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Time-lapse films were made of PC13 embryonal carcinoma cells, synchronized by mitotic shake off, in the absence 
and presence of retinoic acid. Using a method based on the transition probability model, cell cycle parameters were 
determined during the first five generations following synchronization. In undifferentiated cells, cell cycle parameters 
remained identical for the first four generations, the generation time being 11-12 hr. In differentiating cells, with 
retinoic acid added at the beginning of the first cycle, the first two generations were the same as controls. The duration 
of the third generation, however, was increased to 15.7 hr while the fourth and fifth generation were approximately 
20 hr. the same as in exponentially growing, fully differentiated cells. The increase in generation time of dividing cells 
was principally due to an increase in the length of S phase. Cell death induced by retinoic acid also occurred principally 
in the third and subsequent generations. Cell population growth was then significantly less than that expected from 
the generation time derived from cycle analysis of dividing cells. Cells lysed frequently as sister pairs suggesting 
susceptibility to retinoic acid toxicity determined in a generation prior to death. Morphological differentiation, as 
estimated by the area of substrate occupied by cells, was shown to begin in the second cell cycle after retinoic acid 
addition. These results demonstrate that as in the early mammalian embryo, differentiation of embryonal carcinoma 
cells to an endoderm-like cell is also accompanied by a decrease in growth rate but that this is preceded by acquisition 
of the morphology characteristic of the differentiated progeny. 

INTRODUCTION 

The study of malignant, murine teratocarcinoma of- 
fers promise for the analysis of two complex biological 
phenomena, namely early mammalian development and 
neoplasia. Insight into the process of embryogenesis may 
be gained since the teratocarcinoma stem cells, or em- 
bryonal carcinoma (EC) cells, have been shown to re- 
semble the inner cell mass (ICM) cells of the blastocyst 
in their developmental potential and to provide a suit- 
able model for studying certain aspects of early mam- 
malian development (for review, see Graham 19’77; Ho- 
gan, 19’77; Martin, 1975; Heath, 1983). Likewise, tumor- 
igenesis may be studied in EC cells since their immediate 
differentiated progeny are nonmalignant (for reviews, 
see Strickland, 1981; Heath, 1983; Gardner, 1983). 

One of the most potent and widely used inducers of 
differentiation in populations of EC cells is retinoic acid 
(Strickland and Mahdavi, 1978; Schindler et ak, 1981). 
Addition of this vitamin A derivative at low concen- 
trations to a variety of EC cell lines, results in a dramatic 
change in phenotype with cells becoming greatly flat- 
tened and their rate of growth reduced (Strickland and 
Mahdavi, 1978; Schindler et al, 1981; Rosenstraus et cd, 
1982; Rayner and Graham, 1983). Following such treat- 
ment PC13 EC cells, used in the present study, acquire 
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many characteristics of endoderm of early postimplan- 
tation mouse embryos (Adamson et al, 1979; Adamson, 
1982). Although it is known that the decrease in growth 
rate in exponentially growing cells following retinoic 
acid addition occurs after a lag period and is not due 
to selection processes (Rayner and Graham, 1983), the 
relationship between changes in cell cycle parameters 
and emergence of the differentiated phenotype has not 
yet been established (reviewed by Hogan et a& 1983). 

In the present study we have followed individual PC13 
cells by time-lapse cinematography for five generations 
from the time of retinoic acid addition in order to gain 
insight into this relationship during early differentia- 
tion. We have successfully used such methods previously 
in murine neuroblastoma cells to investigate the cell 
cycle dependence of growth regulation by the plasma 
membrane and the relationship with terminal differ- 
entiation (for reviews, see de Laat and van der Saag, 
1982a,b; de Laat et aL, 1982). PC13 cells are well suited 
for cell kinetic experiments because they have a rela- 
tively short generation time and little tendency to form 
aggregates, while cells in mitosis can easily be distin- 
guished from cells in other phases by their spherical 
shape. They can be synchronized easily by mitotic shake 
off. Determination of cell cycle parameters from the 
distribution of intermitotic times of sister cells, using 
the modified transition probability model (van Zoelen 
et al, 1981) showed that a lag period of two cell cycles 
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occurred before parameters characteristic of differen- 
tiated cells were adopted. Cell death induced by retinoic 
acid showed a lag period of similar duration. The llat- 
tened phenotype characteristic of differentiated cells on 
the other hand, was already evident during the second 
cell cycle after retinoic addition. The results indicate 
that morphological changes precede changes in cell cycle 
kinetics during differentiation and imply that although 
the morphology may effect changes in growth rate, the 
reverse is unlikely to be the case. The potential of the 
system as a model for precise determination of the re- 
lationship between growth regulation, morphological 
differentiation, and the emergence of differentiation- 
specific markers are discussed. 

