john & Wright, 1977; Steel, 1977). For example, a labelling index represents
both the proportion of a cell population that is in the division cycle, as well as the
mean generation time of the proliferating compartment. In addition, changes in
the age distribution of the population of cycling cells, changes in transit times of
individual phases of the cell cycle (and, therefore, the length of S phase relative
to the remainder of the cycle), the distribution of intermitotic times of the cycling
population, as well as other factors such as cell loss, will be reflected in a labelling
index. An alteration in a labelling index seen during development within or
among regions could be due to any of the above causes or combinations of them.

For these reasons, a series of experiments employing pulse-labelling,
repeated-labelling and label-dilution techniques was performed in order to
determine generation times, transit times for phases of the cell cycle, and the
fraction of cell populations which was in the division cycle (i.e. the ‘growth
fraction’). Two areas which had previously been studied with DNA labelling
indices, namely the maxillary process and the roof of the stomodeum, were
analysed. The developmental ages studied were primarily stages 24 through 26
in the chick embryo, a time during which marked differences in labelling indices
had previously been found for these regions (Minkoff & Kuntz, 1978). Cell cycle
parameters of mesenchymal cell populations were determined from percent-
labelled mitosis curves (PLM) constructed with data derived from chick embryos
pulse labelled with PH]thymidine while estimates of the growth fraction were
obtained from continuous-labelling curves.

MATERIALS AND METHODS
PLM studies
Labelling

Chick embryos were incubated, windowed, staged, and labelled with [*H]thy-
midine (specific activity 20 Ci/mmol, New England Nuclear Co.), by injection
of label through a window in the eggshell into the amniotic fluid surrounding the
facial region of the embryo. The injection consisted of label diluted with balan-
ced salt solution to a concentration of 3 uCi in 0-1 ml. One hour after injection,
label was chased by injection into the amniotic cavity of 1-2 mg of cold thymidine
dissolved in 0-5 ml of balanced salt solution. Following the chase, embryos were
sacrificed at either half-hour or hourly intervals over a 30h period by rapid
immersion in Bouin’s solution.

Histology and autoradiography
After fixation, embryos were dissected, staged (Hamburger & Hamilton,
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1951), washed in 50 % alcohol, dehydrated through graded alcohols, embedded
in paraffin and sectioned (Humason, 1972) perpendicular to the long axis of the
maxillary process. Slides containing cross sections through the middle of the
maxillary process and of the roof of the stomodeum were deparaffinized, coated
with liquid autoradiographic emulsion (NTB3, Eastman Kodak), dried and
stored in light-proof boxes at 4°C for varying exposure times up to 4 months
(Rogers, 1973). Slides were then developed and stained with Weigert’s haema-
toxylin.

Cell counting

Areas were delineated in the maxillary process and the roof of the stomodeum
with an ocular grid in a manner analogous to a prior study (Minkoff & Kuntz,
1978). Labelled and unlabelled mitotic cells were counted to determine the
percentage of labelled mitoses in these delineated areas at each time point and
from the data PLM curves were constructed. At least three or more sections from
each embryo were examined and counted; approximately 50-100 mitotic figures
were counted in each area for PLM studies and approximately 500 to 1000 cells
were counted in each area for determination of mitotic indices using an oil-
immersion objective at a magnification of X1250.

Analysis of PLM data employing computer-assisted curve-fitting techniques
was performed by Dr G. G. Steel (Institute of Cancer Research, Belmont,
Surrey) using the method of Steel & Hanes (1971). A curve was obtained which
appeared to be the best fit to all of the experimental data consistent with their
model; from this, the means and their standard deviations, and the median
values were obtained for transit times of G , S, and G, . Mean and median values
were obtained for generation times as well as the overall distribution of cell cycle
times.

Continuous labelling studies
Labelling

Chick embryos were incubated, windowed, staged and labelled with ’H]thy-
midine by application of label on top of the embryo through a window in the
eggshell. Doses ranged from 10 to 20 4Ci, depending on the ages of the embryos
and the nature of the experiment. Label was diluted with balanced salt solution
to approximately 0-1 ml. [°H]thymidine was administered sequentially every 2}
to 3h over a 15-24 h period (Fig. 3).