MATERIALS AND METHODS 

Cell culture and di&rentiation PC13 clone MA2, a 
gift from J. K. Heath, Oxford, were grown on gelatinized 
tissue culture flasks in equal proportions of Dulbecco’s 
modified Eagle’s medium and Ham’s F12 medium with 
5% fetal calf serum (FCS) and buffered with NaHC03 
(44 milf) in a 5% COz atmosphere. EC cells were sub- 
cultured by low-temperature trypsinization using 0.125% 
(w/v) trypsin, 50 mM ethylene diaminetetraacetic acid 
(EDTA) in Ca’+, M8+-f ree phosphate-buffered saline 
(PBS) as described by Heath and Deller (1983). Cells 
were used up to passage 25. To induce differentiation, 
3 X lo6 EC cells were inoculated into a 150-cm2 culture 
flask containing 25 ml of the growth medium described 
above, 1 X lop6 M all-trans-retinoic acid (RA, added 
from lo-’ M stock solution dissolved in dimethyl sulph- 
oxide (DMSO) and stored at -7O’C) and 2 pg/ml poly- 
brene (added from 200 pg/ml in PBS stored at 4’C) 
(Heath et d, 1981). After incubation for 5 days at 37”C, 
cells were trypsinized as above and replated as required. 
This procedure for differentiation resulted in approxi- 
mately 1 in 10“ residual EC cells, as assessed by counting 
EC colonies 3 days after replating. 

Cell synchronization. For synchronization by mitotic 
shake off, 12 X lo6 cells were inoculated in a 150-cm2 
gelatinized tissue culture flask in growth medium and 
incubated for 24 hr at 37°C. The medium was then re- 
placed by 5 ml of growth medium buffered with Hepes 
(15 mM) and NaHC03 (18 mM) and pregassed in a 2% 
CO2 atmosphere to pH 7.4. The flask was then shaken 
manually yielding approximately 1.5 X lo6 mitotic cells 
in suspension as large single cells. 

Cell c&e an&&. For analysis of exponentially 
growing, nonsynchronized cultures EC cells were plated 
at a density of 4000 cells/cm2 in 25-cm2 culture flasks 
in 5 ml of growth medium buffered with Hepes and 
NaHC03 pregassed in 2% CO2 as above. After growth 
for one generation, retinoic acid and polybrene were 

added as required and filming commenced immediately, 
using a frame interval of 12 or 20 min. Filming of fully 
differentiated cultures (PC13 END) was commenced 24 
hr after replating, as above, in the absence of retinoic 
acid and polybrene. 

For analysis of synchronized cultures, mitotic cells 
were plated at a density of 4000 cells/cm2 in 25-cm2 
culture flasks in pregassed growth medium buffered as 
above, with or without the addition of retinoic acid and 
polybrene. Within 30 min, cells had attached and divided 
into two cells. The appearance of cell pairs was desig- 
nated time zero, and filming was commenced. 

Films were analyzed using a method described by van 
Zoelen et al. (1981a,b) based on the transition probability 
model of Smith and Martin (1973) (see Appendix I for 
details). Values for the intermitotic times (Ti) of sister 
cells were obtained directly from time-lapse films. Values 
of X, the transition probability could then be determined 
from the plot of the logarithm of the fraction of cells 
having an intermitotic time larger than or equal to a 
given time t as a function of t (the /3 plot; Appendix I). 

From the values of Ti and X, values could be calculated 
(Appendix II) for the other cell cycle parameters namely 
the duration of the B phase (TB), the duration of the A 
state (TA), the generation time (T,) and an upper limit 
for the fraction of cells in the A state (&). 

DNA synthesis. DNA synthesis was measured as the 
amount of [3H]thymidine ([3H]TdR; sp act 55 Ci/mmole, 
final concentration 0.5 &i/ml) incorporated during a 
30-min pulse at 37”C, into the cellular fraction insoluble 
in ice-cold trichloroacetic acid, essentially as described 
previously (Mummery et al, 1981). 

Cell surface area. During differentiation EC cells in 
monolayer flatten and increase the area they occupy. In 
order to quantify this process, the area obtained by 
tracing around the periphery of cells in enlarged time- 
lapse films (scale 18 pm/cm) was determined, using a 
Wang digitizer connected to a Wang 2200 minicomputer. 
Measurements were made on synchronized cells (30 per 
time point) every 2 hr for approximately four genera- 
tions. 

RESULTS 

Nonsynchronized, Exponentially Growing Cells 

Eflects on retirwic acid on proliferation Values for 
intermitotic times were determined for exponentially 
growing PC13 stem cells (PC13 EC) and their differ- 
entiated progeny (PC13 END or endoderm) directly from 
time-lapse films, as described under Materials and 
Methods. PC13 END were assessed as differentiated on 
morphological criteria for the purposes of film analysis 
but parallel experiments showed that such cells had 
other properties which confirmed their differentiated 
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nature; immunofluorescence showed that the cells no 
longer bound antibodies against the SSEA-1 and Forss- 
man antigens (from P. Stern, Oxford) found on EC cells, 
while the fibrin/agar overlay method (Beers et al, 1975) 
clearly indicated that they produced plasminogen ac- 
tivator (results not shown). Having shown that the 
modified transition probability model is indeed appro- 
priate for describing the kinetics of proliferation of PC13 
cells (Appendix II), the other principal cell cycle pa- 
rameters, listed under Materials and Methods, were de- 
termined. These are shown in Table 1. 