Histology and autoradiography

Embryos were fixed in glutaraldehyde and paraformaldehyde (Graham &
Karnovsky, 1966), washed in cacodylate buffer for 24 h, dehydrated through
graded alcohols to acetone and infiltrated with Epon—acetone mixtures of in-
creasing Epon concentration. They were then embedded in Epon, polymerized
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for 3 days at 70°C (Luft, 1961) and sectioned perpendicular to the long axis of
the maxillary process at 2 um. Slides containing sections through the middle of
the maxillary process and of the roof of the stomodeum were processed for auto-
radiography as described above. After development, slides were stained with
Richardson’s stain.

Cell counting

Areas were delineated in the maxillary process and the roof of the stomodeum
in a manner described previously (Minkoff & Kuntz, 1978). Labelled and un-
labelled cells were counted to determine the cumulative DNA labelling indices.
At least three or more sections from each embryo were examined and counted
and approximately 500 to 2000 cells were counted in each area for determination
of labelling indices using an oil-immersion objective at a magnification of
x1250.

RESULTS
PLM studies

Labelled and unlabelled mitotic figures (late prophase through anaphase)
were counted and the percentages of labelled mitoses were used for the construc-
tion of PLM curves (Fig. 1). When these data were analysed, a median cell cycle
time of 10-6 h and a median S-phase duration of 5-4 h were obtained for mesen-
chymal cells in the maxillary process, while in the roof of the stomodeum corres-
ponding values were 16h and 6-7 h, respectively (Table 1). Mean values for the
generation time were approximately 12 h (maxillary process) and 18 h (roof of
the stomodeum). Median values for G, were approximately the same in both
regions (2-5 versus 2-7h), while the largest difference between the regions at
stages 24—26 was in the transit time of G; (median values of 2-0 h in the maxillary
process and 5-2h in the roof of the stomodeum).

The analytical technique employed (Steel & Hanes, 1971; Steel, 1972, 1973,
1977) utilized the form of the labelled mitosis curves to describe the distribution
of intermitotic times of the two cell populations. The breadth of the distributions
implied by the data is shown in Fig. 2. A much broader distribution is seen in the
roof of the stomodeum compared to the maxillary process; in addition, a much
larger proportion of cells has relatively long cell cycle times (i.e. over 30 h) in the
roof of the stomodeum.

A mitotic index (mid-prophase to early telophase) at stage 24 was determined
from autoradiograms of the PLM experiment and, in addition, from histologic
sections of cold embryos of the same stages embedded in plastic (Glycol
methacrylate cut at2 um). A value of 5-11 % was found in the maxillary process
and of 2-24 % in the roof of the stomodeum. Assuming that the embryonic cell
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Fig. 1. Percent-labelled mitoses in chick embryos from stages 24—26 after a single
injection of [*H]thymidine. A chase with cold thymidine (approximately 1 mg/em-
bryo) was administered 1 h later by injection directly into the amniotic cavity beneath
the facial region of the embryo. Embryos were fixed sequentially at half-hour or
hourly intervals and processed for autoradiography as described in the text. Each
datum point represents one embryo in which approximately 50-100 mitotic figures
were counted. PLM curve fitted by the computer program of Steel & Hanes (1971).

populations were growing exponentially and using the formula

Im = Mitotic Index

tc = Generation Time
tm = Duration of Mitoses
fc = Growth Fraction

tM= Imtc/ In2fg

(from Steel, 1977; Aherne et al. 1977), mitotic durations of 58 min and 1 h 43 min
for the maxillary process and the roof of the stomodeum were obtained. These
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Table 1. Cell cycle analysis of embryonic facial mesenchyme at stages 24-26

Region

(o . Rl
Maxillary process Roof of the stomodeum

[mean (£s.p.) median] [mean(*s.p.) median]