The cell generation time (T,) is clearly almost doubled 
in the differentiated cells, the increase being almost 
entirely due to a larger TB, the transition probability 
(X) by comparison being only slightly reduced. Nev- 
ertheless, it was sufficiently reduced to result in the 
parameter &, an upper limit for the fraction of cells 
in the A state being slightly increased by differentiation 
and the duration of the A state to increase. There was, 
however, no significant redistribution of cells over the 
various phases of the cell cycle, not more than 10% of 
cells being in the A state under the conditions used in 
both the stem and differentiated cell cultures. The cell 
cycle parameters and differentiated phenotype remained 
constant in the absence of retinoic acid for at least two 
cell generations (not shown), a stability also found by 
others (Rayner and Graham, 1983). The life span of the 
differentiated cells in w&o, as for many nontumourigenic 
cells in culture was, however, limited and they could 
not be serially passaged. 

Some insight into the rate at which the cell generation 
time increases after induction of differentiation can be 
gained by following individual EC cells in exponentially 
growing, nonsynchronized cultures from the time they 
receive retinoic acid. Under these conditions, cells may 

TABLE 1 
CELL CYCLE PARAMETERS IN EXPONENTIALLY GROWING 

PC13 EC AND PC13 END CELLS 

PC13 EC PC13 END 

Generation time, TB (hr) 
Transition probability, X (hr-‘) 
Fraction of cells in the A state, 4; 
Duration of B phase, ?“a (hr) 
Duration of A state, TA (hr) 
Number of cell pairs analyzed 

11.62 + 0.11 19.60 f 0.54 
1.43 f 0.12 0.73 f 0.05 
0.08 * 0.01 0.09 f 0.01 

10.93 + 0.11 18.23 f 0.52 
0.70 f 0.08 1.36 f 0.15 

43 60 

Note Parameters obtained from comparison of the intermitotic 
times of sister cells, as described under Materials and Methods. Ex- 
ponentially growing cultures of PC13 END cells were obtained by 
exposing PC13 EC cells for 5 days to retinoic acid (1 X 10m6 M) and 
polybrene (2 ag/ml), then replating at 3000 cells/cm’ in the absence 
of inducers for 24 hr before filming was commenced. Values given as 
mean + SE. 

first be exposed to retinoic acid during any phase of the 
cell cycle. Determination of the intermitotic times of 
sister cells first requires that a cell divides. For cells in 
early Gi phase at the time of retinoic acid addition for 
example, up to one generation may have passed before 
determinations of cell cycle parameters can commence. 
Nonetheless, the mean intermitotic times of the first 
three complete cell cycles following retinoic acid addition 
were measured and found to be 12.50 f 0.50,16.56 f 0.77, 
and 22.68 f 1.21 hr (mean + SEM; n = 18), respectively. 
There is clearly a lag period before the mean intermitotic 
time increases to the value in exponentially growing 
PC13 END cells, although the precise duration of the 
lag period cannot be determined in nonsynchronized 
cultures. 

Synchronized Cells 

Determining the mean generation time in cultures 
distributed randomly in the cell cycle at the time of 
retinoic acid addition as above inevitably means that 
any cell cycle dependence for the duration of the lag 
period will be masked. PC13 EC cells can, however, be 
synchronized by mitotic shake off (Rayner and Graham, 
1983). We have taken advantage of this property to fol- 
low more precisely the effects of retinoic acid as a func- 
tion of the cell cycle after induction. As for exponentially 
growing PC13 EC and PC13 END cells, the validity of 
applying the transition probability model to synchro- 
nized cells was first confirmed (Appendix II). 

(i) Proliferaticm of stem cells ajkr synchronization 
Cell cycle parameters were determined from time-lapse 
films of synchronized cells for five complete cycles fol- 
lowing shake off, as shown in Table 2. For the first four 
cell cycles, the parameters remain constant and differ 
only slightly from those in exponentially growing cells 
shown in Table 1. Only in the fifth generation, when 
the culture substrate is completely full, does the gen- 
eration time of the EC cells ( Tg) increase somewhat due, 
principally, to an increase in TB. 

(ii) Efect of retinoic acid Retinoic acid was added to 
synchronized PC13 EC cells at the time mitotic cells 
were replated (time zero) and the cell cycle parameters 
again determined for the first five generations. These 
values are shown in Table 3. Clearly the duration of the 
first two cell cycles after synchronization is unaffected 
by the presence of retinoic acid, all parameters having 
values within error equal to those in control cultures. 
This is confirmed, at least in the first cell cycle, by de- 
termination of [3H]TdR incorporation. Figure 1 shows 
that retinoic acid has no immediate effect on the rate 
of DNA synthesis in the cell cycle. In addition, it shows 
that DNA synthesis begins 1 to 2 hr after plating, ap- 
proximately the duration of the A state; the period of 
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TABLE 2 
CELL CYCLE PARAMETERS IN SYNCHRONIZED PC13 EC CELLS 

Generation 

First Second Third Fourth Fifth 

Generation time, Te (hr) 12.57 -c 0.16 12.51 + 0.15 11.54 + 0.12 11.85 + 0.12 14.64 f 0.11 
Transition probability, X (hr-‘) 1.55 + 0.35 1.51 * 0.17 1.95 + 0.20 1.48 + 0.08 1.19 f 0.21 
Fraction of cells in A state, @JC 0.07 -c 0.01 0.07 f 0.01 0.06 + 0.01 0.08 + 0.01 0.08 f 0.01 
Duration of B phase, Ts (hr) 11.94 + 0.16 11.86 + 0.14 11.05 + 0.11 11.19 + 0.12 13.82 f 0.11 
Duration of A state, TA (hr) 0.64 -+ 0.09 0.66 f 0.07 0.51 * 0.04 0.67 _+ 0.07 0.91 f 0.12 
Number of cell pairs analyzed 26 44 81 52 27 

Note. Parameters obtained from comparison of the intermitotic times of sister cells, as described under Materials and Methods. Time zero 
was taken as the time when two sister cells appeared from one large mitotic cell. Determinations were made as a function of the generation 
following synchronization by mitotic shake-off. Values given as mean + SE. 

DNA synthesis occupies the greatest part of the cell 
cycle, so that TB consists predominantly of S phase. In 
the third cycle following retinoic acid addition, however, 
the rate of cell cycle progression is significantly reduced. 
As in the exponentially growing, nonsynchronized cul- 
tures (Table l), this is principally due to an increase in 
TB, i.e., lengthening of S phase with no change in the 
fraction of cells in the A state (predominantly the G1 
phase) or in the probability of an A/B phase transition. 
Only in the fourth and fifth cycles after retinoic acid 
addition, are cell cycle parameters the same as those 
in exponentially growing PC13 END cells (Table 1) 
adopted. In these cell cycles the major contribution to 
the increase in generation time was again an increase 
in TB. There was also, however, a minor but significant 
increase in the duration of the A state with a decrease 
in h in the fourth cell cycle. Cells were relatively more 
difficult to follow as pairs in the fifth cell cycle due to 
cell death (see below) and high local densities, so that 
analysis was based on less data. The error in X in this 
cycle is greater than in all others, so the significance 
of the higher value (Table 3, column 5) is reduced. 

Cell Death 

From the generation time derived from analysis of 
dividing cells (T,) above, a prediction can be made for 
the rate of increase in the cell population. Alternatively, 
a value for the apparent generation time (Tc) can be 
calculated from the increase in cell number per photo 
frame with time (van Zoelen et ak, 1981; Mummery 
et a& 1983). For exponentially growing cultures, Nt 
= No. ekt where Nt and No are the cell numbers at times 
t and zero, respectively, and k is a constant; t = TC when 
the population has doubled i.e., Nt = 2&. If all cells 
divide and actively contribute to the growth of the pop- 
ulation then Tg = TG. Cases where Tg -z TG suggest the 
presence of a nondividing fraction of the population. 
The number of cells per frame as a function of time 
after synchronization is shown for PC13 cells in Fig. 2. 
Without retinoic acid (Fig. 2A) the cell number increases 
initially in a stepwise manner with the cells remaining 
synchronous for about four cell cycles. From least- 
squares analysis of these points, a value for TG was 
calculated using the above equation. For cells without 

TABLE 3 
CELL CYCLE PARAMETEIW IN SYNCHRONIZED PC13 EC CELLS FOLLOWING ADDITION OF RETINOJC Acl~ 

Generation 

First Second Third Fourth Fifth 

Generation time, Tg (hr) 12.29 -t 0.18 12.01 -t 0.14 15.74 f 0.35 20.28 r 0.35 19.29 + 0.52 
Transition probability, X (hr-‘) 1.12 + 0.14 1.33 f 0.05 1.38 + 0.07 0.73 + 0.03 1.40 f 0.21 
Fraction of cells in A state, gt 0.09 * 0.01 0.08 f 0.02 0.07 k 0.01 0.09 f 0.01 0.05 * 0.01 
Duration of B phase, TB (hr) 11.41 + 0.17 11.27 ? 0.13 14.94 * 0.33 18.94 + 0.33 18.59 + 0.51 
Duration of A state, T,, (hr) 0.90 r 0.01 0.75 rt 0.07 0.72 f 0.08 1.37 + 0.13 0.71 * 0.12 
Number of cell pairs analyzed 38 51 44 55 17 

Note. Parameters obtained from comparison of the intermitotic times of sister cells, as described under Materials and Methods. Retinoic 
acid (10e6 M) and polybrene (2 pg/ml) were added at the beginning of the first cell cycle at time zero (see legend to Table 2). Values given 
as mean f SE. 
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FIG. 1. Effect of retinoic acid (10e6 M) on DNA synthesis during 
the first cell cycle following synchronization of PC13 EC cells. Cells 
were incubated for 30 min in DMEM-FCS containing 0.5 &i/ml 
[*HpdR as described under Materials and Methods. Control (0) and 
with retinoic acid addition of t = 0 (0). Each point in three-fold. 

retinoic acid this was 14.5 f 0.5 hr until the culture 
surface was full with 400 cells/frame (frame area 0.35 
mm’) after approximately 50 hr. This is of the same 
order as that obtained from the intermitotic times of 
sister cells despite the approximation introduced by 
considering the stepwise increase linear (Fig. 2). Further, 
it demonstrates that the majority of cells participate 
in the proliferation process, i.e., there is little cell death 
or spontaneous differentiation. When retinoic acid is 
added at time zero (Fig. 2B) the initial increase in cell 
number per frame gives an apparent generation time of 
14.9 f 0.6 hr, again of the same order as that obtained 
from the intermitotic times of sister cells over the first 
30 hr. Thereafter, however, at nonconfluency, the ap- 
parent generation time becomes 73.7 f 3.0 hr, almost 
four times that of PC13 END cells (Table 1). Thus al- 
though there appears to be no acute toxic effect of re- 
tinoic acid, with little cell death during the first two 
cycles following addition, significant cell death does oc- 
cur during the third and subsequent cycles. Further, 
sister cells appeared to lyse within a short period of 
one another. Of 73 sister pairs followed in time-lapse 
films during the third cell cycle following retinoic acid 
addition, 49% survived until the fourth generation; in 
19% of the pairs one cell only lysed while in 30% both 
sister cells lysed and then in the same or adjacent frames 
(i.e., within 20 min of each other). There was no evidence 
of a viable, nondividing subpopulation of cells in retinoic 