*Transit time Gy (h) 3:6+5-5 20 7-8+8-5 52
*Transit time S (h) 55+1-0 5-4 6-9+1-6 6-7
*Transit time G; (h) 29+17 2:5 3-5%29 2.7
*Median cell cycle time (h) 10-6 16

Mean cell cycle time (h)
Derived from mean transit
times of Gy, S and G, 12 18-2

Cumulative labelling index (14h)  60-80 % 20-30 %

* Optimized parameter derived from computer analysis of curve-fitting technique of Steel
& Hanes (1971).
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Fig. 2. Distributions of intermitotic times derived from the computer program of
Steel & Hanes (1971) corresponding to the labelled mitosis curves for the maxillary
process (———) and the roof of the stomodeum ( ).

values are approximate, however, due to factors such as the width of the mitotic
‘window’ which was used.

Continuous-labelling studies

Continuous labelling with repeated injections of [’H]thymidine was performed
on groups of embryos from stages 19 through 21, stages 24 through 26, and, in
more limited experiments with series begun at stage 27 and at stage 28 (see Fig. 3
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Fig. 3. Outline of protocol for repeated-labelling experiments. Embryos were
labelled at the indicated times in ovo through a window in the shell and groups of
embryos were then removed and fixed at the times shown.

for labelling protocol). When the data from stages 19 through 21 were plotted
and analysed (Fig. 4) the fraction of labelled cells continued to increase
throughout the 14 h observation period in the maxillary process approaching
approximately 80-90 %. The percentage of labelled cells in the roof of the
stomodeum also increased throughout the observation period, reaching levels of
approximately 70 % after 14h. By stage 24 through 26, however, a plateau
appeared in the curve of the maxillary process between 9 and 14h at
approximately the 60—70 % level while in the roof of the stomodeum the propor-
tion of labelled cells was less than 30 % after 14h (Fig. 5). Data from the
cumulative labelling experiments which were begun later (at stage 27 and at stage
28) displayed patterns similar to those found at stages 24-26. In all cases the
cumulative labelling index in the maxillary process rose to approximately
60-70 % at 9 to 14 h while in the roof of the stomodeum it remained at 20-30 %.
The difference in the percentage of labelled mesenchymal cells in the two regions
was maintained.

In order to confirm the presence of slowly dividing or non-dividing subpopula-
tions, additional experiments were performed utilizing label-dilution techniques.
In a limited series of experiments, stage-19 embryos were labelled repeatedly for
9h and label was then chased with cold thymidine. Embryonic development was
allowed to continue in order to dilute the label out of proliferating cells. After
48 h, which corresponded to approximately three to four cell division cycles, the
number of grains per nucleus of labelled cells in the maxillary process and in the
roof of the stomodeum was determined. The data indicated that the number of
grains per nucleus of cells in the maxillary process was reduced to lower values
than in nuclei of cells in the roof of the stomodeum, supporting the observations
based on cumulative labelling. These preliminary label-dilution experiments
were then repeated and extended to later time periods and are the subject of an
accompanying report (Minkoff & Martin, 1984).
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Figs 4, 5. Percentages of labelled cells in the maxillary process (O) and in the roof
of the stomodeum (@) after repeated administration of PH]thymidine (as outlined
in Fig. 3). Embryos were fixed and embedded in Epon-812 and processed for
autoradiography as described in the text. Each data point represents a total count of
500-2000 cells (from 3 to 12 sections) in each region. Fig. 4, labelling period from
stages 194 through 214. Fig. 5, labelling period from stages 24 through 26.
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DISCUSSION

The results of this study indicated that the differences in DN A-labelling indices
of mesenchyme between the maxillary process and the roof of the stomodeum ob-
served previously (Minkoff & Kuntz, 1978) could be attributed, at least in part, to
a major difference in the mean generation time of the two cell populations. Dif-
ferences in generation times in cell populations have generally been found to be
due mostly to variation in transit time of G; (Cameron, 1971; Aherne et al. 1977)
and in this study, the major difference in generation times at stage 25 is due to the
difference between these regions in G; . Continuous labelling data as well as the
distribution of intermitotic times suggest that the growth fractions of the two cell
populations are also different. The accelerated rate of decline of the labelling in-
dices in the roof of the stomodeum, therefore, is probably due to both of these fac-
tors, namely differences in the growth fraction as well as mean generation times.