acid-treated cultures, which might have contributed to 
the high apparent generation time. This high level of 
cell death is, however, not a general characteristic of 
differentiated cells; ‘the increase in cell number/frame 
gives an apparent generation time of 33.0 + 1.5 hr for 
PC13 END cells (not shown) in the absence of retinoic 
acid, significantly less than that observed during retinoic 
acid treatment although still somewhat higher than that 
obtained from the intermitotic times of sister cells (see 
Table 1). There was no evidence of dedifferentiation in 
PC13 END cells in the absence of retinoic acid. 

Cell Surface Area during L?$%rentiation 

One of the most obvious differences between PC13 EC 
and PC13 END cells is the extremely flattened mor- 
phology and greater attachment to the substrate of the 
latter compared with the former (Fig. 3). In order to 
investigate the relationship of the morphology with the 
changes in cell cycle parameters described above, we 
have determined the area of substrate occupied by cells 
as a function of the cell cycle during differentiation. 
The results are shown in Fig. 4. The variations in area 
of cells in the first cell cycle are apparently unaffected 

0 1 
0 20 40 GO E 

time after synchronization (hr) 

FIG. 2. Effect of retinoic acid on the increase in cell number/photo 
frame in synchronized PC13 EC cells. Cell number/photo frame was 
determined every 2 hr on time-lapse films for which cell cycle pa- 
rameters are shown in Tables 2 and 3. The area of each photo frame 
was 0.35 mm’. (A) Without retinoic acid, (B) with retinoic acid addition 
at time zero. 
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FIG. 3. Effect of retinoic acid treatment after four cell cycles on the 
morphology of PC13 EC cells. (A) Control cells, (B) cells to which 
retinoic acid was added at time zero after synchronization. 

by the presence of retinoic acid. In the second cell cycle, 
however, morphological changes in terms of a greater 
area occupied on the substrate are clearly induced by 
retinoic acid, despite the rate of cell cycle progression 
being unaffected. At the end of the second cycle the 
average area occupied by each cell returns to the value 
at time zero. The maximum area occupied by cells in 
the presence of retinoic acid then increases consistently 
with each subsequent cell cycle. This is in contrast to 
PC13 EC cells without retinoic acid, which actually oc- 

cupy a smaller area as the cell density increases. It 
would thus appear that morphological changes precede 
changes in growth rate during differentiation and that 
the acquisition of the flattened phenotype is a progres- 
sive process, occurring stepwise during the subsequent 
cell cycles rather than occurring suddenly during one 
specific cycle. Between the second and third cycles in 
the presence of retinoic acid, the area of substrate oc- 
cupied does not return to initial values completely. This 
may be due to some desynchronization or the greater 
overlap of these two cycles compared with the first and 
second. There is clearly a relationship between the in- 
crease in area of substrate occupied and subsequent cell 
death following retinoic acid treatment. Of 20 cells in 
the second cell cycle which survived the next division, 
10 lysed during the course of the third cell cycle. The 
area these cells occupied on the substrate during the 
second cell cycle (18 hr after synchronization) was 282 
+ 11 pm2 (mean f SE) compared with 334 f 16 pm2 for 
cells surviving to the fourth cycle. It was thus possible 
to predict at an early stage the descendents of which 
cells would eventually form the PC13 END cell popu- 
lation. 

DISCUSSION 

The present study has shown that retinoic acid-in- 
duced differentiation of PC13 embryonal carcinoma cells 
to cells resembling endoderm significantly reduces their 
rate of growth due principally to an increase in the 
length of time individual cells spend in S phase. A lag 
period of two complete cell cycles was observed before 
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FIG. 4. Effect of retinoic acid on the area of substrate occupied by cells as a function of time after synchronization. As shown in Fig. 4, 
PC13 cells acquire an extremely flattened morphology. The rate at which this occurs was followed by digitizing the area of cells from time- 
lapse films. Control (0) and with retinoic acid (0). Each point represents the mean of the area occupied by 30 cells. The error was ~5% for 
all points. The arrows on the coordinate indicate the average times of division of synchronized EC cells, with (below line) and without (above 
line) RA. 
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changes in cell cycle parameters occurred. Morphological 
changes and the acquisition of the extremely flattened 
phenotype characteristic of endoderm was, however, al- 
ready evident after a lag of only one cell cycle. Cells 
which acquired the flattened cell morphology during the 
second cell cycle generally survived the toxic effects of 
retinoic acid, their descendents forming the differen- 
tiated cell population, while cells which flattened less 
rapidly often only survived one more division before 
lysing. That cells frequently lysed as sister pairs might 
suggest that cells become committed to die in the gen- 
eration prior to lysis. 

In the undifferentiated state, measurement of the rate 
of DNA synthesis showed that PC13 EC cells have an 
extremely short G1 phase, in agreement with results of 
others in different EC lines (Linder et ah, 1981; Rosen- 
straus et aL, 1982) and indeed in cells of the preim- 
plantation mouse embryo (Ganow and Prescott, 1970; 
Luthardt and Donahue, 1975; Mukherjee, 1976; Sawicki 
et aL, 1978). Cells in cleavage stages of embryos of a 
wide range of animal species have even been shown to 
have cycles lacking a Gi period entirely (reviewed Pres- 
cott, 1976). 

The transition probability model (Smith and Martin, 
1973) with a single random transition within the cycle 
described the proliferation of PC13 cells, provided bio- 
logical variation within the culture was assumed in the 
system parameters X and TB, which increased with de- 
creasing family relationship (van Zoelen et aL, 1981a,b). 
The value of the transition probability (X) for both PC13 
EC and PC13 END cells was high compared with, for 
example, that found by Brooks et al. (1980) in Swiss 3T3 
and CHO cells (X = 0.3-0.9 hr-‘), but comparable with 
that found in Cl300 neuroblastoma cells, clone Neuro- 
2A (van Zoelen et uL, 1981a; Mummery et al, 1982). Al- 
though differentiation was accompanied by a small de- 
crease in value of X and an increase in the duration of 
the A state, the overall contribution of this to the in- 
crease in generation time was minimal. Rosenstraus et 
al. (1982) have shown that the reduction in the rate of 
growth following differentiation in another EC cell line 
resulted largely from an increase in the duration of S 
phase, although G1 phase was also significantly longer. 
Based upon these results, it seems reasonable to suggest 
that during differentiation of PC13 cells, an increase in 
the length of S phase, rather than late Gi, makes the 
greatest contribution to the increase in generation time. 
Regulation of growth phenotype during early differ- 
entiation by variation in the length of S phase is not 
only observed in EC cells but also in the mouse embryo 
itself (Solter et uL, 1971). This contrasts with the reg- 
ulation of terminal differentiation where the alteration 
in growth rate results principally from changes in the 
length of Gi phase (Prescott, 1976). 

The extensive flattening, which occurs during differ- 
entiation is not only characteristic of PC13 cells but 
also of a variety of other EC cell lines including F9 
(Strickland and Mahdavi, 1978) and OC15 Sl (Wartio- 
vaara et d, 1978) and the endoderm of the mouse embryo 
(for review, see Hogan et a& 1983). The cause of the 
flattening is, however, not yet known. A change in cell 
shape points to a reorganization in one or more of the 
following: the cytoskeletal elements, synthesis of matrix 
glycoproteins, and the mode of attachment to the sub- 
strate. Although changes in all three of these parameters 
have been reported, evidence has been obtained from 
different EC cell lines, all distributed heterogeneously 
in the cell cycle so that it remains disparate. Synchro- 
nized populations of EC cells present a potential means 
of solving the disparity, and a line such as PC13 which 
remains synchronous for several generations presents 
the first well characterized system for such measure- 
ments. 

A contentious issue in developmental biology is 
whether, in some instances, a change in the differen- 
tiated state of a cell is dependent on some prior cell 
cycle event. Holtzer et al. (1975) have postulated a 
“quantal” cell cycle as the critical event that gives a 
daughter cell having metabolic options different from 
those of the immediate precursor. PC13 EC cells require 
the presence of retinoic acid for 24 hr (two cell cycles) 
before being “committed” to the differentiation pathway 
(Rayner and Graham, 1983) and on morphological cri- 
teria it is possible to predict after one cycle which cells 
will form the differentiated population. The behavior of 
PC13 cells during differentiation is therefore compatible 
with the concept of a quanta1 cell cycle between induction 
and the expression of chromosome regions in daughter 
cells not available for transcription in the mother cells. 

To what extent the morphological and biochemical 
changes observed during retinoic acid-induced differ- 
entiation of EC cells are the result of differentiation 
itself or are a side effect of retinoic acid treatment is 
not yet clear. It is known, for example, that retinoids 
can inhibit (Jetten et &, 1979; Lotan, 1980; Jetten, 1980) 
and stimulate (Dicker and Rozengurt, 1979; Schroder et 
uL, 1980) growth, induce differentiation, and suppress 
the expression of the transformed phenotype in a variety 
of malignant cells other than EC cells (see Lotan et o,!, 
1983). Growth inhibition of, for example, Swiss 3T3 cells 
by retinoic acid has been attributed specifically to a 
lengthening of S phase (Rapaport et al, 1981), as in 
PC13 cells. In addition, although PC13 END cells bind 
and respond to epidermal growth factor (EGF) and PC13 
EC cells do not (Rees et al, 1979), similar increases in 
EGF binding are observed in Balb/c 3T6 mouse fibro- 
blasts treated with retinoic acid (Jetten, 1982). However, 
in the majority of the non-EC cell lines the effects of 
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retinoic acid are reversible, while for EC cells, the dif- 
ferentiated phenotype and biochemical markers are re- 
tained even in the absence of retinoic acid (Table 1). 
This would argue against “differentiation” of otherwise 
nullipotent EC by retinoic acid being an artifact intro- 
duced by the inducer. 