The decline in the growth fraction may represent the removal of cells from a
rapidly cycling pool into either a subpopulation which is quiescent (i.e. a viable,
non-proliferating but reversible state) or into subpopulations with prolonged
durations of the G; phase but which continue cycling with extremely long genera-
tion times. It is not possible to differentiate between these two alternatives from
the cell cycle kinetic data that was obtained.

In a prior study, the labelling indices in the two regions at stages 20-22 were
found to be similar, although somewhat higher in the maxillary process (Minkoff
& Kuntz, 1978). In the present study, the growth fractions at stage 19-21 were
found to be similar. Assuming that both cell populations are growing exponenti-
ally and that the age distributions, therefore, are similar, and that cell loss is not
a factor, it is probable that the length of the mean generation time of cells in the
maxillary process and in the roof of the stomodeum are comparable at stage
19-21. If this is the case, then analysis of all prior labelling experiments (pulse-
label, repeated-label, PLM, etc.) would imply that initially, during early stages
in the development of the facial primordia, virtually all mesenchymal cells from
the regions examined were in the division cycle with a relatively short generation
time. As development proceeded, however, one segment of the mesenchymal
cell population (primarily in the maxillary process) retained cell cycle charac-
teristics comparable to those of the progenitor cell population while subpopula-
tions appeared (mainly in the roof of the stomodeum) which had longer and a
more heterogeneous distribution of generation times.

Because of the possibility that clearance of [3H]thym1d1ne was not efficiently
completed during the PLM-pulse-labelling experiments in the stage-24 chick
embryos, a cold chase of thymidine was employed as described above.
Approximately 1 mg/embryo was the maximum dose used since higher doses
may cause cytological abnormalities (Sauer & Walker, 1961). The problem of
inadequate clearance during the PLM experiments was also addressed when
labelled-mitosis data were analysed. Many reports have demonstrated that the
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pattern of a PLM curve may be dependent on the grain count threshold (Wir-
sching & Rabes, 1977; Shackney, Ford & Wittig, 1973; Friedman et al. 1973;
Pickard, Cobb & Steel, 1975), especially in situations where reutilization is
suspected (e.g. tumors, regenerating liver) and/or clearance is inefficient. For
these reasons, the procedure described by Wirsching & Rabes (1977) was em-
ployed prior to the calculations of the percentage of labelled mitoses. After
autoradiographic background was obtained and subtracted from data, a broad
range of thresholds was tested to eliminate the influence of reutilization and/or
inadequate clearance. Repeated analysis of the data indicated that a threshold
of eight grains above background reduced these effects to acceptable levels.

In order to determine whether the labelling protocol (and cold thymidine
chase) affected the cell cycle during the PLM experiments, a mitotic index was
determined on the same slides used for PLM analysis at selected time points
throughout the duration of the experiment. No observable effect was detected
in either the maxillary process of the roof of the stomodeum from 1 h to 28 h after
the onset of labelling with [°H]thymidine (data not shown). It is also unlikely that
the multiple application of [’H]thymidine, the time period over which labelling
was performed, or the dosages used in the continuous-labelling experiments, had
differential effects on cell proliferation. In another study (Minkoff & Martin,
1984), the same labelling protocol had been employed and embryos were grown
for periods of 1 week or more after the cessation of labelling. Embryos had
developed normally without evidence of growth retardation or of craniofacial
abnormalities as a result of the labelling protocol.

In summary, the results of this study suggest that the decline in rates of cell
proliferation in embryonic mesenchyme of the facial region is accomplished by
the removal of cells from rapidly cycling populations into subpopulations which
are cycling more slowly and with a more heterogeneous distribution of genera-
tion times and possibly into subpopulations which have become quiescent. Dif-
ferences in rates of decline in cell proliferation could be attributed to the time
of appearance and size of these emerging subpopulations.
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