From the time-lapse films, it was evident that the 
treatment of this clone of PC13 cells by retinoic acid 
does not result in the selection of a subpopulation of 
differentiated cells already present in the stem cell cul- 
ture (see also Rayner and Graham, 1983). Selection in 
another form may occur, however, since only part of 
the population appears susceptible to retinoic acid tox- 
icity while the other part continues to proliferate with 
the characteristics of the fully differentiated progeny. 
It is unclear whether susceptibility to retinoic acid tox- 
icity is a stochastic process or whether PC13 clones are 
heterogeneous with respect to susceptibility. A heter- 
ogeneous response has been frequently observed in a 
number of morphologically homogeneous EC cell lines, 
in particular in the binding of a variety of antisera 
including monoclonal antibodies, where the proportion 
of fluorescent EC cells is never 100% (Artzt et uL, 1973; 
Stern et al, 1975,1978). It has been suggested that the 
inability to label all the EC cells with antibody in any 
of the various lines may be related to a failure of the 
antigen to be expressed during parts of the cell cycle 
(see Stern et uL, 1978) but the use of synchronized cells 
in the present study would argue against this as the 
reason for the heterogeneous response to the toxic effects 
of retinoic acid. Further investigation including sub- 
cloning experiments will be required to clarify this point. 

Once differentiated, cells can be maintained in the 
differentiated state in the absence of retinoic acid for 
their life span. In such cultures there was a significant 
difference between the apparent generation time derived 
by cell counting and the generation time derived from 
dividing pairs of sister cells in absence of overt cell 
death. Similarly, Rayner and Graham (1983) have ob- 
served little increase in the size of clones of PC13 END 
cells in the absence of lysis despite DNA synthesis 
(Heath et uL, 1981). To explain this they proposed that 
differentiated cells may proceed through cycles of en- 
doreduplication in the absence of cytokinesis. Such a 
mechanism would explain the high value for the ap- 
parent generation time in PC13 END cells in the present 
study. 

The present study has clearly shown that the change 
in growth rate is a relatively late event and is preceded 
by the morphological changes characteristic of differ- 
entiation. Similar results have been found by Rosen- 
straus et al. (1982), who showed that morphological dif- 
ferentiation was not complete when the changes in cell 
cycle parameters were measured. It is known that a 

variety of (biochemical and monoclonal) markers such 
as the ability to bind EGF (Rees et d, 1979) and secrete 
plasminogen activator (Strickland and Mahdavi, 1978; 
Jetten and Jetten, 1979) are expressed upon differen- 
tiation. The presence of most of these markers is evident 
after l-2 days but little is known of the temporal se- 
quence in which they appear or whether this might be 
cell cycle related. Synchronized PC13 EC cells thus have 
great potential use in the attempt to unravel these com- 
plex events of early differentiation and establishing the 
rate at which they occur. Work is currently in progress 
in this system to trace the appearance of differentiation- 
associated biochemical and monoclonal markers and 
conversely the disappearance of markers specific for 
stem cells. By these means, we hope to gain insight into 
some of the many questions remaining on the relation- 
ship between growth regulation and differentiation. 

APPENDIX I 

THE TRANSITION PROBABILITY MODEL 

Descriptions of cell cycle kinetics in exponentially 
growing cultures can be obtained most readily by an- 
alyzing the distribution of intermitotic times (Z’i) within 
a culture, as determined from time-lapse films. It has 
been a general observation that even genetically iden- 
tical cells show great variability in 5!‘i? predominantly 
by variability in their G1 period. Smith and Martin (1973) 
have proposed a model, the transition probability model, 
for the cell cycle which is able to describe to a large 
extent the kinetics of proliferation and the variability 
in Ti. This model consists of a quasi-resting A state 
comprising part of G1 in which cells can stay for a vari- 
able period, governed by a constant probability per unit 
of time (X) of leaving the A state. On leaving the A 
state, cells traverse a deterministic B phase of constant 
duration (TB) before their daughters reenter the A state. 
The average Ti and its sample variation are fully de- 
termined by the values of X and TB. In this type of 
analysis the data are usually presented as semiloga- 
rithmic plots of (1) the fraction of cells with Ti values 
larger than or equal to a certain time t, as a function 
of t ((Y curve), and (2) the fraction of siblings having an 
absolute difference in Ti (T,) larger than or equal to an 
indicated time t, as a function of t (/3 curve). According 
to the original single random transition model, (Y and 
B curves should yield linear and parallel lines with slopes 
equal to -X. The model predicts equality between the 
mean value of T, ( ps) and its standard deviation [SD(T,)] 
and this has generally been found experimently although 
some modifications to the model have been proposed to 
accommodate experimentally observed discrepancies 
(Brooks et aL, 1980). In particular, van Zoelen et al. 
(1981a,b) have proposed a modification to account for 
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the observation that in some cell types, the mean ab- 
solute difference in Ti between cell pairs was found to 
increase with descending family relationship between 
the cells, and consequently the slope of /3 curves deter- 
mined for cell pairs is a function of their relationship 
(reviewed de Laat and van der Saag, 1982). If the pos- 
itively skewed, normal distribution of I?, was taken into 
account, this behavior could be explained simply by pos- 
tulating a normally distributed variability in X and TB 
within the culture (assumed in other models to be neg- 
ligible), which increases with decreasing family rela- 
tionship (van Zoelen et al., 1981a,b). Further, the non- 
linearity of (Y- and P-curves could also be thus explained. 
This formulation allows for determination of the frac- 
tion of cells in the A state ($J, a useful parameter for 
comparing kinetic data of cultures under various ex- 
perimental conditions. 

In summary, using this modified transition probability 
model, various cell cycle parameters can be obtained by 
determining the intermitotic times (Ti) of sister cells 
from time-lapse films, as follows: 

TB = F’i - l/X, (1) 

where X is obtained from linear regression analysis of 
the /3 curve 

TA = Ti - TB. 

The cell culture generation time Tg, which is the time 
required for doubling the number of cells in culture, 
provided all cells are dividing, is given by 

T 1/2 T -=A 
m m (-1 + 21-B/7 (2) 
1 .B 1 .B 

in which T,,, = In 2/X, while an upper limit for the 
fraction of cells in the A state (&) is given by 

The fraction of cells in the A state approaches & if the 
time between mitosis and entrance into the A state is 
negligible compared with the length of the B phase. The 
mean duration of the A state is given by l/X. 

APPENDIX II 

VALIDITY OF USING THE TRANSITION PROBABILITY 
MODEL TO DESCRIBE CELL CYCLE KINETICS 

OF PC13 CELLS 

In order to test the applicability of the transition 
probability model to the kinetics of PC13 cell prolif- 
eration, the extent to which theoretical predictions of 
the model were met by experimental data was inves- 
tigated. As given in Appendix I, the original transition 
probability model of Smith and Martin (1973) predicts 

that l/Ts = slope fi curve = l/SD(T,) = X, where T* is 
the mean absolute difference in intermitotic time be- 
tween pairs of cells (see also Brooks et a,!, 1980; van 
Zoelen et al, 1981a). In the modified model, van Zoelen 
et aZ. (1981a,b) have shown that this only applies when 
differences in intermitotic times between sister cells are 
compared, since sister cells show negligible variation 
in the length of TB (see Appendix I). However, if dif- 
ferences in intermitotic time between unrelated cells 
are compared, the inequality l/Ts < slope B curve 
< l/SD(T,) should be found, the result of variation in 
the length of TB within the population. Furthermore, 
when comparing unrelated cells the slope of the B curve, 
determined by means of least-square analysis in spite 
of obvious deviations from linearity (see van Zoelen et 
aL, 1981a,b; and Fig. Al), should equal the sample stan- 
dard deviation in intermitotic times SD(Ti) (van Zoelen 
et uL, 1981b). Values of Tip SD(Ti), Ts, SD(T,), and slope 
fi curve were determined experimentally from time-lapse 
cinematographic analysis of both exponentially growing 
and synchronized PC13 EC cells, and of their differ- 
entiated progeny, PC13 END (or endoderm) obtained 
by treating PC13 EC cells for 5 days with retinoic acid 
then replated in its absence for analysis, as described 
under Materials & Methods. Figure Al shows a typical 
example of an a- and a B-plot. Parameters derived from 
such plots are shown in Table Al. The equality of l/T*, 
the slope of the fl curve and l/SD(T,) found for pairs 
of sister cells compared with the inequality l/T, < slope 
of the /3 curve < l/SD(T,) found for unrelated cells, 
shows that sister cells of both PC13 EC and PC13 END 
show a greater relationship to one another than ran- 
domly generated pair combinations. Further, as cell 

- 0.5kLl-+7 

I ,I, 

0 1 2 “9 10 11 12 13 14 
time (hr) 

FIG. Al. Kinetics of PC13 cell proliferation. Typical 01 curve (0) 
obtained from 86 intermitotic times; @curve (0) derived from 43 pairs 
of sister cells; @ curve (A) derived from 43 pairs of unrelated cells. 0, 
represents the undivided fraction. 



306 DEVELOPMENTAL BIOLOGY VOLUME 104, 1984 

TABLE Al 
EFFECT OF SYNCHRONIZATION ON THE VARIATION IN INTERMITOTIC TIME OF PC13 CELLS 

PC13 EC cells PC13 END cells 

Nonsynchronized cells Synchronized cells Nonsynchronized cells 

Sisters Unrelated Sisters Unrelated Sisters Unrelated 

l/Pa 1.59 0.69 1.41 0.65 0.77 0.17 
Slope @ 1.43 f 0.12 0.75 + 0.03 1.67 + 0.17 0.72 f 0.04 0.73 + 0.05 0.21 + 0.01 
l/SD(T,) 1.46 0.93 1.49 0.87 0.78 0.26 
l/SD(Ti) 0.83 0.69 0.20 
Number of cell pairs analyzed 43 125 60 

Note. Curves for unrelated cells were generated from random combinations of the intermitotic times of sister cells. Parameters are in 
dimensions of hr-‘. 

pairs become less related than sisters, SD( TB) approaches 
SD(Ti). Synchronization by mitotic shake off clearly does 
not affect the applicability of the model as again the 
equality is found for sister cells and the inequality for 
unrelated cells. Further, for randomly generated pair 
combinations the slope of the /3 curve is in all three 
cases within error equal to l/SD(Ti) (Table Al). The 
predictions of the modified transition probability model 
are therefore satisfied by both PC13 EC and PC13 END 
cells so that its application may be considered valid. 
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